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SUMMARY

The Ceramic Technology Project was originally developed by the
Department of Energy’s Office of Transportation Systems (OTS) in Energy
Efficiency and Renewable Energy. This project, part of the OTS's Materials
Development Program, was developed to meet the ceramic technology
requirements of the OTS's automotive technology programs.

Significant accomplishments in fabricating ceramic components for the
Department of Energy (DOE}, National Aerohautics and Space Administration
(NASA), and Department of Defense (DoD) advanced heat engine programs bhave
provided evidetice that the operation of ceramic parts in high-temperature engine
envirenments is feasible. However, these programs have alse demonstrated
that additional research is needed in materials and processing development,
design methodology, and data base and life prediction before industry will have a
sufficient technology base from which to praduce reliable cost-effective ceramic
engine components commercially.

An assessment of needs was completed, and a five-year project plan was
developed with extensive input from private industry. In July 1920, the original
plan was updated through the estimatad completion of development in 1993,

The original objective of the project was to develop the industrial technology
base required for reliable ceramics for application in advanced automotive
heat engines.

During the course of the Ceramic Technology Project, remarkable progress
has been made in the development of rliable structural ceramics. However,
further work is needed to reduce the cost of ceramics to facilitate their commercial
introduction, especially in the highly cost-sengitive automotive market. To this end,
the direction of the Ceramic Technology Project is now shifting toward raducing
the cost of ceramlcs to facilitate commarcial introduction of ceramic components
for near-tenm angine applications. In response to axtansive input from industry,
the plan is o extend the engine types which were previously supported
(advanced gas turbine and low-heat-rejection diesel engines) to include
near-tarm (5-10 years) applications in conventional automobile and dlesel truck

engines. To facilitate the rapid transfer of this technology to U.3. industry, the
major portion of the work is being done in the ceramic industry, with tachnelogical
support from government laboratories, other industrial laboratories, and
universities.

A systematic approach to raducing the cost of components is envisioned.
The worlk elements are as follows: economic cost medsling, ceramic machining,
powder synthesis, altemative forming and denslfication processes, yield
Improvemant, system design studies, standards development, low-expansion
caramics, and testing and data base development.




This project is managed by ORNL for the Office of Transporation
Technologies, Propulsion System Materials Program, and is closely coordinated
with eomplementary ceramics tasks funded by other DOE offices, NASA, DoD,
and industry. A joint DOE and NASA tectnical plan has been establizshed,
with DOE focus on automotive applications and NASA focus on aerospace
applications. A common work braakdown structure (WBS) was developed 1o
facilitate coordination. The work described in this report is organized according
to the following WBS project elements:

0.0 Project Management and Coordination

1.0 Materials and Procassing

1.1  Monglithics

1.2 Ceramic Composites

1.3 Themal and Waar Coatings
1.4 Joihing

1.5 GCeramic Machining

2.0  Materials Design Mathodology

2.1 Madeling
2.2 Contact Interfaces
2.3 New Concepts

3.0 Data Basa and Life Prediction

3.1 Structural Qualification

3.2 Time-Dapendent Behavior

3.3 Environmental Effacts

3.4 Fraciure Mechanics

3.5 Nondestructive Evaluation Development

4.0 Technology Transfer
4.1 Technology Transfer

This repert includes contributions frem all currently active project
participants. The contributions are aranged according to the work breakdown
structure outline.



0.0 PROJECT MANAGEMENT AND COORDINATION

L. R. Johirison
{ak Ridge National Laboratory

tiv

This task includes the technical management of the project in
accordance with the project plans and managament plan approved by the
Department of Energy (DOE)} Oak Ridge Operations Office, and the Office of
Transportation Technologies. This task includes preparation of annual fisld
work proposals, initiation and management of subcontracts and interagency
agreements, and management of QRNL technical tagks. Monthly managament
reports and bimonthly reparts are provided to DOE; highlights and semiannual
technical reporis ara provided to DOE and program participants. In addition,
the program is coordinated with interfacing programs sponsored by other
DOE offices and federal agencies, including the Nafional Aeronautics and
Space Administration (NASA) and the Depariment of Defense (Do0). This
coordination is accomplished by participation in DOE and NASA joint
management meetings, annual interagency heat engine ceramics coordination

meetings, DOE contractor coordination meetings, and DOE Energy Matarials

Coordinating Committee (EMaCC) mestings, as well as special coordination
meeatings.







1.0 MATERIALS AND PROCESSING

INTRODUCTION

This portion of the project is identified as project element 1.0 within
the work breakdown struciure (WBS). It contains five subslements:

{1} Monglithics, (2) Ceramic Composites, (3) Thermal and Wear Coatings,
{4} Joining, and (5} Ceramic Machining. Ceramic research conducted

within the Monolithics subelernent currently includes work activities on low
cost SigNy powder, green state ceramic fabrication, characterization, and
densification, and on structural, mechanical, and physical properties of these
ceramics. Research conducted within the Ceramic Composites subelement
currently includes silicon nitride and oxide-based composites. Research
conducted in the Thermmal and Wear Coatings subelement is currently limited
to oxide-based coatings and involves coating synthesis, characterization,
and determination of the mechanical and physical propaerties of the coatings.
Research conducted in the Joining subelement currantly includes studies of
pracesses to produce strong, stable joints between zirconia ceramics and
Iron-base alloys. As part of an expandad effort to reduce the cost of ceramic
components, a new initiative in ¢ost effective machining has bean started.

A major objective of the research in the Materials and Processing project
element is to systematically advance the understanding of the relationships
between coramic raw materials such as powders and reactant gases, the
processing variables involved in producing the ceramic materials, and
the resultant microstructures and physical and mechanical properties of
the ceramic materials. Success in mesting this objective will provide
U.S. companies with new or improved ways for producing economical,
highly reliable caramic compenents for advanced heat angines.
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1.1 MONOLITHICS

1.1.2 Silicon Nitride

Char izar ALLr Mill lieco Ide Powder
5. G. Malghan, P. T. Pel and D. B. Minor
{(National Inetitute of Standardsz and Technology)

Chisctive /Scopa

Currently, the starting materials in the manufacture of silicon
nitride ceramlc c¢copoments are fine powders. These fine sized powders
tend to form agglomerates dne to the Van der Waals atiractive forces.
For improved reliability in the menufacture of ceramic components, the
agglomerates in the powders should be eliminated since they fom
defects. In addition, the powders should have an apprepriate range of
gize distribution and specifie surfaee area for achieving a naar-
theoretical density of the ceramic after densification. These facters
necessitate the use of powder milling as one of the major powder
processing unit operations.  Therefore, milling of powders iz an
integral unit eperatfeon in the manufaeture of silicon nitride components
for advenced energy applicatiens. The production and uze of thesze
pewders require the wuse of sfficient milling techniques and
understanding of characsteristies of the milled powdars in a given
emvironment. High energy attrition milling app=ars to cffer significant
advantages over comventionsl tumbling and vibratery mills.

The major objectives of this project are; 1. establish

repeatability of particle size distribution and other relevant
characteristics of slurries milled in a high snergy agltation mill
{HEAM}; 2, determine proceasing and densification characteristics of
powders milled in HEAM; and 3. compare properties of powder, and
resulting ceramic obtained by milling in the HEAM wvs. wvibratory ball
nill in 2 ccllaberative project with Norton Company.

Iechiice) Progxess

Twoe activities in progress during the reporting peried were:
surface chemistry of ytitria and milling of silicon nitride to achieve
high sclids loading. 1In the first activity, we have completsd a sty
of aging of yttxium powders in the presence of a suppoyting electrelyte
and a polymethacrylate dispersant, The primacy goal of these studies
iz to develop an understanding of yttrium oxide interaction with the
silicon nitride slurry system in the high enerpy agitation ball mill
{HEAM). In the presence of sodf{un nitrate as a supperting electrolyte,
the pH,,, of the aged powder decreases atead{ly as a function of time up
to 1& hours and no further decrease was observed beyond this peried.
The initial pH,,, of 13.4 at 30 nin aging decreased to 8.4 after 16 hx
aging. These results indicate that surface hydrolysis continued co take
place during this perled and a stable surface was reached in about 16

hours. In the presence of sodium perchlorate, am electrolyte that does
not exhibit any tendency to spacifically adsorb, the pH;,, values were
of the zzme order as thzat found in the absence of parchlorata, In the
presence of 375 ppm polymethacrylate disparsant, the shift in the pH,,,
was narrowed. At 30 min aging, the pH;,, was at 9.6 which decreased to
7.8 after 16 hr aging. The narrowing of the shift in the pH,,, after

gping in the presence of the polymethaerylate is probably due to the




gdsorption and the resultant surface modiflication. However, the faetr

that the pH;,., i=s undergeing changea as & function of time in the
presence of the polymethacrylate shows that the surface hydrolysis of
yetria is continming to dominare. If the adsorbad Jlayer of
polymethzerylate were to dominate the surface interactions, then the
PHigp would be in the range of pH 4.5, and in addition pH;,, would net
change 2¢ a function of aging time. The next task was to edamine
adsorption isotharms for this system in the presence of polymethacrylate
to fdentify suitable regions fer improved aging characreristics. In
the scudy of yttris surface chemistry, adsorption izotherms wexe
obtzined at 1 h and 24 h adserption of Darvan G. The ad=sorption was
found to increase az a funetion of bulk concentration and reached a
plateau at sbout 303 ppm with respect to the powder weight. at 1 h,
approximately 55X of the total disperzant added was adsorbed. However,
aimost 50% of this total amount had desorbed when the slurry was aged
for 24 h. Therefora, during milling tests ta retain effactive
dispersion, the yttriaz containing silicon nitride slurries should not

be zped beyond a few hours.

In the second activity on milling of a silicon nitride powdexr as
applied co gel casting, we conducted a few tests, The primary purpose
of thases tasts weras to prepare a slip containing 50% vel. suspension for

g=l casting of UBE SME-10 powder. The procedurs for the addition of
surfactants was modified compared to that in the firat test conducted
in collaboration with Dr. Mark Janney, Qak Bidge National Laboratory.
The major change to the procedure was in the addition of gel forming
componients and dispersants at the beginning of the milling period. The
concentracions and order of addicions were kept the same as in the
previous test. In addition, reter zpeed was decreased to 1200 rpm, while
the slip flow rate was decreased to 200 co’/min. Thasa changes were
expected to promote deagglomeratfon while preventing the primaxy
particles fracture, The milling proceeded very well fer 45 min when the
slip suddenly formed a gel. At this time no initiater was added.
Though the test could not be completed, we identified several items.
First of all, we could have loaded the slip with 20X wol. if the slip
had not formed the gel. S=cond, in spite of the significantly reduced
rotor speed, the final specific surface area of the powdsr was 13 w'/g,
which is much greater than desired. The causes of gel forming withoutr
the addicion of a initiator are net clear. Some of the suspected causes
are local temperature rise due to high shearing action, amnd high

turbulence in the mill. We are planning to conduct follow-up tests
after collacting sufficient information on the gel formation.

Through a related gtudy at HIST, we had identified a different
appreach to the development of improved dispersions by enhancing the
adserption of polymethacrylate dispersant. This procedure consists of
adserpticn cf the dispersant in the acidic region at an approximate pH
of 4,0 fallowed by desgglomeration and suspension preparation at pH 9.5,
Ve have been able to cbtain better dispersions than that obtained by the
conventional methed of adgerption and disparsion at pH 9.5 on a large
number of powdars. The purpose of these milling tasts wae Lo svaulats
the impraved dizperszion procedure to prepare dange suspenzions uzing the




current composition of Ube silicon wnitxide powders containing 4% by
weight Y0, Initial slurries were prepared ac pH 4,0 containing
approximately 45% wt. powder and the entire amount of dispersant., When
the pH was increased to 2.3, the sluxxy az expected became very thin,
The remaining powder was added to this suspension in the wsual manner,
When the entire powder to make up to $0% by weight was added, the slurry
was muchk thicker than that of the coaventionally prepared slurry.
Another problem with this slurry was its inabilicy to reach 80% by
waight in one test. The tests conducted wntil now have clearly
indicated that unless we are able to load close to &5% by weight of
powder imto the slurry before milling is initiated, we will have
different problems.' We aze studying the results in more detail to
vvercome scme of the these problems.

The current composition of silicon nitride powder constitutes a
fixed ratio of SNE-3, SNE-5, and SNE-10, and a 4% wt. of yttria powder.
Qur goal in these tests was to determine the likelihood of Inereasing
the selids leading to higher than 80% by weight by feeding the coarsze
{BHE-3 and 5) and fine (SNE-10) powdars in a sequential manner rather
than faeding a combined mixture of the thras powders. The logic behind
this thinking iz that SNE-10 powdexr, being highly agglomersted, would
require a longer deagglomeration time and 2 larger quantity of water due
to its high apeclfic surface area. On the other hand, both SHE-3 and
5 would require a smaller gquantity of water due to their relatively
lowar specifie surface area.

In ona test, the SHE-3 and 5 powders wers added first in the mixing
gstage, while the SNE-10 was &dded as milling procesded. In a subsequent
test, the order of addition wae reversed by adding the SHE-18 first,
followad by the addition of a mixture of SHE-3 and 5. In the first
test, no significant advantage was evident comparsd to that of adding
a mixture of all three powders. In fact, the slip was more vizcous by
adding the powders in a sequential manner. In the second test, by the
time 211 the SNE-10 was added in the mixing stage, the 2lip was highly
vigcous and we ware unable to add additional powder. Tha primary outcome
of these tasts is that the order of addition of the constitusnt powders
has no advantages, in fzet, thse addition of mixtura of the powders is
moxe beneficial,

Fecently, we have contactad Dowv Chemical Company te obtain a batech
ef their ellicon nitride powder. The purpose of ohtaining this new
powdaxr is to evaluate the potentlial of obtaining higher szelids loading
and to assass the rasponse of other zilicon nitrids powdars produced by
different zymthesis methodsz to high energy egitation milling. The Dow
Chemical Company has agreed to send a 14 kg batch of their powder. Ve
vill coordinste with Dow in obtaining surface chemistry and miiling data

o thisz powder. Primarily, we will characterize for surface oxide
compesition and reasons for a low jisoeleciric peint of thiszs powder.

Subsequently, we will conduct milling tests and collaborate with Dow and
others to evaluate the milled slips.
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an Assessment of Repeatability in the Milling of 5iliecon Hitride Powders

in a Bigh Energy Agitation Ball Mill, 8. G. Malghan, D. Minor F. Fel and
8. Schiller, AIChE Froc., August 1994
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J. 0. Kiggans, T H ngs, E. M. Sabulsky, Jon-Paul Maria, C. C. Davisson,
and M. F. Iskander (Oak Ridge National Laboratory)

Objective/S

The objective of this research element is to identify those aspects of microwave ing
of silicon nitride that might (1) accelerate densification, (2) pm:mt mtermg w high density
with much lower levels of sintering aids, (3) lower the sintering temperature, or
{4) produce unique microstractures. The investigation of microstructure development is
being performed on dense silicon nitride materials ann&nledmthemcmwaveﬁmm 'I‘hr.
sintering of silicon mitride involves two approaches. The first
of silicon nitride and sialon powder compositions in the 2.45- or 28-GHz units, The
seconsd approach uses reaction-bonded silicon nitride a3 the starting material and is done
entirely in the 2.45-GHz microwave famace.

; ered Res Jed i Njiride (SRBSN). The ar;rfocusofthc
microwave ﬂnimng wnrk during this mhnlg period has been the determination of the
proper conditions for the scaleup of the SRBSN process via microwave heating. Previous
experiments showed that not only the samples, bat also the Ie crucible, had w be
heated during microwave heating to achieve uniform sing. focus of the research
during the preseat reporting period has been the dmrmnt of new crucible materials o
provide uniform heating for the microwave processing of SRBSN. These microwave
crucibles must have the followin ies: (1) chemical compatibility to SRBSN;
{2) temperatare capability to 180 (3} durability for repeated use; (4) strength saitable

Iargscrmbles, with low creep at elevated temperatures; (5) Jow mass to redoce the total
load on the microwave energy absarbed; and (6) lack of a sudden, song change in the

dielectric properties during the heating cycle.

‘Ihcﬁrstmatenal tested for microwave m:‘l%ﬂf SRBSN using microwave-suscepting
crucibles was "Crystar” SiC. This material is relatively cheap, is chemically compatible
with SRBSN, and can be heated to 1800°C without a t deterioration. As in early
lests, bucket tappets purchased form Cremer Forchang ﬂsumte were nsed as test samples.
The microwave processing of the bucket tappets was done in a 500-L cylindrical muldmode
cavity equipped with a 6-kW, 2.45-GHz power sapply. The bucket-tappet samples were
stacked in threclnyersafnimsamplesaachma'?x?xﬁin. -:mciblc:mnstruchedfrm
(0.25-in.-thick "Crystar™ SiC plates as shown in Fig. 1. The sample crucible was insulated
by silicon nitride packing powder in a fiberboard box, as previowsly described. Type "C"
thermmnuples were inserted between the samples in the bottoin layer of buckets and
underme crucible to measure the respective temperatures inside and outside of the
ble. The microwave furmnace was evacnated and backfilled with nitrogen and purged
wlth flowing nitrogen during the experiment. The final processing condition was a 1625°C
dwell for 1 ﬁ. The nﬁmvaepuwcrinput to the cavity was also recorded during heating
cycle,
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Fig. 1. Sintered Reaction-Bonded Silicon Nitride bucket tappets processed in a "Crystar®
8iC crucible vsing microwave heating.
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Partial success was achieved in this experiment since the samples nitcided evenly,
independent of their positions in the crucible. A photo of the nitrided paris is shown
inFil;eZ The standard deviation of the weight gain was + 0.31 g. The temperatures of
the crocible and the parts were within [0 °C o mhotherﬂuuughoutﬂieruu.hnwemr the
crucible absorbed too much of the available microwave power. A peak power of § kW was

required to reach the final temperature of 1625°C dae to the lossy natute of the "Crystar”
SiC at the 2.45-GHz microwave frequency. This high-power absorption rules out the use
of crucibles made solely of *Crystar” SiC. 'Dncshuuldbuablcmmakcacmciblemlha
[defined eneigy absorption by adjusting the sinount of absorbing material in the crocible by
adjusting the density of the crucible. Crucibles made of 313N, with sintering aids such as
Yﬂut?:iindidesa{m’ along with the SiC microwave absorber, should act as a good system to
test

Two sets of experiments were performed to determine the proper combination of SizNy and
SlCtubenmorpmtedmﬂmmblcsusadfurthnnmmwavcpmcssmgofSRBSN The
first set of experiments was designed to measure the effect of varying the concentration of
the SiC in the crucible mazmalsontlwmmmwa\rg-%ow bsorption by these meterials,
Powder mixtures were made consisting of Ube E-03 SisN; and 5 wt % sintering aids
combined with either €, 10, 20, 30, 40, and 50 wt % Stark A-10 SiC . The mixtures were
gelcast ina 15 wt % solution of the larnide monomer/methylene bisacrylamide
corsslinker (MAM/MBAM) 6:1 system into scs{zm.dmmbyﬂiin thick) which were
then dried, air fired to remove the organic geleast agents, and then sintered in nitrogen at
lﬂm“Cfnrdhina. ite-element furmace. Seis of two each of the discs of a given S5iC
composition were ingnlated as shown in Fig. 3 and heated in the ORNL 500-L
microwave fumace in nirogen 0 a final emperatre of 143°C. Figure 4 shows the
ﬂhsufmenﬁmwavepowmquﬁedwmmesmDfdiscscnmposedufzu,SD,dO,

50 wt % SiC at 5°Cfmin. w0 1450°C and also a representative temperature plot. The
data for the 10 vol % SiC samples are not shown since the heating was too erratic with this
low SiC content. The other power curves show the large differences in power required for
the varying concentrations of 3iC in each crucible matenial.

Although the first set of experiments gave basic information on the effect of SiC
concentrations on microwave hesting, it did not indicate which $iC concentration would be
suitable for processing of SRBSN using microwave heating. A second set of experiments
was un to help answer this queston. Gelcast crecibles, 2 in. diam by 3 in. t:lﬁnyl] 2in.
thick, were made with the 10, 30, and 50 wt % SiC crucible materials. These crucibles
were processed in the same manner as the dises of the first experiment set. TM-145 bars,
0.25 in. thick by (.25 in. wide by 1.25 in. long, were placed inside these crucibles as
shown in Fig. 3. The bars were nitrided in the microwave furnace 10 a final processi
conditon of 1450°C for 1 h. The locaticn of each sample inside the crucibles was noted,
and the weight of each sample was measured before and after processing to evaluate the
processing uniformity. Processing in the crucible consisting of 10wt % 5iC additive was
very nonaniform. There was a lower weight gain for samples located on the inner urfe
¢ suriace.

the crucible, indicating that there was too much heat loss at the ¢rucibl
Processing in the crucible containing 30 wt % SiC resulted in more uniform proce

However, the most vniform heating was obtained with the crucible containing 5!] %
SiC. The standard deviadon was H.07%. Itslmuldﬂmhenomdﬂlatﬂuslsmeﬁrstume
nitridation experiments have been done using an insulstion setup in which there was no
8i3N, packing powder used for additional insulation. Thus, a simple insulation setup
lacking powder insulation is possible for microwave-assisted nitridation.
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Fig. 2. Sintcred Reaction-Bonded Silé ide bucket tappets processed Crystar
51% crucible using microwave heatisnﬂg.mn Nimide t ¢ na |
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Fig. 3. Insulation setap for ining the microwave power
required o heat test discs containing di t anounts of 3iC.
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4. Microwave power required for different crucible materials containing:
Ejg-iﬂwt% SiC, (b} 30 wt % SiC, (c) 40 wt % SiC, and (d) 50 wt % SiC.
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Finally, an experiment was performed to ensure that not only nitridation (1450°C), but also
sintering, could be accomplished using these new crucibies. For this test, TM-145 test
bars were placed in a 50 wt % SiC crucible as in the previous experiment. This crucible
- was packed in a 2-in.-thick layer of SizN4 packing powder inside an alumina fiberboard
box. Figure 5 shows the temperature measured between the samplas inside the crucible
and the temperatmre measyred outside and under the crucible. Note, there is approximately
a 100°C mng;'amre difference becween the inside sample and outside the saniple crucible at
the peak 1800°C iemperatare. The microwave power needed for this processing run was
very low, since the low mass crucible did not present a significant heat load. The standard
deviarion in the densites was 30.08 gfcm®. The next step in the project was to design and
mnstlmct the first scaleup crucible to test the hybrid crucible with larger numbers of
samples.

Two possible crucible designs were constdered for scaleup work, The first design was a
¢ylindrical crucible. The second design was a box-type crucible. The box-shaped crucible
was chosen for several reasons: (1) the exterior fiber insulation casket used in microwave
h:atm% i3 of a box construction, 30 the use of the box geomeery for the inner hybrid
crucible should allow more yniform insulation of microwave-heated samples; (2) the box
shape should be more easily made, since the walls, top, and bottom can be made as
separate panels, which can then be juim:d {also, the separate panels can be of different
sitions; and (3) the box design should be more casily scaled up, since a larger
£ ¢can be built froum multiple dles.

The design for the first scaleup crucible is shown in Fig. 6, The inner diameter of the
cmcible is a 7-in. cube with individval panels 0.25 in. thick. This crucible can
wceommodate 4 layers with © o 16 bucket tappet samples per layer, depending on the
spacing allowed between samples. The outer walls of the crucible are composed of SialNg
with m%&ﬂmﬂ&ﬂm%smtmngmdstapmvﬂtheanngalmgﬁn iphery of the
san:plas The top, bottom, and three inner shelves are composed of SlgN4 with 5 wt %
sintering aids and no SiC, since hybrid heat should not be needed in these areas of the

crucible.

ORML-DWG 95-5885
—— Microwave Input Power (Watlts =
2000 BDO w
—e— Sample Temperature 3
-8- Crucible Temperature 700 g
O 1500 1600 3
g 1500 5
& 1000 +.400 5
-3 -
£ T30 2
= 500 4200 &
+100 £
0 : 0o £

o 200 1000 1500

Time {min)

Fig. 5. Power-temperahure curve for the nitridation and sintering of TM-145
materials in a silicon pitride crucible containing S0 wi % SiC.
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Fig. 6. Hybrid crucible for microwave processing of Sintered Reaction-Bonded
Silgimn Nitride.
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Two methods were tested for making the panels for the hybnd crucibles. The first method
tested was slip-casting using & 8.5 x 8.5 x 0.4 in. size plaster-of-paris mold. Several
attempts were made to slip-cast shuies consisting of 95 wt % Ube-ESP SiaNy, 4 wt %
Y205, 1 wt % Si0;, 0.4 wt % Darvan 821A, 0.6 wit % PVP K-15, and 0.5 wt %
Carbowax 1000. The resulting cast plates cracked during initial drying in the molds. Also,
these materials bonded to the molds and were difficult to remove. This method for making
the plates for the crucible walls was rejected, since the technical problems associated with
this method and the weakness of the resulting product did not lock promising.

The second method tested for making the panels for the hybrid crucible, which was
successful, was the gelcasting mcthﬁ An 8 x 8 x 0.25 in. casting mold was made,
which consisted of two glass plates separated by a 1-in.-wide by 0.25-in.-thick rubber
gasket. The first crucible plates 10 be made were those for the 1op, bottom, and inner
shelves of the crucible, Geleasting siurries containing 45 vol % consisting of
05 wt % Ube-E03 SiaNg, 4 wit % Y303, 1 wt % Si0z, 0.4 w1 % Darvan 821A, and
0.6 wt % PVP K-15 were made niilizing the MAM/MBAM 6:1 gel system. Initial tests
with glurries showed that (1.1 pL. of terramethylethylenediamine %EE%ED} and (1.5 L. of
10 wt % ammoninm persulfate (APS) were optimal for producing gels that did not cm
ot pixing but which showed even gelling after a (1-h) incobation at 60°C, The plates

by this method were dried at 92% relative humidity for 1 d, at room humidity conditions
for 1 d, and then for 4 h at 40°C. The plates were then cut to 7.5 by 7.5 in. size, packed
in silicon nitride packing powder in graphite crucibles, and both debindered and sintered in -
a single run in a graphite furnace at the final conditions of 1800°C for 2 h in flowing
nitrogen. The final density of these plates was approximately 2.0 g/cm?. As mentoned in
the previous discussion, a second set of erucible plates was needed for the side walls of the
crucible. Geleasting slurriss were made containing 45 vol % powder consisting of
35wt % Ube-E03 Si3Ng, 40 wt % Starck A-10 Si1C, 4.2 wt % Y203, 0.8 wt % 510y,
0.4 wt % Darvan 821A, 0.6 wt % PVP K-15, and 0.3 wt % tetramethylammonium
hydroxide utilizing both the MAM/MBAM 6:1 gel system and later, the MAM/PEG 3:1
system. The pH of sturries was 12.8. The MAM/MBAM gel system did not work well,
The gel slurries clumped badly on the addition of even small amoonts of the initiator. This
resulted in uneven gelling at 60°C, producing gels that cracked during drying. The
MAM/PEG system produced very different results. The slurries did not clump on the
addition of APS and gelled evenly at 60°C. The gelled plates were dried withont cracking.
The drying, debindering, and sintering were conducted using the same conditions as the
first sec of crucible plates. The final density of this set of plaes averaged 1.9 g/em?.
Foture work will include tests performed with the cmcible buile from the gelcast plates.

Insulagion Papel Development
The second area of research, which was begun during the last bimonthly period of this
semiannual, was work on the development of $iaNy insulation panels to replace the
g:ck:ing powders used as insulation in microwave processing. Several ap hes have
en taken woward this initiative. Approach one consisted of pressing silicon powders
containing SiaN4 seed at very low presswres and then bonding the powders together by
nitridation to form porous RBSN panels. RBESN materials are oansparent t¢ microwaves
and, if the porosity is sufficient, can act as insuladon. A powder blend consisting of
80 wt % silicon (Elkem metallurgical grade) and 20 wt % Ube-E(3 SizNy was pressed to
& pressure of 0.25 psiina 7.5 x 7.5 x 1 in. graphite die, which was coated with boron
mitride. The 0.5-in.-thick pressed plate was fired on a 13-h nitridation cycle 10 a final
condition of 1450°C for 2 h in flowing nitrogen. The nitridation of the silicon appeared to
be quite even; however, there was minor cracking i the final plate, The density was
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1.2 pfem3. The cracking in the plate was the result of uneven ing, and a more
suitable dic for pressing large plates is being fabricated. A second od tested for
making SizNy insutation boards was using the gelcasting technique. A sting slurry
was made containing 40 vol % powder consisting of 62 wt % Ube-E03 SigNs, 26.7 wt %
8i0y, 11.1 wt % Foxtel carbon fibers, 0.4 wt % Darvan $21A, and 0.6 wt % PYPK-15
utilizing the MAM/MBAM 6:1 gel sysiem. Experiments showed that 5 uL of Temed and
10 uL. of APS per 1 g of slumy were required to gel this material at 60°C. Following
gclling, the 2-in,-diam by 9.3-in.-thick test smmples were dried and then heated o 600°C
or 1 h o remove the carbon fibers. The test discs were then sintered in a graphite furnace
at the final conditions of 1800°C for 2 b in flowing nittogen. The resultant discs had a
density of 0.9 gicm’. Both methods for making insulation panels looked sing,
although as expected, the densities of the panels were higher than the 0.4 Mﬂity of
loose powder insulation.

As early attempts were in progress to develop hybrid crucibles for the microwave
processing of SKBSN, it became apparent that computer modeling would be necessary to
help resolve the proper dieleciric cmﬁwmnon of crucibles. In response to this need, a
subcontract was established with the University of Utah, with Dr. Magdy Iskander as the
principal investgator to perform this modeling. This subcoatract includes measuring the
dieleciric properties of both samples and insnlation materials vsed in the SRBSN scaleup
experiments and the eventual integration of these measurements into heating models.

One of the first tasks in this sebconiract involved rueasarement of the dielectric properties
of some of the materials used in our microwave heating studies. Table 1 shows the values
for dielecric constant, €', and the dielectric loss factor, ¢", as measwed by the cavity
perturbation method and/or also the open probe method for the varions crucible materials,

Table 1. Dielectric property measurements for different croecible comnpositions
and for the TM-145 silicon material. E is the dielectric constant and e” is the
diclectric foss factor. :

Open end probe Cavity tion
data Elm

Material Additive € e e' e
UBE-03 5iJN4 none 3.45 0.05 3.25 0.014
UBE-03 Si3Nd 10wt % SiC 248 0.08 2.92 0.04
UBE(3 Si3N4 20wt % SiC 449 0.15 493 0.05
UBE-03 5i3N4 30wt % SIiIC 497 0.17 5.27 0.061
UBE-03 Si3N4 40wt% SiC 3.44 0.29 5.49 0.093
UBE-03 Si3N4 50wt % 8iC  8.74 0.53 12 0.4
TM-145* none ND ND 79 1.52

“Si with 10% SNy, 9% Y1203, 3% AlyOs3, and 2% SiOy.
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insulation, and samples used in various microwave processing experimenis. Note, the
open probe method 15 primarily used as a method of verification for the ¢ valee and is not
accurate for measuring the ¢" values. This dielectric property data will be used in future
computer madeling studies to help formulate strategies for microwave processing of
SRBSN. These data are also being used to calculate the maximum crucible wall thickness
acceptable for given crucible compositions.
Mi I .
Several experiments were parformed during this period involving the microwave annealing
of SRBSN and sintered silicon nitride (SSN). Experimental details and results will be
presented in futurs repornts.
Problems
Nouoe,
Publicati
None.

1cne

Milestone 112407 has been completed in the current reporing period.

Travel by T. N. Tiegs to the Eighth CIMTEC World Ceramics Conference in Florence,
Italy, to give an invited lecture entided "Microwave Sintering of Ceramics.”

A poster entitled "Studies on the Scaleup of the Microwave-Assisted Niidation
and Sintering of Reazction-Bonded Silicon Nimide," by J. O. Kiggans, T. N. Tiegs,
H. D. Kimrey, and Jon-Paul Maria was presented by R. B. Schulrz at the
5th International Symposinm on Ceramic Materials and Components for Engines,
Shanghai, China, May 29 - June 1, 1584,



D.F Caron G A cm:nmc L Connar, 5. D. Bunmead, G. A, Eisman,
J. Hwany, and A. W. Waimer (The Bow Chemical Company)

OBRJECTIVE/SCOPE

The abjective of this progem is 1o scale a carbothermal nitridation process to the pilot plant level
for the production of & high quality, low cost silicon nitride powder. The tasks of this program are
designed to 1) determine the relationships between raw material precursors, reactor condittons and
post-processing on the characteristics of carbothermal powder prodaced in the imtermediaie scale
reactor, 2) scale the process to a pilot plant stage and 3) identify those characteristics which yicld a
sintcrable poveder that can be pressureless sintered mto dense, high strength components. The
results of the above tasks will be utilized in the Extier stages of the program when high quality, low
cost silicon nitride powder is produced in our pilix plant Bacility.

TECHNICAL PROGRESS

TASK 2.0 Process Development and Process Scale-np

During this reporting period, a sigaificant amount of tims was spent on improviog the process at
the pilot plant level. Equipment modifications were carried out 23 was the installation of new
squipment. [n particular, in order to be able to produce a homogeneous lot in large quastities, a
ribbon blender was added as a final unit operation in the process, This addition allows for the
blending of smatler batches of powder imo 2 final batch of appreximately a quarter of a metric ton
in size. The blending of hundreds of pounds of powder was caried out i this unit in order to

prepare the final deliverable. The powsder properties of @ 338 1b hatchaﬁerhkudingmprmmed
in Table 1.
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Table I
Powder Properties

Wt Carbon Oxygen Nitrogen Fe Al Ca Mg Di¢ D5 Bl SA
s % _wi® _w% pom ppo Dom PR microns micrond microns mile
5500 04575 1932 4049 35 76 49 138 038 083 214 96m
55.00 04692 1895 4030 35 49 112 0.38 0.83 225 0440
5500 04635 1502 4012 33 51 145 0.38 0,83 217 9604
5500 04443 1916 3982 36 6 130 038 083 223 0480
5500 04622 L8%6 3994 38 49 100 03 085 229 9565
6375 04703 1507 4023 47 50 123 03 085 226 955

BRIIER

338.75 TOTAL

Average (4871 1907 4005 38 59 49 125 0.38 084 222 0580

The powder which was produced in the process was wiilized for the 10 kg May deliverable,
fabnication of MOR tfest bars, and the final contract deliverabie of 100 kg. In addl_tlcln 1o the final
product properties reported above in Table I, run data associated mﬂnhe gensration of e P-owdcr
are presented @ Figures 1 and 2. Specifically, crude oxygen vs, time is plotted in Fig. 1 while final
residual oxyvgen's and carbon's are presented in Fig. 2.

Figure 1
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Figure 2
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In addition te the mstallation of & blkender, process equipment evaluations continwed during the
peried. In particudar, 3 piece of equipmemt which could be utilized in the processing of precursor
material was identified and tested. Hundreds of pownds of stanling material were processed
through the rew equipment and then retarned to the program for incorporation inte the process.

Prior to the production of the final powder delivarable, a series of tests were carmied out in order to
further refine the operating window and conditions during the reaction. The overall objective was
to maximize the throughput while at the same time topactiog the product quality as Litthe as
possible. As aresult, a designed experiment was carried out which focused on the key process
variables. The major factors were the throughput of material out of the reactor, flow rate, and
temperature. The responses were residnal oxygen and residual carbon content. The resulis of the
study are atill in an evaleation phass but indicate that the throughput can be significantly enhanced
and still pat impact overall product quality.

Task 3.1 Powder Characterization

The ten kilograms of carbothermal silicon nitride powsder, prodaced in Task 2.0 and delivered to
MMES in May, was charuacterized in order to detenmine the powder properties. The results of this
analysis ave summarized i Table I. This lot of carbothensal silicon nitride had an oxygen content
of 1.70 wt.% and a carbon content of 0.49 wt.%. The specific surface arca awd average particle
gize was megsured to be 9.3 m2/g and 0.84 pm, respectively, The metallic and non-metatlic
impaurity levels were found to be very low and well within specifications.
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Table I1. Powder Properties of 10 kg Lot of Carbothermal

Powder Delivered to MMES in May.

Property Delivershla Cioals
Oncygen [.70 <2.5
{wt. %)
Carhon (.49 <16
(wt.%6)
Al (ppm) ND(50) <} 30H)
Fe (ppm} 26 <204}
Ca (ppm) on <1{X)
Na (ppm} ND {4003} <10
Mg (ppm) | ND (100) <50
K {ppm) ND (3 <0}
Ci {ppm) ND (LOY <}
= {ppmd ND (20 < 10
F {pom) NM <100
Surface Area 9.3 5-20
(mZ/g)
Alpha (wt. %) =05 >0
d5¢ (pum) 0.84 <08

ND({ ) - not Jetectable at detection limit indicated in parcnthesis
MNM - not measired

Task 3.2 Pawder Sinterability

Expeniments were initiated to examine the alpha o beta transformation behavior in cur
carbothermnal powder. Initial results indicate that the rate of alpha to beta transformation in aur
baseline carbothermal powdsr maybe slightly slower than a sinnlar composition made with a di-
imice 8134 powder. Receat results have shown the rats of alpha to beta fransfosmation can be
controlled, surpassing that of the di-imide powder by varving one of the raw material additives
used 1o make the carbothermal Si3N4 powder. The effect of varying the rate of alpha to beta
transformation on the properties of carbothermal silicon nitride cornponents is currently under

thvestigation.

Task 3.4 Suspension Development/ TASK 3.5 Greenware Formation and Paré Densification
Work continues in the areas of slip aging, slip pH and casting conditions on greenware
characteristics,

A senies of slips, prepared by attrition milling, were aged for various times and their pH monitored.
Greenware was then cast from the aged slip, dried and fired. Tn general, the greenvmre density and
fired demsiby dearsazed with decreasmg slip pH., especially when the pH dropped below 9.7,

During the aging process, the slip pH initially decreased reaching a stable Yevel after about 6 hours.

The initial quick drop in pH was due t¢ a rise in slip tempeTature. As a resubt, slips, which were
not aged prior to slip casting, generally prodnced greenware that warped or cracked doring
sintering. This type of behavior was attribated 1o a density gradient caused by the initial pH
change. Control of slip pH and temperature during milling was found ¢ be mportast in prepating
high quality greemwars.
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On casting conditions, three approaches were examined— regular slip casting, vacuum casting,
and pressure casting. In vacuum casting, the slip was under atrmospheric nitrogen pressure and the
gypsam mold was placed under vacoum. In pressure casting, a nitrogen pressure of 80 to 120 psi
" was applied on tap of slip to cast the greenware component. Green and fired densities of the
pressure cast pieces were nosmally 1 4o 2 % lower than regular slip-cast and vacuum cast pieces.
The ree of casting was at least 5 times faster for the pressure casting method than cither the
regutar or vacunm casting methods.

During this reporting session, slip cast greenware was also fabncated from the 10 kg lot of
catbothermal powder sent 1o MMES in May of 1994, The greenware was slip-cast using our |
baseling procedure for the Y203-A1203-8i02 sintering formniation. Thesze plates were then
pressureless sintered mto components for the mechanical property evatuation and deliverables
required in Task 3.7, A total of 7 plates were sintered with an average density of 93.320,3%.

Anm&pmmnmdmemufmemmmmmmmmmﬂw
condocted by Allied Signal Ceramics Components {ASCC) in Torrance, CA. This evalustion
consisted of substinming the carbothermal powder into their gtandard process for making the GS42
grade of gilicon nitride. In this evalvation, the carbothemmal powder was mixed into a slip with a
« solids loading of 70 wt % using their propristary formulation. The slip was then cast into green-
ware 3/4-17 thick with a green density of ~60%. The greenware was then densified using a gas-
pressure smtering method. The final density of the sintered component was > 99% of thooretical
density, The compoment was then machined into mechanical test bars to measure the room and
high temperature strength, Weibull modulug and fractare toughness, Table I 3¢ 5 summary of the
mechanical property results for the Dow carbothennal silicon nitride poveder. For comparison, the
mechanical properties for their standard GS44 formulation are also incleded, The results indicate
that the carbothermal powder can be substitnted into their standard process and yield components
with mechanical properties simitar or slightly better than their standard material. The room temp-
erature strength, Weibull modules and fracture toughness of the component made with carbo-
thermal silicon nitride powder were measored to be 1008 MPa, 20.5 and 7.25 MPa-m1/Z,
respoctively. At elevated temperatures, the carbothermal silicon nitride component was found to
exhibit higher mechanical strength than their standard naterial. At 900°C, an improvement in
average fracture strength of ~25% 1o 917 MPa was observad.

Tabile Iil. Mechanical property resnlts of the G544 formulation made by ASCC using Dow
carbothenmal Si3N4 powder and a standard commercially avalable Si3N4 powder.

~ (G544 Formuiation Made With

Property Bow Carbothermal 5134 Standard Si3N4 Powder
Strength (MPa)

@ 25°C 1008 1050
@000°C 017 715
@1100°C 684 655
Weibull Modulus 205 20-35
Fracture Tonghnms

(MPa-m1/2) 7.25 8.25




Jasgk 3.7 Part Characterization

The sintered plates produced m Task 3.5, from the same powder lot used in the 10 kg defiverable to
MMES, wers machined into a total of forty-nine 3 x 4 x 45 mm flexure specimens for mechanical
property anabysis. Twanty-four of these specimens wers tested according to the ASTM C1161
standard for measuring four point bend strengthe. The average frachure strangth and Weibull
modulys of this material were measured to be 8754100 MPa and 10, respectively. The fractare
strengths were found 1o exceed the =800 MPa goal required by the contract. The Weibull modubas
was measured to be 10 which is an improvemient gver gur previous resuits in the last semi-annuai
repart. 1iis expected that with further processing improvements the Weibult modulus can be
mereased, surpassing the 15 goal of the coatract.  As part of a July deliverable, twenty-five of
these specimens were sent to MMES for theit evaluation.

STAT T
All milestones are on schedule.

PUBLICATIONS
Dr. D.F. Carrcll presented a paper on the currsnt program at the American Ceramic Sockety
National Mtg, beld in [ndianapokis, IN., April 1994,

COMMUNICATION/TRAVEL

Drs. . Conner and . Carroll visited Norton/St. Gobaim Cetamics in July.

Dr. C. Conner visited AllkedSignal Ceramic Components 10 review the evaluation of the Dow
powder.

Dr. G. Eisman apd Mr. P.R. Stoesser visited MMES for a project update in July.

PATENT ACTIVITY
MNone
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Cost Effective Sinfering of Silicon Nitride Ceramics (SIU-C)
D. E. Witimer, Southern Hlinois University, Carbondale, IL 62901

Objective/Scope

The purpose of this work is to investigate the potential of cost effective sintering
of 8i,N, through the development of continuous sintering techniques and the use of lower
cost Si;N, powders and sintering aids.

Task 1, Refine Economic Model and Design for Chosen Furnace
Configuration

This task was completed as reported in 2 previous semiannual report.

Task 2. Continue evaluation of sintering parameters on properties of
selected Si;N, compositions
Continoous Sintering

During this reporting period, the CVI belt furmace with the tungsten hot-zone was
used to finish the continuous sintering trials for A2Y6, A4Y6, and A2YS UBE E-10 Si;N,
compositions with and without B-Si,N, seeding. The sintering temperatures of 1675,
1725 and 1750°C for sintering times of 0 min. and 1700°C for sintering times of 30, 60
and 90 min were completed. The physical property measurements, XRD analyses and
microstructural analyses were also completed. Tables [ and IT summarize the 4-point
flexural strength results, Table III summarizes the fracture toughness results, and Table IV
summarizes the XRD results obtained for these compositions for the respective sintering
times and temperatures.

From this data it was determined that seeding marginally reduced the strength for
the A4YS and A2Y8S formulations, while increasing the strengih slightly at lower smicting
temperatures for the A2YS formulation. Seeding did not appear to have much effect on
the fracture toughness {determined by the strength method) for the A4Y6 and AZY8
formulations, but did appear to somewhat increase the fracture toughness for the A2Y6
formulation.,

Although the strength and fracture toughness resplts did not show any conclusive
benefit of seeding, XRD and microstructural analyses showed that seeding does promote
the c=#f transformation and enhance the growih of the J-phase. Microstructural
analyses also revealed that the [§-phase distribution appeared to be more uniform for the
unseeded A4Y6 and A2YR formulations. Seeding of these formulations produced much




larger [5-grains which appeared to be less uniformly distributed. These effects may be the
result of using a slightly larger P-seed than used in previous work.

The information obtained fiom this portion of the subcontract was the basis for
one Master's thesis completed duning this reporting period. The results of this thesis will
be presented at the Annual Conference on Composites and Advanced Ceramic Materials
at Cocoa Beach, FL in January, 1995 and will also be published in the conference
proceedings. Copies of this thesis have been forwarded to the Program Manager and
Project Monitor.

High Temperature Testing

The second bench top testing tachine dedicated to elevated temperature testing
was received and installed at SIU-C. A furrace fixture was designed and installed which
will allow testing up to 1500°C, During preliminary testing of the furnace and loading
fixture, it was determined that the load cell on the test frame was getting too hot during
testing to obtain accurate data, The loading fixture was redesigned and materials were
ordered from Coors Ceramics to finish rebuilding the test fixture. The alumina loading
ram received from Coors was out-of-specification and was returned to Coors for
replacement. The replacement hes recenily been received and subjected to low
temperature load evaluation. The test system is now ready for elevated temperature
testing.

Improved Processing

Previously it was reported that the processing temperature can have a significant
effect on the viscosity of silicon nitride slurries. Depending on the processing method, it
is possible to produce a hysteresis behavior in the viscosity as a function of temperature.
This research is aimed at determining if this hysteresis bebavior will produce a measurable
effect on the physical properties and microstructure,

During this reporting period, the AdY6-E10 formulation {at 30 and 40 vol.%6) was
processed in the Turbomill under *Hot" (25 °C) and "Cold” (10 °C) conditions to
determine the effects of process temperature and slurry aging on green density, sintered
density, strength, and microstructure. Some disks were pressure cast directly from the
Turbomill after milling for 2 b and then the remaining slurry was aged for 24 h before the
remainder of the slurry was cast. These disks were dried, isopressed and sintered in the
belt furmnace at Centorr/Vacuum Industries. The sintered disks were all >99% of
theoretical density. Four-point flexurat strength and fracture toughness (strength method)
were measured on Type B test bars. Polished test bars for all processing conditions were
microwave plasma etched by techriques resulting from an expenmentzlly designed test
matrix, and the respective microstructures examined by SEM.

The results indicate a distinct relationship between processing conditions, green
density and flexural stremgth. It appears that the "Cold" processed 30 vol%s composition
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without aging has the highest average flexural sireagth and that slurries processing at
higher solids loading under both *Hot" and *Cold*® conditions produce sintered material
with lower flexural strength. Microstructural results indicated that higher solids loading,
higher processing temperature, and aging produced a greater degree of agglomeration
which is likely responsible for the decreased flexurl strength observed. Fracture
toughness {strength method) did not appear to be affected by the processing conditions.
The strength results are shown it Figure 1 and the fracture toughness results are given in
Figure 2.

Task 3. Continue Evaluation of Low Cost Si,N, Powder

As previously reported, the primary goal of this task is to work with the low cost
8i;N, powder presently being produced by Dow Chemical Company, under contract to
DoE through Martin Marietta Encrgy Systems, Inc.. A 5 kg sample the Dow Chemical
Company Si;N, powder sent to ORNL as part of the May 1994 delivery has been received
at SIU-C. This powder is currently being evaluated in A2Y6, A2YS8, A4Y0, and A4Y13
formulations. These compositions have been prepared by Turbomilling as 30 vol%
aqueous suspensions, followed by pressure casting, drying, isopressing, and contimuous
sintering. The density results are given in Table V and the four-point flexural strength
results are given in Table VI. These results indicate that it is possible to produce high-
density, high-strength materials from this powder. Similar expeniments are planned for the
SizN, powder lot which is the final deliverable under Dow Chemical Company's contract.

Task 4. Design and Construct Prototype Belt Furnace

During this reporting period, the prototype Model 44-BF bek farmace was
constructed. The fisrnace has been designed with inberchangeable graphite and tungsten
hot zones and an inngvative SiC link belt. The furnace also has three retractable
thermocouples, three over-temperature thermocouples and three 2-color optical
pyrometers. The control thermocouples are used with the tungsten hot zone and the
pyrometers are used with the graphite hot zone. Preliminary testing with the graphite hot
zone was conducted to >2200°C under flowing N,. Minor design changes were required
that necessitated some rework of the hot zons. The design modifications have been made
and the furnace is presently being retested with the graphite hot zone. The furnace is now
scheduled for delivery to SIU-C in January or February 1995,




Status of Milestones
1. Refine Economic Model and Desigr for Chosen Completed
Furnace Configuration
2. Continue Evalnation of Sintering Parameters On Schedule
on Properiies of Selected Si,N, Compositions Continuing
3. Continue Evaluation of Low Cost Si;N, Powders On Schedule
Continuing
4, Design and construct prototype belt furmace On Schedule
New Targest

Commnni¢ations/Visits/Travel

D.E. Wittmer, V. A. Knapp, J.J. Conover, and B. Rodely to Annual ACS Meeting in
Indianapolis, IN, Aprl 24-27, 1994,

Problemg Encountered

Material for high-temperature testing ficture was delayed by Coors.

Publications

V. A Knapp, D. E. Wittmer, J. |. Conover and C. W. Miller, Ir.,"Microwave Plasma
Etching of Si,N,," Ceramic Engineering and Science Proceedings, 15 [5] 1113-1127
(1994).

1. I. Conover, " Continuous Sintering of Self-Reinforced Silicon Nitride Containing
Reduced Amounts of Sintering Aids," M.S. Thesis, SIU-C, Carbondale, I August 1994,

V. A. Knapp, "The Effect of Slurry Processing Tesnperature on Silicon Nitride Properties
and Microstructural Development,” M.8. Thesis, SIU-C, Carbondale, IL (it review).
Eresentations

V. A Knapp and D E. Wittmer, "Effect of Processing Temperature on the Viscosity of
Silicon Nitride Slurries,” Annual American Ceramic Society Meeting, Indianapolis, IN,
April 24-27, 1994,
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Table I. Summary of flexural strength measurements for belt sintered Si3N4
compositions sintered for 90 minutes at various temperatures,

-8 indicates 5 wt.% P-SisN, seeded composition

Table I[I. Summary of flexural strength measurements for belt sintered Si3N4
compositions sintered for 1700°C for various times.

Flexaural Strength (MPa) |
(mm) AdY6 | A4v6sS | Acvs | a2ve-S | Acvs | A2Y6S |

-§ mdicates 5 wt.% P-8i,N, seeded composition




Table OI. Summary of fracture toughness results (strength method) for
contingously sintered SiN,.

Fracture Tou Fracture Toughness
{MPa-m™) {MPa-m
Range for 90 min. sinter | Range for 1700°C sinter
6.0-3.7 5.9-6.6
6.6-5.7 6.0-6.6
6.5-6.9 50-54
6.5-6.7 6.1-6.5
5.8-6.5 48-58
6.2-6.5 52-62

-S indicates 5 wi.% [-Si;N, seeded composition

Table IV, Results of XRD analysis.

Sintering  Sintering Residual o-Si,N, Content (%)
Tempersture  Time
(°C) (i

-8 indicates 5 wt.% [-Si;lN, seeded composition
ND = None Detected
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Table V. Density of Belt Sintered Compositions Processed with

Dow Chemical Company SigN,.
Composition Time {min) I
Sintering Temp. 30 60 | o0 I
% of Theoretical Density

AZY6 1775 93.7 - -

1750 93.4 93.7 --
1725 95 94.2 23.8
1700 -- -- 94.2

A2Y6
Oxidized 1725 - 94 93.2
@600/ 2h
Composition Time (mnin)
Sintering Temp] 39 60 90
% of Thearetical Density

AZY8 1775 97.6 -- -

1750 97.1 97.4 -

1725 95.5 6.6 —-
1700 - 95.2 97.3

1675 - 93.4 -

A2YS
Oxidized 1725 - 96.8 96.8
@600C/2h A




Table V. Density of Belt Sintered Compositions Processed with

Dow Chemical Company SigNy {continued).

Composition Titne (min)
Sintering Temp, 30 60 e
% of Thecretical Density

AdY6 1775 91.9 -- .
1750 94.2 92.2 -

1725 96.2 95.5 -
1700 96.8 26.5 95.7

1675 -- 97 --

AdY6
Oxidized 1725 -- 94.1 93.3
@600/ 2h
Composition Time (min)
Sintering Temp. 30 &0 90
% of Theoretical Density

AdY13 1750 98.9 - --
1725 99.2 -- -
1700 99.4 99.4 99 4

1675 - 99.4 -

A4Y13
Oxidized 1700 99.4 - 99 4
|_@sooczn




Table V1. Flexural Strength

35

of Belt Sintered Compositions

Processed with Dow Chemical Company SigN,.

Composition Time {min)
Sintering Temp] 3¢ 60 90
I 4-Point Flexural Strength
AZY6 1775 - —
1750 - - -
1725 714 800 904
1700 - - 838
A%Y6
Oxidized 1725 - -
@600C/2h
Composition Time {min)
Sintering Templ 30 60 90
4.Point Flexural Strength
A2YS 1775 831 - -
1750 826 910 -
1725 808 838 -
1700 - - 830
1675 - - -
A2YS
Oxidized 1725 816 833
@600C/2h
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Figure 1 Average 4-point flexural strength for A4Y6 E-10 SigN, contimuously sintered
at 1750 °C for 90 min. {C and H represent processing at 10 and 25 °C, respectively, 30
and 40 are the vol.% soliid loadings, and A stands for 24 b aging).
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Figure 2. Average fracture toughness (strength method) for A4Y6 E-10 SigN,
continuously sintered at 1750 °C for 90 min. (C and H represent processing at 10 and
25 °C, respectively, 30 and 40 are the vol.% solid loadings, and A stands for 24 h aging).
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1.1.4 Processing of Monolithics

cessin
V.K. Pujari, D.M. Tracey, M.R. Foley, A.B. Hardy, S.J. Lombardo, P.J. Pelletier,
L C.Sales, R.L. Yeckley (Norion Company}

QBJECTIVE/SCOPE

The goals of this contract are to develop and demonstrata significant
improvements in processing methods, process controls, and nondestructive
evaluation {NDE) which can be commercially implemented to produce high
reliability silicon nitride components for advanced heat engine applications at
temperatures to 1370°C. Achievement of these goals shall be sought through:

Reliability optimization of aqueous colloidal forming using highly
loaded suspensions and glass encapsuiated HIP'ing,

- Application of the high reliability colloidal processing technigue to a

gas pressure sinterable {GPS) composition.

- Demonstration of representative complex component fabrication in

both the HIP and GPS systems.

TECHNICAL HIGHLIGHTS

TASK 1: Forming Using Highly L oaded Suspensions and HIF'ing
Completed
TASK 2: Hioh Reliabili | of GFS Compositi

The final batch (S012) of NCX5400 was prepared according fo the route
developed in the course of the program. Five techniques were used to facilitate
the processing of S012:

1) Temperature Control

2) pH Control

3) Surfactant Additions

4) Form of MgQ Addition

5) SisN4 Powder Size Distribution




38

Approachas 1-4 address tha solubility and, hence, dissolution of the
magnesium sintering aid into Mg divalent cations. Confrofling temperatura
and pH during milling seems to lower the magnesium ion concendration. The
use of surfactants also inhibits the dissolution reaclions of the sintering aid into
the divalent cations. In addition, sore chemical forms have an inherently lower
solubility than MgQ. Finally, controlling the size distribution of the Si,N, powder
leads o better powder packing.

In tha early stages of the program, cast green densities of 1.2 - 1.4 glec

and solids loadings of < 80 weight percent were obtained, Usingthe b
approaches oullined above, however, green densities above 2.0 glcc were
gttained, Furihermore, the siurry could be concentrated to > 70 wi% and
densified to » 95% of theoretical dansity.
A suramary of the progress is given in Table 1,

Table 1;
Concantrated Green Fired
Batch Filtered Waight % Density Densily
Solids {gice) % TD
S001 - 51 1.3 >09
8008 very fina 41 1.3 098.5
S010 medium 40 2.2 86
S012 vary fine 72 2.0 >9%

Baich S012 sipultaneous]y achisved colloidal stability (as evidenced by

the filtration step and concantration to 72 weight perc¢ent) and high green and

fired density.

Cast tensile rods and CiP'ed tilas from S012 ware air fired and then

densified according to the GPS cycle. Test spacimens were machined following

the machining procedure developed in the Pracessing Phase | program.
Tensile and flexure strength and toughness data are given in Table 2,

Table 2; NCX5400 Strength and Toughness Data
Tensila Flexure K
Strenpth Strength (MPa m'™?)
(MPa) {MPa}

Mean 625 773 8.28

8.D, 103 46 0.38

Characteristic Strength 667 775

Weibull Modulus 7.0 20




40

The tensile sirength data were obtained from 27 buttonhead tensile
specimens, Of the 27 rods tested, 13 failed from flaws [ocated in the volume of
the sample and 14 failed from surface flaws.

In Phase | of the program, it was demonstrated that the infrinsic flaw
populaticn was best described by a 3 parameter Welbull distribution.  Since only
a sampling of flaw erigins for NCX5400 was determined, this grouping of the
flaws cannot be performed inthis case. The entire flaw population - both volume

and surface - was tharefore analyzed according to both 2- and 3- parameter
Woeibull statistics. As seen in Figure 1, both 2- and 3- parameter distributions
describe the data {r* = 0.970 and r*= 0.678, respectively) reasonably well,

The strength parformance of NCX5400 as compared o other silicon
nitricle materials is displayed in Figure 2 in which the tensile strength is plotted
versus the flexure strength. Material with superior volume properties lis in the
upper half of the graph; materials with superior surface properties lie in the iower
half. NCX5400 is seen to be equivalent in tension to other gas-pressure
sintered matsrials such as SN253 and NGK. Since the objective of this program
was to demonstrate reliable volume properties, this can be assessed by
cbserving how near to the upper half of the graph a material falls. NCX5400 is
secn fo be the 3rd best material after NCX5102 and SN253.

NCX-5400 2 or 3 Parameter
2
i o
ﬁ o i/
= -1
-2 ==
=-3
= f
4 ,,/{
=5 } ’ } : } ' } '
2.8 8 6.2 6.4 66 6.8
Stress (MPa)

— 2 Parameter — 3 Parameter

Figure 1: Waeibull Plots of NCX54G0 Tensile Strength Data
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Figure2:  Tensile vs. Flexure Strength of NCX5400 and Other Silicon Nitride
Material.

TASK 2: Complex Shaps Demonstration

Consistent with the objective of this task, complex shape forming
capability of the NCX5102 slury was svaluated. Using the standard oparating
procadurs (SOP) of the closed loop process, a 15 kg batch of NCX5102 shurry
was milled, filtared and subsaquently concentrated to a solids loading 72 w %.
Shape forming capability of this slumy was evaluafed by pressure casting a
complex shape vane designed for an APL). Castings were performed using a
standard mold baihg utilized curmently by NAC (Narton Advanced Ceramics) for

prototype production of these components.
Net shape castings were produced crack fres with NCX5102 sturry with

and without binder addition. The quality of the NCX5102 castings were found to
be equivalent to that produced by the prototype process involving conventional
powder procassing and agglomerated powder.




Presencelabsence of cracks and surface pits were examined both in the
green and dense (HIP'ed) states, Frequency of presence/absence of cracks
was found to be equivalent compared to the conventional precess. Howaver,
presence of surface pits in the HIP’ed component were minimized due to the use

of non agolomerated powder in the closed loop NCX5102 process. Of course,
the most significant advantage of the NCX5102 castings is the superior {20-30%
higher) inherent tensile strangth established earlier in Phase | of this program.

REFERENCES

None

TAT ILESTON

All milestones on schedule,

ATIONS / PRES TIONS

None

None
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Improved Processing
8. D. Nunn, Q. ©. Omatete, C. A. Walls, D. L. Barker, R. E. Simpson, M. D. Teske, and J. A. Hom
{Oak Ridge National Laboratory)

QObleclive/Scope

Tha objective of this research eleman Is 1o determiine and devetop the reliabilily of selediad
advanced ceramic processing methods. This program is & be conducted on a scale that will permit
the potantial for manufacturing use of candidate procoessas 1o ba evalusted. The amphasis is on
silicon pitride. esues of praclicakly; safety, hypiene, and environmendal issteg; and in-procese
testing methods ara 1o be addrassed In addition to technical feasibility. The methadology
includes selection of candidate processas and evaluation of Leir range of apphcability to

varous kinds of commercially avaitable carami; powders.

Tachnical Highlights

l. Silicon Nilride Gelcasting - Dow Powder

Daw Chamical Co, is developing a low-cost silicon nitride powder under W.B.S, Elemen]
1.1.2.5 of tha Ceramic Technology Project. As part of the svaluation of this powder, we wil
ba conducling experiments 10 characterize lts behavior in gelcasting.

Indlial gelcasting triaks indicale thal the Dow silicon nitrida has considerably differant dispersion
characteristics when compared o UBE E-1 sifcon nitride which has a similar pariicle slze and
surfaco area. Slurios propared in the MAMMEBAM systam bacama 100 viscous for gelcast
procassing at solids kadings above about 40 vol %. The dispersing aids used were GAF PVP
K-15 and Darvan 821A. The 41 vol % sturiias fommed satisfactory gedcast bodies, but a higher
solids loading is desirable,

A study was initiated 1o evaluate the dispersion of the Dow powder using a varisly of
commercislly available dispersing alds. More than 20 disparsing agents wers evalusted to
determing their effectivenass in disparsing the Dow silican nitride powdar inwatae. Aftar 1he
inltial screening tests In dilute powder slurmes, six of these dispersing aids were ilendified for
further evakiation. Gelsasting sfumies conlaining 40 vol % powdsr were praparad 1o compara
the dispersion characledstics under normal processing conditions. One of the dispersing
aldg, Hypanmner KD-2, was significantly more effective than Ihe others at raducing the viscosily
of the shunry. Twe additional dispersing aids which ware suggosted by Dow have beon
recelved and will be evalualed during the next reporting period.

A gelcasting batch of the Dow silicon niiride powder was prepared using The Hypermer KD-2
dispersing aid, The solids content in the batch was limited to 40 vol % to maintain sufficiont
fluidity for dealring and casting. Two flat plate samples were cast frem the batch for evaluation
of sinlering behavior. Yiiria and alumina were added to the balch as sinlering aids. The
samples locked good after iha drying and bindar bumout procedures: however, both plates
cracked during 1ha sintering run. Additional scamples am bélng preparad to dotermine the
cause of ihe cracking prablem.

L Sintered Reaction-Bonded Silicon Nitride (SABSH) Gelcasting

Provious results showed that the porosity which developed diring gelling of yitria- and
lanthana-containing SRBSN compesitions was eliminated when the sturmies were aged
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for 1 h at 60°C or aged ovemight at room temparaturs prior to the normal milling step.
Elimination of this problara has alewesd preparation of SRBSN matenals with composltions
similar o high-strangth sintered s#icon nitride.

Samples were prapaved for nlinding and sinkeddng studies. The sample composilion was
formutated to resull 1 4.56 wi % yttna and 3.44 wi % atumina in a sillcon nitride matrix after
niridation. Plate samples were cast from several identical batchas of geleast silicon. Al of the
batches utiized the acrylic acld gslling system which has been described in sarisr reponis.
The densily of the samples was maasured atter firing, and 4-point bend test bars were

machinad from the plates for strength measuremend. The characterization results are
summarnized in Table 1.

Table 1. Characteristics of gelcast sintered reaction-bonded silicon nitrkde samples

Sampl Nitridation _ Fiegldensity Strength Weibul
Mo, ) {fofoc) {5 (MPa) modulus
1 82.0 3.15 96.5 497 + 71 8.0
2 91.5 3.17 7.1 560 * 88 7.3
3 83.8 317 ar.z 483 & 58 .8
4 832 3.19 97.8 o5V 9.3
5 89.9 3.21 98.3 430 £ 54 8.2

The percent nitridation was calculated based on the amount of silicon in the starting
cotnposition of the samples and the welght gain after corapleting the nitriding run., Samples 1,
2, and 4 had a 1-h hold at 1450°C at the ond of the nitriding cycle, while sample 3 began
codling down immediately aftar reaching 1450°C, Sample 5 had a slowar ramp rate lrom
1350°C o the final nitriding temparaiure ol 1450°C. All of the samplas were fired at 1800°C
for 2 hunder a 25 psia overpressure of nitrogen. Athough the dagree of nitridalion showed
considerable variation, the fired densities wera all quite similar. “The variation in 4-poind bend
sirengths is shown graphicaky in Fig. 1. The strengibs do not comelate with lired density or
percent nitridation, and additional 1ests are planned to try to clarify the tmporiant
charactenistics controlling the strength,

ORNL-DWG 55-5867
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Fig. 1. Four-pont flexure strength of gelcast Sintered
Reaction-Bonded Silicon Nitrida (SREBSN) samples.
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Rheometric Characterizalion of Gals

Rhoomelric measuraments are being made to obtain quantitalive charactarization ol gels

and the galling process. Complex viscoshy maasuremanis of premix solufions (no caramic
powdear addilons) ware made using a high-tomqua rheometer In osclllatory mode. The premix
sofutions condained a tolal of 15 wi % methacrylamide (MAM) monamer plus methylene
bisacrylamida {MBAM) crosslinker in water. The monomer-to-crosslinker ratio was varled along
with the gefing temperature and the inttiakw {10 wi % ammonium porsulfate in water, APS)
and calalyst (tetramethylettylenadiaming, TEMED) addiions as shown in Tabls 2. This
rasutted in A motal of 27 combinations which wera evalisated. Measumnameans were macds at a
fraguency of 1 Hz and 104 amglitude.

Table 2. Variations in premix formukation, gelling ternperatures, and additions

MAMMBAME ratio Gelling temperature APSITEMED? adtlitions
) {LAul ¥mL of premmi)
4941 80 20/21
6:1 40 104111
3:1 D5 5/0.5M1

AJAMMBAM = methasrylamide monamer/methylena bisacrylamide crasslinker. -
BaAPS/TEMED = ammenium persuliatetetramethylethylenediamine.

Figura 2 shows a typical theogram which was obtained for a MAMMMEAM rallo of §:1, a gelling
temparature of 40°C, and infliator/catatyst additions of 10 and 1 pL, respeciively, per milliliter
aof premix sokidion. Generally, the viscosily and the elastic modulus increased by five 1o six
arders of magnitude as the solulions gelled. The small phase angle, dela (8}, indicates that
tha galz ara highly slastic. In all cazes, the gefalion fime dacreased with increasing lavels

of initizdor. However, the initiater levels had no significant effect on the modulus and 1ha
viscosity of the gels. Tha gelation temparaiure appearad o have ke most significant effedt;
the galation times were dacreased sharply with increasing lemperature, and surprisingly,
the viscoslty, modulus, and phase angle all decreased with increasing temperature. These
findings show that the gels kemed at temperatures had higher alastic and viscous
moduli than those formed at higher tamperatures. These findings will ba explored In morg
delail infuiure studias.

Drying of Gelcas! Green Bodies

The drying characteristics of gekcasl bodles are being svaluated in the controlled temperature
and huraidity chamber. An analvtical batance has besn incorporated in the system to allow
contimuous monitoring of welght ¢changes durdng the drying process. Sample dimenslons are
meazured poriodically. Data on the weight, temperatura, and humidity ave being logged and
stored on 2 compuler, Trial rons have been caried aut in the humidity chamiber whers varying
temperalures and redative humidities have been programmed into the controller, These runs
indicate that both hardware and software problemns siill exist. However, it is ardicipated that
the problems will ba solved soon and that dala for drying under controlled condiions wil be
available to define the aplimum drying conditions for gelcast malerlals.

Golden Technolegies Cooperative Research and Development Agreemend {CRADA)

A CGRADA has been signed with Gokden Technologles to evaluale the gelcasting of aluminum
titanate to form axhaost port Iners. The work plan includes development of an appropriate
galeasting slurry, casting of simple test shapes for firing and characterization, and casting of a
more complex shaps 1o demonstrale the process for the intended application.
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Inittal gelcasting bials using Gokden's slip-casting slurry formulation in the MAM/ABAM
gelkasting system showed good gelling properties but poor drying characteristics. Addithves
In the stumry formula apparently sealed off 1he pore sinicturs at he surface of the cast samples
during the early stages of drying and strongly inhiblied drying of tha bulk matarial. The
incdividual starting materials were shipped from Goklen to prepare an aliernate aluminum
titanate composition for gelcasting which eliminated some of the organic additives that had
been usad in the original tormutation. Using the altared formula, the slumvies showed good
viscosity and geling characteristics and dried at rales similar to oiher gelcast maledals.

Samples in both plate and tubular form were cast and firad. The density of the samples fired at
ORNL was somewhat less than that observed in firings of the baseline material at Gokden.
Particle sze measurament of ihe milled slurry showed a parlicle size disiriution which was
coarser than baseling slip-casting matanal. Samplas wers sent to Goldan for gvaluation and
comparison. Thair evaluation showed resulls in agreement with the findings obtained at
ORNL. 1tis befieved that correciion of 1he particle size distribution will Improve (he fired
dansity. Approaches for improving the milling of the aluminum litanate powder composition
ware discussed, and altlernative milling procedures will be evaluated during the next raporing
period.
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Status of Milestones
On schedule.
Publications and Prasemations

S. D. Mupn, O. O, Omatete, C. A. Walls, and D. L Barker, "Aqueous Gefeasting of Ceramic

Materials,” Paper SVIII-66-04, prasented at the 96th Annual Mesting of ihe Amarican Ceramic
Society, Indlanapolls, Ind., April 24-27, 1994,

S. D. Nunn, O. O. Omatete, C. A Walls, and D. L. Barker, *Tensile Strangth of Dried Geleast
Graan Bodies,” Ceram. Eng. 5o, Proc. 15 [4], 493-98 (1954),
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ObiectivesS

The objective of this project is fo investigate a two-phase silicon nitride ceramics
whose compositions consisting B-Si3Ng, a~SiAION and a grain boundary phase. We
have shown that the B-SiaNg + «-SIAION ceramics consists of elongated B-51aN4 grains
and equiaxed o-8iAlON grains. The interntwining of the elengated B-SizsNg grains and
equiaxed ©'-S1AION graing gives this material its superior mechanical properties.
Howeaver, these materials can only be sinfered using transient liquid and the liguid phase
will be consumed at the later stage of sintering process. Therefore, it is difficult to
develop desirable mo;phnlﬂgy of the silicon nitride phases. When another componinds are
added as sintering additives, stable lquid will be formed during sintering. This condition

will ellow the silicon nitride phases to develop their desired morphology which will give
these ceramics superior mechanical properties. Gamet {Y1Al5012) was selected for this

purpose. The system §-SiaNg - a™-SiAION - Y3Al;012 will be studiad.

In order to select optimgm compositions for densification, melting behavior in the
system has to be determined. Composition points were calcnlated in the composition
triangle p-SiaNg + a'-SiAI0ON + YAG. The compositions investigated are shown in Fig.
1. Baiches were prepared by using SisN4, AIN, Al2Oz and Y204 as starting materials,

Powders were mixed under acetone, cold-pressed into pellets, and sintered under the
pressure of 10 atm Nz Meiting behavior of these composirions will be determined.

On schedule,

- ications/Visits/Travel
None.

Problems Encountared
Mone.
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Mi Tt .  SRESN
5. F.Kuang, K. ]. Lee, and T. Y. Tien {The University of Michigan)

YhiectiverS

Sintered reaction bonded silicon nitride is one of the mosi cost effective method
for producing silicon nitride ceramics in large quantities. However this method involves
the niridation of the starting merallic siticon particles and post nitridation sintering which
make the control of the microstrucwre difficult, The purpose of this project is o develop
a process (0 obtain green compacts with uniform pore distibution. Nitridation process
will also be optimized te produce uniform microstructure. Post nitridation sintaring will

also be studied o develop optimum morphelogy of the B-5i3N4 grains.
Techpical Highlights:

Silicon powders were obtained from Oak Ridge National Laboratory. Particle size
distibution of the "as received powder” was measured, and the average particle size was
2.25um, which was aiso confirmed by the SEM photo. The relationship between the
average patticle size and attrition milling time is shown in Figure 1. Attrition milling
time for 2 hours was used for our experiment. Afier 2 hours of milling, the average

particle size is about 0.96pum. The particle size disteibution curves before and after the
attrition milling are shown in Fig. 2.

Compositicn containing 67.85% 51 + 0.23% 5107 + 14.51% o-5izNg + 13.06%
Y203 + 4.35% Al2Q3 (Weight) was chosen for this stedy. The mixed powder was
attrition milled for 2 hours with isopropyl alcohol in an alomina jar uging alumina milling
balls. The surfactant (PVP K-30) was also added to the milling,

To determine the best rheological condition for pressure casting, the viscosity of
the slurry was measured with a conefplate viscomeier. Slurries with different solid
content were made. Surfactant content which gave the lowest viscosity, and hence the
best casting condition, was obtained. Figure 3 shows the relation between viscosily and
PVF concentration. A common minimum with 3 {g PYE/100g Powder) is seen at various
solid contents, therefore it was used for subsequent work.

Discs were made by pressure casting. Different pressure-time program were used
for preparation of green bodies. Pores size distributions will be measured using mercury
porasimeter. Green compacts will be delivered to Temy Tieg in ORNL for nitridation.

O schedule

Nang

Problems Encountered
None
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Publications
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Fig. 1 Relationship between average particle size and atmntion milling time
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I M. Peterson and T, Y. 'I‘im(lheUmvmuyufMJchigan}

Obiective/S
The nl:{lecﬂve of this investigation is to develop silicon nitride ceramics with high flexural

strength, high fracture toughness and snperior creep resistance. The fibes-like structure of
the B-Si3Ng grains can be obtained by sintering the silicon nitride ceramics at high
temperature under high nitrogen pressure. The composition of the sintering additives will
affect the microstructural development, grain boundery characteristics, and hence, the
mechanilcal pdmﬂfe_rtic& The glrlaain hnundsg;n Phaﬁ:dhﬂﬂfe ne:ler }Jﬁtfll; synthesized
separately and their properties have never stmdied, oal of this project 18 to
synthesize and charactenize the grain boundary phase and to umfe:sland the relationships
between the nature of the grain boundary phase and the properties of silicon nitmde
ceramics. It is believed that with a thorough wnderstanding of these relationships,
ceramics with optimum mechanical properties can be obtained.

'The energy required to propagate an intergranular crack depends on the residual stress
present at the grain boundary , the strength of the bonding along the interface, and the
intrinsic tonghness of the grain boundary phase. The residpal stress can be controlled by
tailoring the thermal expansion coefficient mismatch between the silicon nitride and the
grain boundary phase. The intrinsic tonghness of the grain boondary phase is dependent
on both the chemistry and the morphology of the grain boundary phase.

This report contains the first measurements of the residual stress caused by thermal
expansion mismatch betweeen the grain boundary phase and silicon nitride. The stresses
were measured by both x-ray and neutron diffraction methods at ORNL.

Technical Hishliel

Both x-ray and newtron diffraction techniques rely on the shift in the positions of the
diffraction peaks caused by distortion in the crystal lattice. For example, if the lattice is
under compression, the interplanar lattice will decrease, which will shift the peak
position to higher angles. Residual stresses termined from the difference in lattice
spacing between an unstressed reference sampla and a stressed sample The strain m any

particalar direction can be determined from the Jattice spacing 1
= a-d, {1)
d,

Ehi

wheare:

£hk] is the sirain in direction [h k 1],

d is the measured lattice spacing along direction (hk 1]

and di} is the laitice spacing in the unstressed sample along

directionfh k1]
Silicon nitride samples with different volume percentages of two different sintering aids
werle prepated, as shown in Table I The sintering aids were two different alkaline earth




aluminosilicate compasitions: 2 MgO: 2 Al203: 5 5i02 and 2 BaO: 2 Al203: 5 5102,

The oxide powders were attrition milled with silicon nitride for four hovss . The sintesing
schedules are shown in Table II . The samples were 2ll densified by gas pressure sintermg
under 10 atmospheres of nitrogen. The samples were guenched by torning off the power
to the furnace. The sample containing 1¢ volume % BaQ- was sintered at a higher
temperature than the others to avoid the crystallization of its refractory grain boundary
phase. The sample containing 25 volume % barium aluminosilicate underwent further
heat treatment o crystallize the grain boundary phase, as shown in Table I1.

The samples were polished to 0.1 pum. After polishing, the samples were annealed at
L500°C for one hour to remove the polishing stresses. X-ray diffraction was used to
determiinge the phasas pressnt.

The compositions and thermal expansion coefficients of the grain boundary phases are
shown in Table III. {The thermal expansion coefficient of 5i3N4 is 3.0 x 10-67°C)

In silicon nitride, the (233)/(323) peak and the (451/541) /(720/270) peaks were used
for the neutron diffraction measurements of strain . The wavelength was 14178

angstroms The pattern from 80°<26<150%was also obtained for each sample.

For the x-ray measurements of strain , the {233)/(323) peak was used. The wavelength
wis CuKa at 1.5406 angstroms. Tilt angles of 0°, 45° and 90° did not detect any

significant macrostresses. The pattern from 130°<28<155° was also obtained for each
sample.

The thermal expansion coefficient of both grain boundary phases was higher than that of
silicen nitride, 50 & sompressive stress in the silicon nitride would be expected . As
expected from theory, the amount of compressive strain in the silicon nitride increased ag
the thermal expansion coefficient of the grain boundary phase increased. The amount of
compressive stzain in the silicon niride aise increased as the volume fraction of the grain
boundary phase increased. The strains measured using the (233)/(323) peak are shown in
Table IV. The lattice straing are listed in Table IV, along with the standard deviation (+

o} of the measurement. The strains along the a and c axes obtained using Rietveld
refinement of the neutron scattering data are also listed. The gtresses were calculated from
the measured strains using x-ray elastic constants measured by Tanaka et al 2 The

Young's moduli and Poisson’s ratio for the [323] direction are E 493 = 305 GPa and v=
0.26. Figure 1 shows the siresses calculated using Eshelby's inclusion theory, along with
the stresses calculated from the straing measured using x-ray and nentron diffraction. The
stresses found from both diffraction techniques are muach higher than the calculated
stresses. The calculated stresses are too low because the gilicon nitride graing are ¢lose
enovgh together for their stress fields to interact, which imposes additional constraints on
the deformation in the glags. The model assumes no interactions between the particles.
The stresses found from the x-ray data are about 100 MPa smaller than those found from
the neutron data. The lower stress values found by x-ray diffraction probably indicate
surface relaxation.

Acknowledgements
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T. Wiatkins performead the x-ray diffraction residual siress measurements. X.F.. 'Wang
performed the neutron diffraction stress measurernents.
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On schedule

. ications/Visits/Travel
Visit to Oak Ridge National Lab from 8/8/94 - 8/12/94 10 nse x-ray and newtron
diffraction instruments.

Problems Encountered
None

Pyblicats
Accepted for publication:
Huang, Z. K., Nunn, S.B., Peterson, I M. and Tien, T.Y. " Formation of N-Phase and

Phase Relationships in MgO-SiaN20-Al203 System”
in the Journal of the American Ceramic Society




- M —

TABLE I Sintering Aids

Sample Sintering Aid Volume % Sintering Aid
5 MgAlSi 2 MpO: 2 Ala03: 5 8i02 5

15 MgAlSi 2Mg0: 2 Al203: 58102 15

10 BaA)Si 2 BaO: 2 Al203: 5 Sin 10

25 BaAlSi (crysiallized) 2 Ba0O: 2 AlpO3: 5 8i02 25

Table [- Sintering Schedules - Multi - Step Sintering and Annealing

Sample STEP 1 STEP 2 STEP 3

3 MgAlSi 1640°C (3 hrs) 1840°C (3 hts) 1640°C {2 hrs)
15 MgAlSi 1640°C (3 has) 1840°C (3 his) 1640°C (2 hrs)
1 BaA)Si 1640°C (3 hrs) 1940°C (3 hirs)

25 BaAlSi 1640°C (3 hrs) 1840°C (3 hes) 1640°C {2 hrs)
Crystallization

25 BaAlSi 1450°C (6 hrs)

Annealing

3 MgAlSi 1500°C (1 hr)

13 MgAlSi 1500°C (1 hr)

1{( BaAlSi 1500°C {1 hr)

25 BaAlSi 1500°C (1 hr)
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Table III - Compositions and thermal expansion coefficients of the grain boundary phases

MgO BaO ARO3 Si0z SizNg o x 106°C
mol %)  (mol%) (mal%) (modl%)  (mol %)

0.20 0 0.21 0.51 0.08 3.4

0 0.20 0.21 0.51 0.08 7.3
Crystalline Grain Bowndary Phases

BaAlrSic0Og (Hexacelsian) 8 x 10-6/°C
Table IV - Lattice Strains Measured by X-Eay and Neotron Diffraction

Sample Grain boundary X-ray Neutron* Neutron (Rtvld)

£ (Lo} E {17 £a.£c
5 MgAlSi Glass () (standard) () {standard) 0, O (standard)

15 MgAlSi Glass -2.96x 104 450x104 £1=-30*104
(004x 109 (0111104 £ 55104

10 BaAlSi Glass 495 x 1004
004 x 105

25 BaAlSi Crystalline 241x10¢4 918x104

0.05x10-%) (£0.11x10%

* (323)/(233) pe
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Table V- Elastic Properties Used in Calculations

Silicon Nitride Glass
E, GPa 305 100
v 026 0.3
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Under Phase I, an ir siti reinforced (ISR} silicon nitride matenial (AS300)} with elongated
grain microstructure has been developed. It was accomplished through composition and
processing optimization of a material which had inittally been developed at AlliedSignal. The
objective of this follow-on effort (Phase IT) is to expand the AS800 material property database to
meat the requirements for heat engine applll:atmns and to build on Phase I results to further

improve material propecties and processing. To accomplish this objective, a three-task effort shall
be conducted over a two-year period. The technical effort was initiated in March 1994,

The AS800 material developed under Phase 1 (crystallized Composition 2) shall be the
baseline for Phase IT. Based on the property values measured under Phase 1, AS800 is suitable for
keat engine applications, However, in order for the material to be considered for these
applications, a more comprehensive data base is required for lif prediction and other design
needs. A typical test matrix recommended by an engine company shall be conducted under Task
1 —Expanded Characterization of AS800. The test matrix includes more comprebensive testing of
mechanical and thermal properties from room temperaturs to 2500°F. In addition, an established
cyclic oxidation durability test will alse be conducted to determing the long-term durability of the
material in a simulated gas terbine environment, Most of the tests shall be performed on the
baseline material using fully machined test bars, which represent the bulk properties of the
material.

For net-shape formed components, the as-processed surface properties are criticat. Due
to its rougher surface texture and the exposure to the sintering environment, the as-processed
surface properties of a silicon nitride part are known to be inferior to the bulk properties. Under
Task 2--As-Pracessed Material Surface Property Improvement, the baseline material surface
property shall be characterized and then various techniques shall be investigated to improve the
as-processed surfacs properties.

Although ASB00 is densified by a relatively economical technique (gas pressure
sintering), compared o glass encapsulation HIP, there is 2 need to further reduce the cost of
densification. The densification process developed under Phase [ was pnmarily aimed at
achieving the property goals, without addressing fabrication cost reduction issues. Under Task 3-
-Lower Cost Fabrication, the green processing procedures and the densification process shall be
scaled up and forther optimized o reduce the cost without degrading the properties.

TASK 1-EXPANDED CHARACTERIZATION OF AS800

The objective of this task is to conduct a comprehensive test matrix of mechanical
properties for crystallized Composition 2. The test matrix includes tensile, flexural strengths,
tensile stress rupture, and toughness from RT through 2500°F, and cyclic oxidation durability test
in a simulated engine environment. In addition, zlastic and thermal properties from RT through
2500°F shall be measured.




&1

The initial effort of this task was to demonstrate process and property reproducibility in
large plates {Approximately 3" x 9* x 1") suitable for machining into button-head tensile test
specimens. (Plate size fabricated in Phase I efforts were mostly 2" x 3" x .75") After the
reproducibility has been demonstrated, 2 large number of 5" x 9" plates are being fabricated and
thet machined inte vanious test specimens, including 140 button-head tensile specimens,

The reproducibility demonstration effort was completed during this reporting period, and
the results showed that the baseline process and properties are reproducible. Thus, fabrication of
the [arge plates for tensile and other test specimens was initiated, and is still in progress. To date a
total of sixty (60) tensile specimens have been fabricated and the fabrication of the remaining
tensile and other test specimens will be completed in the next reporting period.

TASK 2 — AS-PROCESSED SURFACE FROPERTY IMPROVEMENT

The objective of this task is to improve the 2s-processed swrface properties of crystallized
Compositicn 2. The initial efforts conducted in this reporting period included establishing baseline
ag-processed surface properties and evaluating the effects of several alternate sintering procedures
on the as-processed surface properties. The altermate sintering procedures explored included
powder bed, wrapping the green ASE00 samples with Si3N4 tapes, surrounding the sample with
Si3N4 tape fragments, and crucible types (chemistry). Samples achieving 99.5% theoretical or
higher densities were evahiated. For screening purposes, flexural strengths, based on a limited test
results (5 - 8 tests at room and 2 - 3 at an elevated temperature), were the major properties
measured to evaluate the effect of the experimental processing techniques. On selected samples,
additional characterization were conducted which included stress mipture, indentation toughness
and X-ray diffraction (XRD) phase analysis on the as-processed surfaces.

The results obtained to date suggest that among the techniques evaluated, the use of Type
I ¢rucibles has the highest potential to produce a sigrificant improvement in as-processed surface
properties, as well as being a viable production method. Thus, two additional plates were
fabricated using Type II crucibles for a more complete characterization. These plates were
sintered to 99.8% theoretical density and their surfaces showed the typical dark-gray color. The
room temperature flexural strengths and the comresponding fracture origing are listed in Table 1.
The average strength is 103.1148.1 ksi or 711+ MPa {vs. program geal of 770 MPa) and the
Weibull modulus calculated from the maximum likelihood method is 16.1 {vs. the program goal of
20). Most of the fracture origins are cither larpe grains or surface, except the two iowest
strengths. One is 2 pore and the other an inclusion, which were both green forming related. If the
two bars frachured From green processing related origins were eliminated, the Weibull modulus will
be increased to 19.4. The 1200°C and 1370°C strengths (average of two tests) are 596417 and
538421 MPa, respectively, which met the program goals. The additional characterization to be
conducted early in the next reporting period includes stress rupture and indentation toughness.
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Table 1 ~ Reom Temperature As-Processed Surface Strength

Specimen Strength Fracaitre Origin
Number

kst MPa
1 85.0 586 Pore
2 83.0 607 Black Inclusion
3 D38 647 Surface
4 93.8 861 "
5 974 672 Large Grain
6 90.5 &84 "
7 0.9 a8 Surface
3 102.2 T05 Large (Grain
9 193.7 715 "
10 104.5 721 Surface
11 105.0 724 Large Grain
12 106.2 732 Surface
13 107.2 739 Surface
14 107.4 741 Large Grain
15 168.7 749 Surface
16 109.1 752 "
17 109.7 756 "
I8 119.4 761 "
19 111.6 769 Large (Grain
20 117.2 808 Surface
Ave. 103.148.1 71156
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TASK 3 - LOWER COST FABRICATION

The objective of this task is to lower the fabrication cost by scaling up the green forming
process (primarily milling/slip preparation process) and the sintering/crystallization process from
laboratory scale to production scale. Milling/slip preparation will be scaled up by a factor of six
(8); sintering capacity will be increased more than ten (10) times from a small size furmace to a
new production size fiunace for AS800,

1) Milling/Slip Preparation Scale Up

The initial work conducted in preparation for the actal scale up effort, was to evalvate
the effect of not cleaning the mill jar and media after each use. This sxpeniment was performed
using the baseline laboratory size mill jar, assuming that the resulis are applicable to the large
scale mill. The current baseline procedure calls for cleaning the mill jar and media immediately
after use 50 that tha next batch of material would not be affected by the residues left from the
previous batch. The cleaning procedure is time consuming and labor intensive, thus costly. Itis
desirable to eliminate the cleaning step without affecting the fieal properties of the material
fabricated contimiously in a production imode. Two iterations of expariments for a total of six
mill jars of materials have been processed through densification/crystallization. Each iteration
congists of preparing a batch of slip starting with using a ¢leaned mill jar/media to prepare a batch
of AS800 slip using the baseline procedure, followed by preparing two additional batches of
AS300 in the second and third days without cleaning the mill jar/media. The stips were cast into
2" x 3" plates. In each iteration, the slip batches are designated as Day 1, Day 2 and Day 3,
respectively. The key green processing characteristics such as slip viscosity, specific gravity and
green density were monitored. The data did not exhibit any detectable effect of mill jar/media not
being cleaned. All materizls were sintered to near full density (>99.5% Theoretical) using the
baseline sintezring cycle.

Standard 2° x 3" plates from one of the iterations have been machined into test bars and
have been tested for room and elevated temperature strengths, Table 2 summarizes the results.
Although there seems to have a slight decrease in room temperature strengths as milling day
increased; however the difference in average strength is not statistically significant and the
strength seeftering range is within that of the data base of baseline AS200 at Cerarmic
Components. Thus, based on the data obtained to date, it is concluded that not deaning the mill
jarfmedia hag negligible effect on the AS800 material. However, an effort will be made to
continuously monitor the effect of not cleaning mill jar/media as more slip batches are made in the
remainder of this program.

Two batches of materials have been prepared with the production size mill, using the
baseline slip preparation procedure, except the mill size; both batches were started with cleaned
mill jar/media. The slip properties were within the statistical control limits for the AS800 ship
prepared using the laboratory size mill. The standard 2" x 3" plates cast from those two batches
achieved near full density (>99.5% theoretical) using the baseline sintering cycle. These plates are
now being machined imto flexure test bars for mechanical property characterization.




Table 2 - Mil[ JarMedia Cleaning Effect on Strength

{(Average Strength)
Milling Day Room Temperatore* 1400°CH+
oK) {MinMax)
ksi WiPa ksi WFs
Day 1{Cleaned) 104 R+9 2 722 44653 4 70.9 438.9
(32.1115.5) (367.0/803.5) (62.2/16.00 {428 0/524.0)
Day 2 (Uncleaned) 102 5+4.7 70694321 7192 5461
(96.4/109.2) {664.9/751.0H {69.3/86.9) {477 8/599.2)
Dray 3 (Unleaned) 101.7+4.4 TOE.3550.4 724 4592
3.6/108.7% {645.1/749.6% {70,714 3) {429 5/512.2)
* Average off 15 test bars

** Averape of 3 fest bars
2} Sintering Scale Up

The new production size sintering fisrnace has been installed and new large size crucibles
have been purchaseqd for the fitrnace, Six (&) test runs have been made using the baseline sintering
cycle. In these test nins, standard 2" x 3" and 5" x % A5300 plates were placed in different size
and type of crucibles, including the new large crucibles and the ones used previously in the smaller
furnace. The results showed that the ASR00 plates, both large and small, could achieve the
required »9%. 5% theoretical density with the same surface charactetistics as those sintered in the
baseline smaller fornace, if the crucible is well conditioned. Based on the density data, the
temperature distribution in the furnace appeared to be quite uniform. The densified plates are
now being machined into test bars to compared the mechanical properties with those sintered in
baseline smaller furnace.

Communications/Visits/Travel
None.

Problems Encountered

MNone

Mote




T, N. Tiegs, 5. D. Nunn, P, A. Menchhofer, D. L. Barker, E. D. Larson,
T. L. Beavers,andC . Walls (Oak Ridge National Labnratoqr}

ObicotivelS

Iniﬁnlly, this work involved development and characterization of SiC whisker-reinforced
cougomtes for improved mechanical perfformance. To date, most of the efforis
involving Si wh:slcer-rcmfomd alumina, mulht:, silicon niide, and sialon have been
completed. In addition, studies of whisker- %'owth processes were initiated to improve
the mnchandllcal pmpl:m:ls of SiC wlzlfslfﬁc;s reducing their ﬂawinmms and, thereby,
improving the mechanical properties composites, Currently, in situ acicular grain
growth is being investigated to improve fracture toughness of silicon nittide materials,

Characterization of As-Fabricated Surfaces Formed During Gas Pressure Sintering (GFS)
- During GPS at elevated tem s, silicon nitride materials exhibit weight losses due
to dwomposmnn and loss of 8i, N, and 3i0. To minimize weight losses, samples are
packed in powders that create a protective atmosphere. At temperatures
25% nitrogen gas overpressores most also be used, in addition to packing powders,

s the dec ition of S$i3N4 so that materdals can be densified. Pressures of

l to 10 MPa (10 to 100 atm) are usnally required, and sintering additives are still needed.

psition of the silicon nitride leads to a reaction layer at the swface of the

The ickness of the reaction zone can be quite variable with visible differences up

tﬁ 2 mm from the surfece common. For optimum mechanical properties, these reaction
layers are machined off. It is well established that machining represents a major
portion of the cost of silicon nitride parts, and efforts are nder way to reduce its impace
on the econormics of these materials for engme applications. Consequendy, it is desirable
t¢ minimize the reaction layvers and thereby minimize the machining necessary. The
WE goal would be to eliminate the reaction zone completely and use as-fabwicated

Aces.

Some initial resules on the ohserved changes inﬂexuralsu'eglh as material is machined
off of the as-processed sampie surfaces are shown in Figs. 1 and 2 for the two
compositions. Also shown are the stwength changes that occur when a 10-kg diamond
indem is made on the tensile surface of the test bar. Interestingly, ali of the sirengihs of
the SigN4-6% Y203-2% Ala03 marerials are reduced to about the same fevel even though
the as-sintered and as-machined surface soengths are considerably different. In the case
of the SizgN4-SroLasYbs(5i04)502 samples, the indented strength of the as-sintered
surface was hi ﬁrﬂaanﬂwnmdcnmdsmgth for the machined sorfaces. Thus, one can
conclude that the damage tolerance of as-sintered surfaces from GPS silicon nitride is as
ﬁund or better than machined surfaces. Variations in the fracmre toughness and indem

ariness are also observed across the compositonal and physical gradients as shown in
Figs. 3 and 4, respectively.
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Fig. 1. Flexural strength of gas pressurs sintered Si3N4-6% Y203-2% AQ3 asa
function of material removed from the as-simtered surface,

ORNL-DWG 95-5870
B Machined Surface

O 10 Kg Indent

00 -
) "
g 700
€ oot
= o
o) 500 +
L. o
g 400 —E—' 3
@ 300 £ L
o - ] 3
5 200+ N
-l C ]
2 100 -- e

D o L.

As-Fab. 0.3 mm »2 Mm
Distance From As-Sintered Surface

Fig. 2. Flexural strength of gas pressure sintered SizN4-Sr2Lag4Yb4(Si04)602 as a
function of material removed from the as-sintered surface,




67

ORNL-DWG 95-5871
— (3 -6% Y203-2% AI203
- - - §i3N4-Ybh203-La203-5r0

E

= 9

(1

= 85

0 o ]
g2 s + :
2 75 indunkds :
= . = -
E 65 F RS SES NN ]
E - -r I

2 o

= 0 1 2 3 4 5

Distance From As-Sintered Surface (mm)

Fig. 3. Yariation in indent fracture toughness as a function of distance from the as-
sintered surface.

ORNL-DWG 95-36872
— (& -6% Y203-2% Al0O3

2o - -l - Si3N4-Yb203-La203-§r0

19 ¢
18 £
17 £ Fri i
16 £ e

Hardness (GPa)

14 £
13 £
12 f

0 1 2 3 4 3
Distance From As-Sintered Surface (mm)

Fig, 4, Variation in indent hardness as a fanction of distance from the as-gintered surface.
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Microstractural differences can be observed betweeén material near the as-gintered
surfaces compared to the bulk material 83 shown in Figs. 5 and 6. Near the as-sintered
surface, lar,gc B-8izNy grajns can be observed, whereas at cdistances (.5 mm from the
surface, grain sizes typical of the bulk material (>2 muny) are observed. At inicrmediate
distances from the surface, intermediate grain sizes can be seen. The large grains near the
as-sinkered surfaces are the reason for the lower observed strengths and increase in
fracture toughness. Also, the damage tolerance 15 related to the larger grain sizes and
higher fractore toughness near the as-sinjered surface.

Microstrocture Development During GPS - During GPS at elevated temperatures, silicon
nitride materials exhibit elongated grain growth which leads to materials with high
fracture toughness. A study was imitisted to examine the effects of GPS processing
parameters on the densificatbon and mechanical properties of silicon nitride materials to
maximize the fracture toughness. Important parameters affecting the microstructural
development include the sintering temperatures, sintering aies, and heating rates,
Becans? a number of variables were to be smudied, a Taguchi experimental aray was
formulated 1o assess the impact of each of the variables on a two-step GPS process. For
each of the conditions, two compositions of silicon nitride with different intergranular
gham were tested. These compositions are 3i3N4-6% Y403-2% AlsOa, and SizNg4-
12L.a4Ybyg(Si04)602 (at B equiv % oxygen).

Fabrication and testing of the specimens has been completed with the densification,
flexural sirength, and fracture toughness results given in Tables 1 and 2 for the two
different compositons. Initally, the high heating rate was to be 50°C/min in the Taguchi
experimental array. However, doring the first two sintering runs at this high heating
rate, severs cracking of the samples with the 5i3Ny-6% Y2043-2% AlO3 composifion
oceurred.  Consequently, the high heating rate for the Taguchi experimental array was
decrcisd?dftnflﬂ’{g S0 inlac:tl samptlﬁ ::[:‘cruld I?f obtained. As slmt'lwn, high densities were
achie ot all of the 5 es in chi array. Consequently, no significant effects
on the densification we??ﬁue 1o the p;‘é‘é]cssing conditions chuseyrll. The conditions bad
been selecied to obtain high densities so the effects on the flexural strength and fractare
tonghness could be batter determined.

Analyses of the results for optimizing the processing conditions to maximize the flexural
strength and fracture toughness are shown in Tables 3 and 4. For the Si3Ng-6% Y201-
2% Alz0O3 samples, only moderate effects were observed for the processing conditions in
the experimental array. For the strength, the most important conditions appeared to be
the final sintering temperature and the initial sintering time as illustrated in Figs. 7 and 8,
respectively, The fracture toughness for the SisNg-6% Yo03-2% Al2Qs3 samples was
most affected by the initial sintering temperature 35 shown in Fig. 9,

The SizNg-SraLag Yba(Si04)602 samples showed sllﬁniﬁcanﬂy more deviation in the
flexuoral strength and fracture toughness results depending on the processing conditions.
The most significant factor affecting the flexural strength was the final sintering
temperature as shown in Fig. 10. The analysis indicated that temperatures 21900°C were
redquired to achieve high strength values. The fracture toughness was significantly
dependent on several factors including iritial and final sintering temperature plus the
heating rate to the initial sintering temperature. These effects are shown in Figs. 11, 12,
and 13, respectively. More analysis will be required to detenmnine ¢xactly why the lower
initial sintering temperature improves the fracre toughness, but it probably related to the
nucleation and growth of the B-SizNy4 grains during the initial densification stages. The
final temperature results indicate that the higher temperatyres resulg in larger grain sizes
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Table 1. Taguchi experimental design array for optimization of densification parameters
to obtain silicon nitride ceramics with mpruved mechanical properties. (Composition is

$isN4-6% Y203-2% Alp03, and the design is a Lg (41 x 24); only the first eight tests

were used in the Taguchi evalvation.)
Test Final Initial Initial Final Headng Sintered Flexural Fracture
No. sinter. sinter.  sinter.  sinter. rateto  density  strength tough
temp. te%. time titne initial  (gfem?, (MPa) mﬁ
¢ty ¢ (h)e () sier. % T.D.)
temp.
(*C/min)
1 2000 1900 2 2 23 3.24, 679 £41 34103
(Min.) 9.4
2 2000 1950 2.5 1 10 3.24, 749 £ 49 3.010.1
(Min. + 1) 9.4
3 1950 1500 2 1 10 3.24, 542337 83101
(Min.) 99.3
4 1950 1950 25 2 25 321, 817 £ 62 80102
Min. + 1) 98.6
5 1500 1900 3 2 10 3.25, 62752 8.2+02
{Min. + 1) 09.6
6 1900 1950 1.5 1 25 3.24, 651 £ 87 75103
(Min.) 995
7 1850 1900 3 1 25 323, 662 + 37 82+0.1
Min. + 1) 99.1
8 1850 1950 1.5 2 10 322, 653 £ 65 80+0.6
{Min.) 989
9 2000 1900 2 0.1 25 322, 653 £ 65 79104
(Min) 98.7
0 1900 1950 15 1 50 3.22, 464 £ 55 81101
Min) - 98.7

4 Minimum time to obtain closed porosity (1900°C - 2 k; 1950°C - 1.5 h) with

either no further hold time or a 1-h additional hold time. Times defined as minimum

(Min.) or minimum plos 1 h (Min. + 1).
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tal design array for optimization of densification parameters
to obtain silicon nitride ceramics with improved mechanical properties. {(Composition is
SigNy-SroLaq ¥Yba(5i04)602 (at § equiv % oxygen), and the design is a Lg (41 x 29); only
the first eight tests were used in the Taguchi evaluation.)

Test Final Initial Initial Final Heating Sintered Flexural  Fracture
No. sinter. sinter. sinter. sinter. mateto  density sirength  toughngss
. emmp. Hme time initial em3,  (MPa} (MPavm)
T% Q) (hy® (h) sinter. T.D.)
temp.
(*C/min)
1 2000 1904 2 2 25 3.51, 607160 7.0x03
{Min.} 100.0
2 2000 1950 25 1 10 350, 574:47 5705
(Min, + 1) 100.0
3 1950 1900 2 1 16 3.30, - 6.1
{Min.} 94.2
4 1950 1950 .5 2 25 348, 503+43 5005
{Min. + 1) 992
S5 1900 1900 3 2 10 3.50, 550x42 7.5x0.7
Min. +1) 100.
& 1200 1950 1.5 I 25 3.46, — 4.7
{Min.) 98.8
7 1850 1900 3 1 25 347, 396x52 43X0.2
(Min. + 1) 0.1
8 18500 1930 1.5 2 10 342, 362+38 4.6x0.1
(Min.) o7
9 2000 1900 2 0.1 25 352, 5BDx57T 7.4%01
(Min.) 100.0
10 1900 1950 1.5 1 50 331, 428%47 49+%0.2
(Min.) 95.1

¢ Minimum tice to obtain closed porosity (1900°C - 2 h; 1950°C - 1.5 h) with
either no further hold time or a 1-h additional hold time. Times defined as minimum
(Min.,) or minomum plus 1 h (Min. + 1).
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Table 3. Optimum sintering conditions to maximize flexural strength and fracture
tonghness of SisNg-6% Ya03-2% Al204 during gas pressure sintering.

Fintering Opilmwm Yarjahle Cptimum Varinble Combined
cendition condition o significonce condition ko slgnificance optimunm
variable " maximize maximize eoeulitions
strength wonghness
Final sinter. 2H0C Moderstz 2000°C Yery low 2000°C
terog. {°C)
Inidal sinter. 105000 Moderate 190 C Moderate 1MK"C
temp. (°C)
Inidel sintes. dee 1 (Min, +1) Moderate Either Nene 2 Min)
o
Final sinter. oms 2 Low F Vayhw 2
{h
Hearing rase 25*Cimin Moderate W Cimdn Very low 25°Chanin
induinl sinter,
temp. ("Cfmin)

“Hhﬁmhﬁﬁuﬁﬁhﬁhﬂdpﬁﬁk}rﬂm-‘2h;19‘5ﬂ“¢-1.5h}wiﬂuilhwmfwﬂwhnﬂtim
at a 1+h additienal hoM 1bne, Times definad x= minimum (Min.) or minimom plos 1 b (Min. + 1).

Table 4. Optimum smmn%%:ndmms to maximize flexural strength and fracture
toughness of SigNg-SraLlag Yba(Si04)s07 (at B equiv % oxygen) during gas pressure
sintering.

Sintering Opinman Varishle Optirnumn Variable Combined
n o R e v .
condition conditiva tpificamce  condition significence aptimum

vaiable maximize condibons
strsipth tonighaes e
Final sintar. 2000°C Hizh 20004 Meodupate 2000°C
t=mp, (°C)
Irdnial sinter, 1900°C Modegate 190 High TUKC
temip. ()
Indtlal ainter. tima (M. +1) Low 2 i) Moderaln 2{Min.)
(P
Final sirger, dime 2 Low r] Moderae 2
(B
Heating rete to 25°Chnin Veoy low 10°Cimin High 10°C/min
mitial sinter,
tennp. {Cimin)

2 Minismm e to obtain closad peroesity (1900°C - 2 b; 1950°C - 1.5 h) with either no further hatd time
of a 1-h additional hol thne. Tinges defined a5 minimum (Min.) of minimon: phes 1 b (Min. + 1].
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Fig. 7. Effect of final sintering temperature on the average flexural strength of gas
pressure sintered SisNa-6% Y203-2% AlOs.
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Fig. 8. Effect of initial sintering time on the average flexural strength of gas pressore
sintered SigN4-6% Y203-2% AlOs.
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Fig, 9. Effect of initial sintering temYpemtm on the averapge frachare touphness
of gas pressure sintered SiyNy-6% Y203-2% AlzOs.

ORNL-DWG 95-5876

600

500

400
300

200

100

Flexural Strength (MPa)

2000°C 1950°C 1900°C 1850°C
Final Sintering Temperature {°C)

Fig. 10. Effect of final sintering ture on the average flexural strength of
gas pressure sintered SiaNg-Sralag Yba(8i04)60z (at 8 equiv % oxygen).
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Fig. 11. Effect of initial sintering terperature on the average fracture tovghness of gas
pressure sintered 813N4-SrgLa4Yb4(3104}60; (at 8 equnr % OXygen).
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Fig. 12. Effect of final siniering temperature on the average fractre toughness of gas
pressure sintered SialN4-Sr2Lag Yba(3104)s07 (at 8 equiv % oxygen).




ORNL-DWG 955879

LIELIE L
Lt L i

LI L]
h B

Average Fracture
Toughness (MPavm)

25°C/min 10°*C/min
Heating Rate to Inltlal Sintering Temperature {*C)

Fig. 13. Bffect of heating o initial sintering temperature on the average fracture
tonphness of gas pressure sintered 513N4-Sr21.aﬂh¢(5 i04)609 (at 8 equiv % oxygen).

ard increased fractore to As with the inidal sintering temperanre, the improved
fracture toughness with slower initial heating rate is probably related to the sarly

B-5i3Ng growth during sintering.

The CRADA with Materials and Electrochemical Research Corp. (MER) is currently in
ws. The test matrix is shown in Tables 3 and 6. Materials are being made with
ifferent starting o/B-SigN4 ratios and with the addition of sintering aids as coatings
instead of powders. The samples will be sintered by GPS using the optimum
dengification parameters developed for high-toughness materials in the ORNL program.

Materials with different starting o/B-SigNs ratios and with the addition of sintering aids as
coatings instead of powders have been received from MER. They are presently being
pressed and isopressed into samples suitable for sintering. Powder batches have also
been made st ORNL with different starting 8-8iaN4 types and sizes. The les will be
sintered by GPS using the optimum densification parameters developed for high-
toughness materials in the ORNL program. The B-5i5N4 seed was nced by heating
various combinations of SisN4 powders and Y203 as shown in T. . The powders
were miilled together and the fired at 1700°C for 4 h to preduce the B-phase materisis.
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Table 5. Test matrix to determine effeces of 8-SinN4 content and type for samples
fabricated at ORNL.

Test Grain boundary phase composition Raceath  B-SigNgcoment  B-SisNg

MNo. addiaon (%) sead source
1 SeaLagYby(Si04)g02 (& equiv % 0) Powder 0 -

2 SraLas Yhy(5r0y g0k (8 equiv 9% O) Fowdes 25 ORNL
3 SraLag Yhy(S#04)502 (8 equiv % O) Powder 25 ORNL #2
4 SroLad Yha(SH04)502 (3 equiv % O) Powdder 25 ORNL #3
5 SrlagYosSiOE02 {8 equiv % O) Powder 2 ORNL 24
a SraLag Yhy(SiO43s0n (8 aquiv % O) Powder 25 Shin-Fym
7 SraLas Yhy(Si0 a2 (8 equiv % (D Powder 50 ORNL #1
] Sralag Yo{Si0 607 (8 aquiv % 0 Fowider 5 ORNL #1
9 Y2S5i207 (5 equivie O) Powder H -

190 Y25i207 {5 equiv % O) Powider 25 ORNL #1

Table 6. Test matrix to determine effects of B-SizNg content and rare addition method
for samples fabricated at Materials and Electrochemical Research Corp.

Test Composition Rare earth B-5i3Na B-SizNg
No. addition content (%)  seed source
1 4 % Ndz05-1% AlxO5 Powder 0 Shin-Etsu
2 4% Nd703-1% AlxOs Coating 25 Shin-Bisu
3 4 % Nd20O3-1% Alz0Os Coating 25 Shin-Etsu
4 4 % Nd20O3-1% Alx(s Coating S0 Shin-Etsn
5 4% NdO31% AlLOs Coating 75 Shin-Etsu
6 4 % Y203-1% AlzOs Powder 0 Shin-Etsu
7 4% Y205 1% AlzOs Coating 0 Shin-Etsu
8 Y258i207 (5 equiv % O) Powder 0 Shin-Eisu
9 Y25i207 (5 equiv % Q) Coating 1] Shin-Etsu
10 Ya8i307 (3 equiv % O} Coating 25 Shin-Etsu
Table 7. Fabrication of 8-Si3Ny seed at Ozk Ridge National Laboratory.
B-5i3Ng seed Starting Si3Ny Y203 addition 8-8i3Ns content
fabrication number powder (%)
ORNL #1 Ube E-10 0.7 Wt % (as nitrate) 03
ORNL #2 Ube E-10 1 wt % (powder) 104}
ORNL #3 Ube E-03 1wt % (powder) 78

ORNL #4 Starck 51 1 wt % (powder) 100




Suatus of Milestones

Milestone 123115 - "Optimize the gas-pressurs sintering process to fabricate high-
toughness silicon niride with refractory grain boundary phasr.s“ was completed on
schedule during the ¢uwrrent reporting period.

Travel by T. N, Tiegs on Apil 24-27, 1994, 1o the American Ceramic Society Annual
Meeting it Indianapalis, Ind., to t a talk entitled, "Characterization and Properties
of As-Prooessed Surfaces of Gas-Pressure Sintered Silicon Nitride.”

Travel by T. N. Tiegs on June 24, 1994, 10 Cremer Forschungsinstinut GMBH & Co.,
Radental, Germany, to discnss development of silicon nitride for engine applications.

Travel by T. N. Tiegs on June 27, 1994, wo Asea Brown Boveri AG, Heidelberg,
Germany, to discuss development of ceramics for advanced gas turbine engine
applications,

Problems Encountered

Problems with the temperature control on the GPS fumace have canséd some delay in
fabrication of the samples for the optimization of the processing parameters.

Pyblication

None.
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Objective/Scope

Insulated exhaust portliners are needed in advanced diesel engines to increase engi
fuel efficiency by increasing the combustion temperatures and reducing the combustion
that is lost through the head and into the water cooling system. Low-expansion materials
have poteatial for this application dve to their very low thermal conductivity, extraordinary
thermal shock resistance, and redoction of attachment stresses. Thermal shock resistance
1 crifical because the shape of the portliners requires that they be cast into the metallic
cylinder head. Functioning exhanst portliners are inaccessible after they are cast into
eylinder heads and, hence, must not require maintenance for the life of the head (~1 million
miles). Contracts have been placed with Golden Technolopies, Inc., formerly Coors
Ceramics Co., and LoTEC, Inc., to develop cost-effective processes for the fabrication of

portliners. Coors is investigating AlzTDSj and Caj.xMgxZraPg0324, while LoTEC is
investigating Bay+xZiaPg.2xSi2% 024 (BaZPS) and Cai-xSexZraPgO2. ORNL is assisting
Golden Technologies and LoTEC with the charmacterization and evalvation of their
compositdons.

Techmical Highlight
A systematic investigation of the mechanical and thesmal properties of BaZPS ceramics
a5 a functivn of com (Slat.%)andgrmnmzchasbmmnamd. Five compositions

(x =10, 0.175, 0.25, (1,375, and 0.500} were synthesized from stoichiometri andpropomons of
the reagent grade oxides using a solid-state reaction method and were sint 1600°C for
3000 min. Te determine the influence of the grain size, three composidons (x =0, 0.175, and
{0.500) were additionally sintered for 30 and 300 min to result in stnaller grain-sized samples.
In this , dilatometric measurements of BaZPS with x = 0 (BSD), 0.175 (BS17), 0.25
(BS25), 0.375 (B837), and 0.5 {BSﬁﬂ) sintered at 1600°C for 3000 min are presented. In
addition, elestron microp gis Tesults of the BaZPS compositions and the high-
temperatare X-ray diffraction {XRD;mm]ts of BaZP§ with x =0.25 are discussed.

The bulk linear thermal expansion of BaZP$ compositions was detetmined using a compuer-
controlled dual push rod dilatometer made by Theta Induswies, Inc. The thennal expansion
was measured at heating and cooling rates of 3°C/min from room temperature to 1256°C,
Isothermal holds were maintained during heating and cooling ramps a¢ 500, 1000, and 1250°C
for 20 min. A sapphire rod with 4 length of 25 mm was used as the reference material, and
the BaZPS sin sarnples used were 25 x 4 x 3 mm.

Dilatometric measurements were made for each of the five BaZPS compositions,
and the dilatometric curves are shown in Fig. 1. The BS compositions with x = 0 and 0.5
exhibited a large amount of hysterisis and may be attributed to their high thermal expansion
anisotropy behavior. The bulk linear thermal expansion coefficient initially increased
(x =0.175) and then decreased with increasing Si content in the BaZPS composition. The
bulk linear thenmal expansion coefficient was negative for BS50.

It is interesting w note that BSO expands only slightdy above 900°C and the hi
emperature XRD work indicated that few low-angle peaks of BSO disappeared above .
Also, a slope change in the expansion is observed for all the BaZP$ compositions during the
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Fig. 1. Thermal expansion curves for BaZPS compositions,
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heating cycle. For example, BS0 shows a slope change at 900°C, and BS17 exibits a slope
change at 700°C, thus possibly suggesting that all the BaZPS compositions experience phase
mansitions. Also, the slope change occurs at a lower femperature with increasing Si content,
suggesting a possible relationship between phase transition termperature and S content,

Electron microprobe analysis was performed on the BaZPS compositions using a Jeol
Superprobe 733 electron microprobe operating at 20 kV and a 10-nA teference curtent. A
detailed description of the sample preparation and expetimental is found in the
bimonthly report (August 1994). The matrix composition, as well as that of the secondary
phase(s), if present, was determined for the prepared BaZPS samples. Theoretical wt (%)
values for the constituents in the BaZPS compositions and the microprobe analysis for the
final BaZPS compositions #re presented in Tables 1 and 2, respectively. From the two tables,
1t 15 clear that the constituent wt (%) in the synthesized compositions matches well with the

thecretical wi (%) of the constiments. Few second-phase particles were observed in all the
BaZP'§ composttions with the exception of BS237. l

Table 1. Theoretical weight percent of the constituents
in BaecZraPgoxSizx02q compositions

» value in Wi
BajxZr4Pg 9812024 Ba Zr P Si O
0.000 12.81 34.04 17.34 0.00 35.81
0.175 14.74 33.32 15.98 .89 35.07
0.250 15.54 33.02 15.42 1.27 34.75
0.375 16.84 32.54 14.50 1.88 34.24
0.500 18.10 32.07 13.61 2.47 33.75

Table 2. Microprobe analysis of the constitucnis in the synthesized

Bay4xZr4Ps.2x8izx{24 compositions
= valoe in wi%
Ba 1+ Z1qPg. 28100 Ba Zr P Si O
0.000 12.6 33.5 i7.8 0.00 36.1
0.175 14.6 32.1 15.8 0.89 36.6
0.250 14.9 32.1 15.5 1.0 36.5
0.375 16.4 32.3 15.0 1.8 34.5

0.500 16.8 31.8 14.5 2.0 349




83

High-temperature XRD was carried out on BS25 using a Scintag PAD X o/
diffractometer (Scintag, Inc.) equipped with a constant potential X-ray generator operating at
45 kV/40 mA with a Cu target, an Ediund Buehler high-temperature XRD fumace witgﬁ 1
beryllium window and Pi/Rh heating sirip, and a liquid-N2-cooled gernmanium single-crystal
solid-state detector. The s ion, i al and data analysis ure is
Sescribed n Gered 1 the bimonsiy st (Octobor 1598 yois proced

Figmcszand3summarizcthcvaﬂaﬁonofurpiimﬂymm, "a" and "c", and the
uglitmm mﬁ temperaire. It is nhsmﬂgmhm ﬁ: a" parameter and the unit cell
volume i with increasing temperature. er, the "¢" parameter initially increased,
then decreased at 600°C, and again increased with increasing temperature. A;rsu, the "a"
parameter increased substantially at 600°C, The trends seem to indicate that BaZP§ with
x =025 may vndergo a pbase frangition between 400 and 800°C, The thermal expansion
curve of B with » = 0.25 was reported earlier, and it undergoes a slope change at
around 650°C, thus supporting the possibility of a phase trangition,

Milestones
On schedule.
C ications/ Visits/T ]

D. P, Stinton and 8. Y, Limaye visited Volvo Flygmotor AB (Trillhatan, Sweden) April 11,
1994, 1o discuss the application of low-expansion materials as catalyst supports and
regenerators in turbine-powered hybrid vehicles.

D. P. Sdnton and 5. Y. Limaye visited The Swedizsh Ceramic Instimte {SCI) in Gothenburg,
Sweden, on April 12, 1994, to discuss the use of low-expansgion ceramics as insulating
portliners in diesel engines. Volvo Technological Development and Saab Scania support the
work at SCT and had representatives at these mestings,

D. P. Stinton and 8. Y. Limaye vigited MAN Technology in Munich, Germany, on April 14,
1994, 1o discuss the application of low-gxpansion ceramics ag insulating port liners in diesel
engines.

D. P. Stinton and S, Subramaniam attended the $6th Annual Meeting of the American Cerannic
Society on April 24-27, 1994, in Indianapolis, Indiana. Both Sdnton and Subramaniam
participated in a 3-day Symposinm on Low-Expansion Ceramics at the meeting,

D. P. Stinton attended the Ceramic Technology Quarterly Review Meeting at DOE
Headquarters in Washington, D.C., and the USAMP Ceramics DIvision Mecting tn Demois,
Michigan, during the period of June 7-9, 1954,

D. P. Stinton attended a meeting in Salt Lake City, Utah, on Avgost 8 and 9, 1994 to review
LoTEC's contract on low-expansion ceramics. Debbie Haught of DOE attended the review
and participated in discussions about work to be performed during Phase IT of LoTEC's
contract.

D. P. Stinton attended a meeting at Golden, Celorado, on August 1, 1994, o review the
Golden Technologies, Inc., contract on low-expansion ceramics. Debbie Hanght from DOE
and Santosh Limnaye from LoTEC also atiended the review.
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D. P. Stinton traveled to Peoria, Illinois, on September 20, 1994, with Santosh Limaye of
LoTEC to discuss the use of NZP ceramics in diesel engines. The mechanical and physical
properties of rwo NZP compositions (Ca + 5S¢ and Ba + 5i) were summarized.

Eroblems Enconntered

None.
Publications/P (s

A tation eatitled "Thermal and Mechanical Behavior of BayZriPg-2.8isn024,"
authored by S. Shanmugham, D. P. Stinton, C, R. Hubbard, 0. B. Cavin, X. L. Mors,
8. Y. Limaye, and N. H. Packan, was presented at the American Ceramics Society
96th Annval Meating at Indianapolis, Ind., on April 24-27, 1994,

A psai]:er entitled "Thermal and Mechanical Behavior of Bajy.,.Zr4Pg 2.:513:024," authored by
5. Shanravgham, D. P. Stinton, C. R. Huabbard, O. B. Cavin, K. L. More, 5. Y. Limaye,
and N. H. Packan, was m%ted for publication in the Low Expansion Symposiom
Proceedings for the sympogium hekd at the American Ceramics Society 96th Annual Meeting
at Indianapolis, Ind., on April 24-27, 1904,

A paper entitled "Synthesis and Cell Refinement of Bap, $4x2ZraP3.Six012 with x = 0,25
and 0.375" wag published in J, Marterl, Sci, Le#t. 13 (1994).

E’Pwer entitled "Fowder Synthesis, Sintering and Characterization of Baj,xZr4Pgs 2,812¢0n4-

A
A Thermal Expansion System" was subinitied for publication to Scr. Meall.
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Ohbjective/Scope

The overall objective of this Phase I research program was to develop sodivm-zirconium-
phosphate (NZP) ceramic based "cast-in-place” diesel engine port linexs. Specific objectives were:
(1) Materials requirement analysis, (2} Snccessful demonstration of metal casting sround the
ceramic, (3) Cost-effective processes development, and (4} Development of high temperature
databage (stability, thermal cycling, thermal shock etc.).

Technicel Progress

Characterization of the BSX and CSX series of compogitions which LoTEC is developing as
possible candidate materials for "cast-in-place” diesel engine port liners wag nearly completed.
This repart will discuss the regults obtained to tis peint. In addition, the following processes: (i)
Gel-casting, {ii) Ultrascnic-based NDE, and {iii) Acoustic Emission-based Micxocrack dziection;
and some new NZP-type compositions were forther developed.

MATERIALS CHARACTERIZATION

Bulk Linear T1 LE .

The stability of some of these ceramic materials, when subjected o thermal cycling, was
determined. Thermal expansion was measured on as-sintered specimens and thermally-cycled
spacimens, after 1 and 250 cycles v 1000°C. The compositional series tested were: BSX
(B 4+xZr4Ps- 258125 0e4), x=0.0, 0.25 and 0.5, and CSX {Cay.4SnZrsPgO24); x=0.25 and 0.5,
In addition, thermal expansion measnrements were made on as-sintered and cycled specimens of
AlZTiOs and CMA0 (Cag $Mgo4Zr4Ps024).

The isotropic compositions (BS25, CS50 and CM40} have lile or no microcracking
associated with cooling from either the sintering temperature of the heal treatment temperature.
Without the presence of microcracking there is very linle thermal bhysieresis and thus very
reproducible thermal expansion curves. The resulis of the expansion measurcments are given in
Figures 1-3.
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All the anisotropic compositiaons (BS0, BS50, CS23 and AlTiOs) microcrack wpon cooling
from the sintering temperature and thus hkave thermal expansion curves with varying amounts of
hysteresis. Also, there is substantial variation in the measured bulk linear theimal expansion,
when comparing measurements made on as-sintered specimens 0 measurements made on
thermally cycled specimens. This veriation in therrsal expansion will be discussed in the
succeeding sections. Results of measurements for the above compositions are given in Figures 4-
7.

Flexumal Stength

The roosn temperature flexaral strengeh was determined for all the compositions of this smdy,
both in the as-sintered condition and after thermal cycling to 2 different temperamres - 1000°C and
£250°C. Tables 1 and 2 summarize the resulis. Thermal cycling to 1250°C was described in an
garlier report and therroal cycling to 1000°C followed similar procedures. AN of the ested
compogitions have good thermal stability when subjected to thermal cycling as discerned from
measuring weight loss. Figore 8 shows the normalized weight iogs of the BSX and C8X serfes of
compositions. The weight loss has been normalized to the weight of the specimens after 1 thermat
cycle 10 1250°C. ‘Weight loss with repeatad cycling is less than 0.5 percent. The anisomopic
compositions have greater open porosity than the isowropic compositions, therefore, their initial
weight logs after 1 thermal eycle is relatively high. But thig is only due to driving off absorbed
moisture and organic solvents used in the specimen grinding process.

The flexural strength of the compaositions under stndy does not degrade with thermal cycling
to either 1000°C or 1250°C, Figures 9(a) and (b) present this sitvation graphically. What can be
noted is that the flexural strength of the isotropic compositions, BS-25 and CS-50, are
substantially higher than those of the anisotropic compositions, This is duve to the absence of
microcracks. As the degree of anisotropy increases the flexural strength decreases. This can be
seen in Fig.9(b), which is a plot of data for the CSX series,

Microstroctore:

Scanning Electron Microscopy (SEM) was used o evaluate stroctural changes in the various
compositions due to thermal cycling to 1250°C in room ait.  The test specimens were broken
Modulus of Rupture (MOR) bars whose fracture surfaces were examingd in both as-sintered
condition and after subjecting to 250 cycles between R.T. and 1250°C. The thennal ¢ycling
process consisted of placing the fractured bars in crocibles made from the comesponding [NZP)
compositions and placing the ¢ruciblés in & furnace, and heat-tréating according to the following
schedule:




0.5 hr. 0.5 hr.

1256°C 1250°C j= = =

/ N\
;& NG
- hY
/ N
75°C

R.T.

Figures 10 to 14 compare the microstructure (morphology) of the as-sinterad specimens with
the specimens cycled 250 times for the studied compositions. In the BSX series, there are two
anisotropic compaositions - BS-0 and BS-50 (Figs.10, 12) - with either positive or negative bulk
thermal expansion, respectively, and one isotropic composition - BS-25 (Fig.11) - with a very low
positive bulk thermal expansion.  Evidence of microcracking is seen in the amisotropic
compositions, both in the as-sintered and thermally cyclad condition. This microcracking accounts
for the low mechanical strengths of the anisotropic compositions, discussed earlier in this report.
There is litle evidence of microcracking in the BS-25 specimen even after 250 cycles o 1250°C.
The cbhserved porosity is consistent with the 85-90% theomstically dense specimens.  An
unexpecied buk significant feature of the micrasernctores is the fing porosity (cavitation) developed
in the anisotropic compositions, BS-0 and BS-50, when subjected to thermal cycling. It is
believed that this porosity, which has a similar appeatance to that found in tensile creep specimens,
is due to the amisolropic axial thermal expansion and the internal stresses developed between
individual grains during thermal cycling. However, cavitation is not evident in the BS-25
specimen.

The migrostmcmres of the CSX series specimens yvielded resuls similar o those of the BSX
compositions (see Figs.13 and 14). Again, microcracking and cavity formation were found in e
anisotropic CS-25 material while there was no evidence of microcracking or cavity formation in the
isotropic C3-3) composition.

Envircnmental Effecs (Moisture. Humidity etc).  As stated before there was substantial
variation in bulk thermal expansion of anisotropic, microcracked compositions. Upon cooling
from the sintering temperature, the ceramic microcracks due to the stresses associated with the
anisotropic axial thermal expansion of the individual ceramic grains, The microcracks are farther
opened by the absorption of moisture from either the air or when the ceramic i ground into 185t
specimens in a manner similar to stress corrosion cracking observed in other ceramic materials.
When the test specimen is reheated during the thermal expansion measurement the absorbed

moisture is driven off and the microcracks close. Further heating promotes microcrack healing.
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Taken together this explains the apparest lower bulk thermal expansion obtaingd for the as sintered
and ground specimens. If the subsequent thermal expansion measurements are made shortly after
the heat treatment, before any substantial amount of meisture is reabsorbed, consistent results
should ba obtained. This view finds corroboration in the almost identical expansion curves of an
anisolropic material, such as CS5-25, subjected to 1 and 250 thermal cycles between room

temperatuce and 1000°C or 1250°C (these results were present2d in an earlier report).

To test the hypothesis that it i moisture that promotes crack opening, the following
experiments were performed. An anisofropic {CS-15) specimen was heated and cooled in a
dilatometer serrounded by an inert (helum) atmosphere. When the specimen reached an
equilibrium length during cooling (close to room temperature), the helinm atmosphere was
displaced by dry air. Next, air with controlled relative humidity was allowed 0 surround the
specimen. With each increase in relative humidity there was a corresponding increase in specimen
length. Finally, the dilatometer was carefully opened and waler was dripped on to the specimen;
this resulted in a sharp increase in the specimen length. The results of this experiment are shown
in Figure 15.

The above said experiment was pedformed nsing an isolropic behavior {C5-50) spucimen.
Since the isotropic material retuns 1o its original length by the time it cools down 10 Foom
emperature and there are not any microcracks present (0 open vp, moisturs had virwally no effect
on the C5-50 specimen, To determine if the other anisotropic compositions like BS-0 and BS-50
exhibited similar behavior as that of the CS-25 specimen, they were heated and ccoled in the
dilatometes, which was then followed by controlled application of drops of waler. The results
obtained for all the anisotropic materials - BS-0, BS-50 and C8-25 - are shown in Fig.16 and
conirasied with that for isotropic BS-25. Figures 17{2) and (b) (resolis derived from verisimilar
experiments} provide a closer ook into the moisture-assisted microcracking behavior of the BS-0
material.

To determine if there was any chemicat change (hydranion) associated with the absorption of
water, powder X-ray diffraction analysis was perfommed on CS-25 powders. A sintered test
specimen was crushed to form a fine powder. A portion of this powder was heated to 1000°C o
drive of any moisture present and then X-rayed. A similar smount of powder was mixed with
water, allowed to dry and then subjected to XRD. The powder diffraction pattems for the two
samples are shown in Fig.I8. It was not possible to detect any secondary phases.

ul i NDE Technique:

A "dry coupling”. direct contact transmission mode ulirasoni¢ technique was tested and
adapted for quality checks on Bnished NZP ceramic parts. As can be seen from Fig. 19, the
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technique employs dry coupling trangmitting and receiving transducers? between which the test
material (NZP ceramic) is inserted. The eransducers used were W-series transducers capable of
operating in the frequency range <50 KRz to »25 MHz and designed for velocity measurements
and high resolution testing, A PR35 ultrasonic pulserfreceiver] acted as the source and transmiter
of electric pulses which were recorded and analyzed using a Cathode Ray Oscilloscope (CRO).

Parameters monitored were the time of flight, longitudinal wave velocity, and amplitwde and
number of pulses. This information was then processed for comparison with that of a standard.
Devistions of the observed/measured parameters of the test sample from the standard were
interpreted to be due to defeces. In order to ascertzin the technigque's reliability, some of the
seemingly defective samples were dissected 10 examine for defects. It was found thal this
tlechnique gave a fairly accurate indication of the presence of flaws. (Accordingly, this NDE
methad of flaw detection has been incorporated into LoTEC's quality control procedures.)

Gel Cassing:

This high potential near-net shape forming technique is being adapted to the fabrication of
NZP ceramic based diesel engine port-liners and other components. Processing steps involved in
the gel casting of NZP ceramics have been summarized in the flow ¢han of Fig. 20, Despite itz
advantages with respect o speed of forming and high green strength of the cast and dried part,
several areas of this technique still need further examination; for instance, viscosity of the gel at the
time of casting {which depends on the amouat of solids loading), idle time between casting and
gelation, Bowing due to self weight of the semi-dry past after removal from the molds, and bum-
out of the polymer. All of these areas will be adeguately addressed duning Phase IT work.

i 1 vestigaty ic Emigs

Using carefully selecied wave guides, acvustc signal activity ("counts"} emimed by test
specimens were recorded. Initial tests consisted of recording acoustic emissions during heat-up of
a specimen @ and cool-down from 1000°C. A Locan 320 system which was capable of detecting
signals in the range of 3 kHz to 1.2 MHz with amplitades up to 8¢ dBel was used for detection of
acoustic activities. The number of counts recorded was attempted to be comelated o the extent of
microcracking in the specimen. It was observed that while no sigrificant acoustic emission could
be registered during heating, the opposite was true during cooling {specially below 350°C); which
is in agreement with previous experimental observations. These experiments also indicated that the

4 Uliran Laboratories, Inc., Boalsborg, PA 168270715
1 ISR Ultrasonic Messurement Systems Pitisford, NY 14534,
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number of acoustic emigsion covnts is & function of the maximum temperature to which the
samples are heated. More work on acowstic emission based detection of microcracking is
continuing.

New NZF. matagials:
As stated in the original proposal, three more NZP systems where chosea for this study.
Ca14xZr4Pg-24 Sinx024 (C'SX) (x = 0.1, 0.25, 0.37)
Sl'l-l-xz"#Pﬁ-ExSihﬂu {SSX} (x = G'II 025; 0.37)

Ca( 42514102 ZraPe.2x812x024 (CSK) (x = 0.1, 0.25, 0.37)

Three compositions (given above) in each system were synthesized by the same method vsed to
prepare the BSX and CSX compositions. Stoichiometric amounts of the appropriate precursors
(after taking into account the LOI for a specific composition) were mixed, ball milled in alcohol for
20 hrs, dried in air and calcined for 6 hrs at 1200°C. Calcined powders were then subjected to
XRD analysis. The XRD datz indicaied that the calcined material contained only the NZP phase in
most compositions and, in a few, minor amounts of ZrP20y which typically disappeared after
sintering. Detailed characterization of some of these compositions for their properties and potential
ag low thermal expansion materials will be conducted in coming months.

Eutore Work

Immediate fuaure work would focus on furthering the ongaing tasks, specially those related
to development of alternative cost-effective fabrication processes. Work on the first FEA iteration
for establishing material requirements and optimization of the compliant layer is underway.
Specimens and components of the CS-50 material are being fabricated o perform remaining
characterization.

Statps of milestones : Program on schedule.

- ications/Visits/Travel

1) T.B. Jackson, 3.Y. Limaye, and W.D. Porier, "Effect of Thermal Cycling on the Physical

and Mechanical Properties of [NZP] Ceramics,” Presented at the 96th meeting of the
American Cexramic Society, Indianapolis, IN, April 24-28, 1994,

2} T.B. Fackson and W.D. Porter, "Environmental Microcracking of [NZP] Type Ceramics,”
Presented at the 96th meeting of the American Ceramic Society, Indianapolis, IN, Agpril 24-
28, 1994,
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3) 8. Y. Limaye (LoTec, Inc.} and Dave Stunton (Oak Ridge National Lab) visited the Technical
Center at Caterpillar, Inc. on September 20th,

4) §. Y. Limaye {LoTec, Inc.), D. Hanght (Depariment of Energy) and Dave Stinton (Oak
Ridge National Lab) visited Penn State Unjversity on Oclober Sth.

PBublications :

1) T.B. Jackson, 8.Y. Limaye, and W.D. Porter, "Effect of Thermal Cycling on the Physical
and Mechanical Properties of [NZP] Ceramics,” t0 be published in the proceedings of the
O6th Meeting of the Ametican Ceramic Society, Indianapolis, IN, April 24-28, 1994,

2}  T.B. Jackson and W.D, Porter, "Environmental Microcracking of [NZP] Type Ceramics,” to
be published in the proceedings of the 96th Meeting of the American Ceramic Society,
Indianapolis, IN, April 24.28, 1994.

References : None.



Tables 1 and 2. Summary of the room temperatore fiexural strengths of as-sintered and thermally-
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cycled (1250°C) BSX and CSX materials.

Thermal Cycling between R.T and 1250°C
Composition Fexure saength (MPa)
(BSX and As Sintered 1Cycle 25 Cycles 250 Cycles
CSX})
BS-0 40.13 1+ 1085 | 46521634 | 4690224 4425 +£3.29
BS-17 43.76 £ 5.61 46.53 £ 4.90 - 46.49 1 4.95
BS-15 8420761 ] 8143+ 1251 | 88.19+3.03 7592 £ 5.95
B5-37.5 4613+ 4,13 | 4582650 | 4899617 | 4514 %616
BS-50 45551348 | 42501361 | 49.19126.70 | 4121 %476
C8-25 36.87 +7.55 3747 £536 | 42.02%473 379512726
CS-37.5 58411682 | 53.88+£3557 | 576014.73 | 5490517
C8-530 75,521+ 483 | 6981 %491 | 6788+ 162 | 70.16 & 3.86
Thermal Cycling between R.T and 1000°C
Composition Flexure sirengih (MPa)
{BSX and As Sintered 1 Cycle 25 Cycles 230 Cycles
C3X)
ES-0 40,13 £ 10.85 | 46.38£13.20 | 3873x4.62 | 3480 %837
B5-17 49,76 % 5.61 45.22 £ 548
BS-25 3420761 | §3.93 1099 | 7845+ 1226 | 79.52 + )87
BS-37.5 46.13 £ 4.13 | 4833494 | 4365%531 45.64 + 8.03
BS-50 45.55 £ 3.48 41.55+£3.85 | 39.16+£4.03 46.19 £ 4.0¢
C8-25 36.87 £ 7.55 44908 £333 | 4142+8.24 4373 £7.23
CS-37.3 58.41+6.82 | 63771722 | 5560459 | 5869 6.0l
C5-50 7352+ 4.83 7621 £9.30 | 67.21 £ 1041 | 66.70 + 5.82
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Figure 10. SEM fracivre surface microstructures of (a} as-sintered and (b) thermally cycled (250 cycles to 1250°C) BS-0 specimens.
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Figure 11. SEM fracture surface microstroctures of (a} as-sintered and {b) thermally eycled (250 ¢cycles to 1250°C) BS-25 specimens.
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Figure 12. SEM fracture surface microstructires of (a) as-sintered and {b) themmally cycled (25¢ cycles to 1250°C) BS- 50 specimens.
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Figure 13. SEM fracmre surface microstructures of (2) as-sintered and () thermally cycled (230 cycles to 1250°C) CS-25 specimens.
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Figure 14. SEM fracture surface microstructures of (a) as-sintered and (b) thermally cycled (250 cycles to 1250°C) CS-50 specimens.
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Figura 16. Environmental Effect of Room Temperature Expansion of selacied NZP compositions.
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Figure 20. Schematic layout of the sequence involved in gel-casting procedure.
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1.3 THERMAL AND WEAR COATINGS

B L RO (I PTI44HS } ' AT =n T Y LR RS
W. Y. Lee, Y. W. Bae, and D. P. Stinton {Oak Ridge National Laboratory)
Objective/Scope

Sodium corrosion of SiC and SizN, components in gas turbine
engines is a potentially serious problem, The ¢uter surfaces of SiC
and SizN4 parts oxidize at high temperatures to form an SiO4 layer
which inhibits further oxidation. However, sodivm which is present
in high-temperature combustion atmospheres reacts with the §i0;
layer, such that it is no longer protective. The objective of this
program is to develop a coating that will protect the underlying SiC
or SizN4 from sodium corrosion and provide simultaneous oxidation
protection. To evaluate the behavior of potential materials such as
stabilized ZrO; or HfO;, TiO3, Al;03¢TiO;, and Taz05 in sodium-
containing atmospheres, the corrosion resistance of hot-pressed
samples of these materials will first be evaluated. A chemical vapor
depositon (CVD) process will be developed for the application of the
most promising coatings. The effect of the combustion environment

upon coating characteristics such as microstructure, strength,
adherence, and other properties will then be evaluated.

Technical Progress
(1) Thermal Expansion Behavior of Taz0s5 Powder

It was previously reported that, when the TazOs5-CVD process
was tailored to produce a well-coalesced, void-free coating
microstructure, the presence of very fine microcracks was observed
on the coating surface. This microcracking behavior was somewhat
unexpected since Ta;0O5 and SigiN4 were reported to have similar
coefficients of thermal expansion (CTE) when measured by
dilatometry, which is a bulk technique. For example, the linear CTE
of SizgN4 and Ta;05 measured by dilatometry is about 3.0 x 106 and
3.1 to 3.6 x 106 K-1, respectively. It was hence speculated that
Ta»05 might be a highly anisotropic material, which could be
susceptible to microcracking upon thermal exposure. A high-
temperature X-ray diffraction (XRD) study was conducted to verify
this hypothesis.
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Tay0s powder was used for the XRD analysis. A small amount
of platnum was added to the powder sample as an internal standard.
XRD patterns were obtained vusing a Scintag PAD X diffractometer in
vacuum over the scan range of 14 to 90° 26 at a rate of 1°/min at 27,
300, 500, 800, 1000, 1250, and 1500°C during heating and at 27°

after cooling. Heating and cooling rates were 20°C/min. The
diffracdon patterns obtained up to 1000°C are shown in Fig. 1.

ORNL-DWG 95-5883
FN: HTO00 400 . ATX ID: Ta20s FONDER + PT: 27 C SCINTAR/UBA
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Fig. 1. X-ray diffraction parterns of Ta;Og powder
ohtained at various temperatures.

Tay0s has an orthorhombic crystal structure at room
temperature and is triclinic above 1380°C. Also, it is known that
Taz0s5 undergoes a metastable transition at 320°C to a monoclinic
form which inverts to tetragonal at 920°C, In the present study, the
diffraction patterns obtained between 27 and 1000°C were indexed
based on an orthorhombic unit cell with P21212 space group.
Background correction and Kyz peak stripping were performed on
the XRD patterns, and the peak positon and intensities were
determined using a profile fitting program. The observed peaks




were then calibrated using the certified peak positions for the Pt
internal standard in order to correct for possible insgumental and
sample mounting aberrations. The crystal system and approximate
unit-cell parameters were entered, and the cell parameters
were refined using a lattice parameter refinement program. The
calculated unit-cell parameters are tabulated in Table 1 and are

—_— - bl - - - =
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plotted as a function of temperature in Figs, 2 and 3.

Table 1, Calculated unit-cell parameters of Ta;05

Temp. (‘C) a (i) b (A) c (A) Volume (A3)
27 6.175 40.18 3.922 q73.1
300 6,203 40.35 3.864 071.2
500 6.228 40.32 3.587 4976.4
800 6.248 40,33 3.885 970.3
1000 6.252 40,43 3.883 981.8
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Fig. 2. Thermal expansion of "a" and "c" parameters.
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Fig. 3. Thermal expansion of "b" parameter and unit volume.

Figure 2 shows that the "a" parameter increased fairly linearly
with temperature. On the other hand, the expansion behavior ¢f the
"b" and "¢" parameters was nonlinear, as shown in Figs. 2 and 3,
However, in considering the entire temperature range, the "b"
parameter generally increased with increased temperature while the
"¢" parameter decreased. The unit-cell volume initially decreased,
then increased with increasing temperature. The XRD patterns in
Fig. 1 show that the diffraction peaks around 20 = 47° merged to one
peak at 300°C but remained as two distinct peaks below 300 and
abave 500°C. These results, along with the observed trends in lattice
expansion, seemed to indicate that there was a phase transition
between 27 and S00°C.

The linear CTE calculated from the XRD data is 12.82 x 10-6 for
"a", 6.39 x 10-6 for "b", and -10.22 x 10-6 for "¢”. Also, the average
bulk linear CTE is 3.00 x 10-6. which compares favorably to the
dilatometric values reported for hot-pressed Taz0Os5. The degree of

anisotropy of Tay0s5 {e.g., fog-ael) is 23.04 x 10-6 K-1, which is
comparable to that of NaZrzP3012, a low-expansion ceramic which is
known to extensively microcrack due to high thermal expansion
anisotropy.
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It is also plausible that, since the CVD Ta;Qg coating was
typically deposited with a stwrong preferred orientation along the
(001) plane, the "¢" direction in individual TayO5 graing in the coating
was preferentially aligned perpendicular ro the substrate surface,
Therefore, as an approximation, the thermal expansion of the coating
in the direction parallel to the substrate was considerably higher
than that of SizN4. Therefore, upon cooling after deposition, the
coating would be under tension, possibly causing the formation of
microcracks.

(2) Corrosion Test of TazOs Coating

Since the TazQ5-CVD process has been tailored to produce a
well-coalesced, void-free coating microstructure, the stability of the
Taz0s coating deposited on hot-isostatically pressed SizNg substrates
(GN10, AlliedSignal) has been tested in oxidative and corrosive
environments. As discussed in the previous semi-annual report, the
coated structure was observed to be relatively stable up w 1300°C in
oxidation. However, it appeared that the Ta305-Si3N4 system became
anstable in the NaxS04 + Oz environment at 1000°C because Taz04
and NazS04 reacted rapidly to form NaTaOz within 5 h of exposure.
In this section, results from the NapS04 + O3 tests conducted for 25
and 100 h and from a burner rig test performed at AlliedSignal
Engines are discussed.

Figure 4 shows a cross-section image and X-ray maps of a
Taz205-coated SizNg4 substrate which was subjected to the 25-h
corrosion test, The presence of two distinct corroded layers was
observed. The top layer was about 10 pum thick and rich in Ta and
also contained Na and O, Note that the appearance of some Si in this
layer in Fig. 4 was a spectral artifact as discussed in the earlier
report, The bottom layer was about 40 to 50 pm thick and consisted
of Na, Si, O, Y, Ta, and bubbles, Figure 5 shows that the top layer was
removed upon washing the specimen in warm distilled water. The
XRD pattern shown in Fig, 6(b) confirmed that the crystalline portion
of the top (removed) layer was NaTaOz. Note that the peak near 32°
in Fig. 6{b) could not be appropriately assigned.

The development of the second layer in the corroded structure

was somewhat difficult to understand, This layer was amorphous
since it was transparent to XRD [i.e., all the diffraction peaks in




Fig. 4.

ORNL-PHOTO 5209-949

Backscattered cross-section image and elemental X-ray maps of TaOg-coated SizNg4 after
corrosion in NapSO4 + Oz at 1000°C for 25 h before washing,
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Fig. 5.

ORNL-PHQTO S212-34

Backscattered cross-section image and elemental X-ray maps of TapOs-coated SizN4 after
corrosion in NazSOg + Oz at 1000°C for 25 h after washing.
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Fig. 6. X-ray diffraction patterns of Taz0Os-coated SiaNg:
(a) as-deposited; (b) after corrosion in Na$04 + Oy
at 1000°C for 25 h, but prior to washing in water;
and {c} after washing.

Fig. 6(c) were attributed to 5izN4]. The layer was not soluble in
water and contained Ta, MNa, Si, O, Y, and bubbles., The presence of
the bubbles in this layer indicated that a gaseous species, perhaps N2,
was rapidly released as a reaction by-product below the substrate
surface and was locally encapsulated to form the bubbles, It was
also possible that NaTaOsz (s) ang SiziNg (s) reacted © produce the
amorphous phase containing Ta, Na, Si, and O and to release N2 (g) as
a by-product, The presence of Y in the reaction layer suggested
that the Si3Ng4 structure was penetrated by the NaTaO3 phase. It

seemed that the amorphous phase was molten under the corrosion
conditions because of the following observations: extensive bubble
formation, highly curved surface contours, and relatvely large depth
of penetration (40 to 50 pm). This speculation cannot be verified
since no phase diagram exists for the Ta-Na-5i-O system. If the
amorphous intermediate layer was somewhat molten and the surface
layer containing NaTaO3 was solid at 1000°C, the observed bubble
formation might be easier to comprehend.
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After the 100-h treatment, the formation of NaTaOz and
cristobalite on the surface of the sample was indicated by XRD [see
Fig. 7(b)]. The NaTaO3 layer and the cristobalite phase were removed
from the substrate upon washing [Fig. 7{(c)]. Figure 8 shows the
prasence of an amorphous layer containing bubbles, which was not
removed by washing. Although the microscopic appearance of this
layer was somewhat similar to that observed after the 25-h
treatment, the chemical composition of the two layers was fairly
different. For example, the layer formed after 100 h of exposure did
not contain Ta, unlike the layer exposed for 25 h. The 100-h sample
lost much more weight than the 25-h sample {10.7 vs 0.8 mg). These
data implied that the formation mechanism of the corrosion region
became different between the 25- to 100-h exposures.

In order to obtain more realistic corrosion data, three NT154
SizN4 flexure bars (10.2 x 1.3 x 0,6 cm) were coated with CVD Tap0s,
and two of the coated bars were tested using a burner rig at
AlliedSignal. The burner rig rest was conducted using Jet A fuel

ORNL=WG 94=-11303
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Fig. 7. X-ray diffraction patterns of TazOs-coated SizNg:
(a) as-deposited; (b) after corrosion in NazS04 + O3
at 1000°C for 100 h, but prior to washing in water;
and {¢) after washing.
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(0.035% sulfur} at a fuel-to-air ratio of 0.06 with 5 ppm synthetic sea
salt {ASTM Specification D1141-32) at 101 kPa. The test lasted for
100 h and consisted of the following thermal cycle: 27 min at 1052°C
followed by 3 min of forced air cool. The exposed specimens were
broken at room temperature in four-point flesxure to assess the effect
of corrosion on flexural sirength.

Figure 9 gshows a photograph of two corroded NT154 SigNg4
specimens which were coated with Tap0s. For comparison, a coated
NT154 sample which was not exposed to the burner rig test is also
shown. As tabulated in Table 2, the flexure strength of the coated
NT154 specimens was significanty reduced after the burner rig test,
but the level of strength reduction was similar to that measured
from uncoated NT154 specimens subjected to the same test. The
visual appearance of the coated and uncoated specimens after the
corrosion test was basically identical. The fracture surfaces of the
coated and uncoated flexure specimens were also examined at

magnifications up to 40x, For all coated and uncoated specimeuns,
crack initiation occurred on the corroded surface. Note that, prior o

flexure testing, the glassy silicate corrosion products observed on the
exposed surface were removed from the compression surface and

loading pin locations on the tensile surface. It was probable that, in

the initial thermal cycling stage of the burner rig test, the coating

was spalled off from the substrates as the coating layer was being
converted to NaTaOs.

Table 2, Flexure strength of chemical vapor deposited
Taz05 ¢oated and uncoated NT154 specimens

Sample Coating Burner rig Flexure strength
No. exposure (MPa)
10 Uncoated Yes 501
11 Uncoated Yes 541
52 Coarted Yes 516
53 Coated Yes 501
19 Coated No 858
i2 Uncoated No 861

188 Uncoated No 088
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ORNL-PHOTO 5208-94
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Two NT154 specimens coated with Ta0s after corrosion
along with one coated sample which was not exposed

Fig. 9.
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{3} Corrosion Resistance of Other Coating Candidates

GN10 SizNg4 substrates, which were coated with CVD mullite
recently developed at Boston University, were delivered to ORNL,
The coated specimens will be corrosion tested in the next reporting
period.

The corrosion resistance of low-expansion ceramic materials
such as Baj ,xZr4Pe-2,512x024, CaySryiraPe024, and AlTiOs + mullite
has been tested in an NazS804 + Oz environment for 100 h at 1000°C,
XRD and weight measurement data indicated that Caj-xSrZrqPeO24
performed relatively well. The samples are being further
characterized by metallography and electron microprobe.

Status of Milestones
On schedule.

. cations/Visits/Travel

W. Y. Lee presented a paper entitled "Naz504-Induced
Corrosion of SizNg Coated with Chemically Vapor Deposited Taz0s" at
the 8th Annunal Conference on Fossil Energy Materlals, which was
held on May 11, 1994, in Oak Ridge, Tenn. The co-authors of the
paper were Y. W. Bae and D, P, Stinton of ORNL and T, E, Strangman
of AlliedSignal Engines.

W. Y. Lee, Y. W, Bag, and D, P. Stinton met with T, E, Strangman
of AlliedSignal Engines and R. A. Miller of NASA-Lewis Research
Center ont May 12, 1994, at ORNL. The purpose of the meeting was to
discuss the possible integration of ORNL's CVD capability and NASA's
recent success in depositing a thermal-shock-resistant mullite
coating by plasma spraying. It was agreed that several hybrid
coating concepts will be pursued in the hope of developing a more
robust, multilayer corrosion protection system for SizN4 turbine
components, One of the concepts involves using a thin CVD Alz03
coating as a top coat for the plasma-sprayed (or electron beam
physical vapor deposited) mullite coating since the corrosion
resistance of pure Al»>Q3 is intrinsically superior to that of mullite,
The adhesion of the thin Al3;0O3 coating storucture to the mullite
surface will be critically evaluated as a function of the surface
morphology and porosity level of the mullite surface,
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Problems Encountered

Based on the experimental results obtained so far, it is
apparent that the Taz05-Si3N4 system becomes unstable in the
Naz504 + O2 environment at 1000°C because (1) Taz0s and Naz504
react rapidly to form NaTaO3 and (2) subsequenily, NaTaC3 interacts
destructively with the underlying SizNg structure. Furthermore,
Taz0s5 exhibited highly anisotropic thermal expansion behavior and,
hence, was found to be susceptible to microcracking. On the
promising side, the Ta>0s-coated structure is relatively stable up to
1300°C in oxidation. Other coating candidates are currently being
examined., For example, the ¢orrosion resistance of CVD mullite,
recently developed by V. Sarin of Boston University, will be tested at
ORNL as mentioned earlier. Also, the corrosion resistance of newly
developed low-expansion ceramics such as Baj,xZFaPe-z24Sizx024,
CayxSryZrqaPpOz4, and Al2TiOs5 + mullite is being examined. In parallel
to these corrosion studies, the aforementioned hybrid coating
concepts are being explored with AlliedSignal and NASA-Lewis,

Bublicagons

Two manuscripts entitled "NazS504-Induced Corrosion of SizNg
Coated with Chemically Vapor Deposited Taz;0s" and "Effects of
Temperature and Reagent Concentration on the Morphology of
Chemically Vapor Deposited 8-Ta0s5" were submitted for publication
in J. Am. Ceram, Soc.



V. K. Sarin {Boston University}

Ohjective/Scope

The development of oxidationfcorrosion resistant, high
tovghness, adherent coating configuraticns for silicon based
ceramic substrates for use in advanced gas turbine engines.

Technjcal Progress

CVD experiments were performed to grow Alz03-510:
codeposited cceatings from AlClz-S85iCle-CO2-Hz mixtures.
Initial parameters for experimentation were chosen from
equilibrivm thexmodynamic analysis and the corresponding CvVD
phase diagrams that were construacted. This waz discussed in
detail in the previous semiannual repozrt. CvDr phase plots
show that a2 combination of AlsQ3, mullite, and Si0s phases can
he obtained at low concentrations of A1C1l3 and SiClg. All the
processing was done at 1000°C and 75 korr. The relative mole
fractions of AlCl3/5iCly were varied keeping the amount of COjp
and Hz constant throughout,

Figure 1 shows a typical Als03=-51i04 coating on a SicC
substrate. The coatinges were extremaiy non-uniform in
composition. The compositicon within each sample varied from
gllica rich ccatingsa{®l:5i ~ 1:5} to alumina rlch ccatlings
{Al:514 ~ 5:1). Figure 2 shows the surface morphology and
figure 3 the energy dispersion spectra of several areas of
the coating. Figure 4 shows an EDS line scan performad on a
coating across the substrate that shows increasing amount of
Bl and decreasing amount of S5i to the right. The coatings
howaever were mostly =silica rich in general with decreasing
amount of Al spectes radially outward in the reactor.
Hucleation in the gas phase wag zlzo obssrved. This powder
contained mostly Bl and very little Si{Rl:5i -~ 5:1). This
points out that ARI1Cl3 reacts much more reacdily with the water
gas than 5iCly. It can alsc be said that the 21303 deposition
ia mostly in the mass transport contrelled regime, where as
the depeosition of Si0; iz mostly surface reaction controlled.
Gas mixing and flow patterns may have also contributed to the
non-unlformity.
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Frocess conditicons (Lemperature and pressure) were adjusted
so that formation of both Aly03 and 810z is in the surface
reaction controlled zregime thus avoiding homogeneocus
nucleation from the wvapor phase. Reactant flow rates and
fituring was also altered to cobtain coatings with uniform
compasition and thickness, Further optimization of the
process resulted in CVD mullite coatings. Filgure 5 shows a
scanning elactron micrograph of a typical mullite coating on
a 5isty substrate. X-ray diffraction analysis confirms that
the only crystalline phase present in the ceating is mullite,
Figure 6 shows the zn-ray diffraction pattern. The coating is
uniform, with a fine grained, eguiaxed structure. There is
some agglomeration of grains seen on the surface. This,
however is not belleved to have originated from the substrate
surface, but instead is formed on the surface of the coating.
The coating appears to be very densge. There were no sracks
observed on the surface of the coating, Transmisgion
electron microscopy was carried out to further analyze the
mullite coatings. Figure 7 shows a brightfield transmission
glectron micrograph of a2 typical mullite coating. The
eoating starts with relatively small eguiaxed grains near the
substrate surface and then grows inte large, mostly columnar
grains. Figure™ 8 shows the electron diffractilon pattern
abtained on the coating. This further confirms the findings
of the x-ray diffractien analysia,

When higher mole fractions of the chlorides was used in the
experiment, there was a conrsiderable amount of powder
abserved in the reactor. Figure 9 shows micrographs of
typical powder observed in the chamber. The particle size is
approximately 100 nm. The <nly crystalline phase found in
the powder was mullite as confirmed by =x-ray diffraction
{(Figure 10}, though the powder had a composition different
from that of mullite as shown by the EDS analysis in Figure
11. The excess 5i in the powder is believed to be in the
form of amorphous silica.

Further experimentation is necessary to correlate the
microstructure of the coating to the process parameters,
Samples were sent for initial corrgsion resistance evaluation
at ORNL. The coatings will be cptimized through an iterative
process of processing, characterization, and testing.

Status of Milestones

Schedule Status
Task l: Optimize process parameters 6/95% on Schedule
of codeposited mullite coatings to
obtain desired structure/properties
Izzk 2: Coating Characterization 10/95 On Schedule

Tasgk 3: Testing 11/95 On Schedule
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Surface morpholegy of the codeposited coating on
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Figure 2:
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substrate
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Figure 5: Scanning electron micregraphs of a typical mullite
coating on a Si3Ns substrate: a) cross-section, b) surface
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Figure 8: Electron diffraction pattern of a mullite coating grown
via CVD
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Figure 9: Scanning electron micrographs of mullite powder obhserved
in the CVD reactor: a) agglomerate, b) particle
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Tk Thermel Borrier Coating (TTRC) st for L Heat Rejecton Dissel Engines
M. B. Beardsley (Catarm]!ar Inc.}

Obiective/S

The objective of this program ig to advance the fundamental understanding of thick thermal
barrier coating systems for application to low heat rejection diesel engine combustion
chambers. Previous reviews of thermal barrier coating technolopy concluded that the
curzent level of understanding of coating system behavior is inadequate and the lack of
fundamental understanding may impeded the application of TBC's to diesel engines. (Ref 1)

Areas of TTBC technology being examined in this program include powder charactenstics
and chemistry; bond coat composition; coating design, microstructure, and thickness as they
affact properties, durability, and reliability; and TTBC "aging" effects (microstructural and
property changes) under diesel engine operating condstions.

Technical Progress
TTBC POWDERS

Fifteen TTBC ceramic powders are being evaluated. These powders were selected o
investigate the effects of different chernistrtes, different manufactuning methods, lot-to-lot
variations, different suppliers and varying impunty levels, Table 1. The results of the
powder characterizetion for chemistry, particle size distribution, surface aren,
crystallographic phases, appazent density and Hall flow have been report previously (Ref.
2). In the chemical analysis, it was found that the three spray dited and sintered materials to
beused in the imparrity stady (lots 34850, 34992, and 34993) range from low levels of
alumina and silica (34992), low huina and mid-level silica (34850), to high alumina and
silica (34993). The chemistries of the powders produced by different manmfachiring
methods (HOSP proprietary Metco process, spray dried, spray dried and sintered, fused and
crushed, and sol gel materials) also show shghtly differing renges of impurities reﬂecting the
differem manufacturing methods.

The particle size distributions of the fifteen materials showed small variations in the mean
and size ranges. The surface areas of the powders do show a wade rapge even for similarly
manufaciured powders (lots 34850, 34992, 34993 and lots 34243, 34302, 34547).

Each of the fifteen materials has been sprayed using 36 parasmeters selected by a design of
experiments (D{OE) to determine the effects of primary gas (Ar and N2), primary gas flow
rate, voltage, arc current, powder feed rate, carrier gas flow rate, and spraying distance. The
deposition efficiency, density, and thermal conductivity of the resulting coatings were
measured, A costing with a high deposition efficiency and low thermal conductivity is
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degired from an economic standpoint. An optimaun combination of thermal conductivity and
deposition efficiency was found for each lot of powder in follow-on experiments and
deposition parameters were chosen for full charactenzation.

The resulting thermal conductivity and deposition efficiency for each of the powders speayed
with optimized parameters have been determined and are compared to the baseline coating
(lot 34547, 8% yttria-zirconia, HOSP) in Figure 1. Several of the powders exhibit a lower
thermal conductivity than the baseline coating with the 20% yitria-zirconia and spray dried
8% yttria-zirconia having boih lower thermal conductivity and higher deposition efficiency.
The higher thermal conductivity of materials such as the calcium titanate may be balanced by
its higher deposition efficiency. Whether the higher deposition efficiency balances the higher
thermal conductivity (which resolts in needing a thicker coating to achieve similar thermal
conductance) is a component design question..

Strengths of the optimized coatings were determined using 4-point bending specimens. The
tensile strength was determined using free standing coatings made by spraying onto mild
steel substraies which were subsequently removed by chemical etching.  The compressive
strengths of the coatings were determined using compogite specimens of ceramic coated
onto stainless steel substrates, tested with the coating in compression and the steel in
tension. The streagth of the coating was determined from an elastic bi-material analysis of
the resulting faiture of the coating in compression. The strengths of the coatings compared
to the baseline coating are shown in Figure 2.

Although mitial comparison of the materials would appear 10 be straipght forward from these
results, the results of aging tests of the materials wall be necessary to msure that these trends
n properties remazin after long term exposure to a diesel environment. Some comparisons
¢an be made, such as the companson between for lot-to-lot vanation.

The three lots of 8% yttria-zirconia HOSP materials have similar thermal conductivity,
depasition efficiency, and strengths for the parameters selected (all three lots were sprayed
with the same parameters). In order to achievs this, the parameters were selected for
robustness. . The three lots of material were sprayed with four sets of parameters and the
thermal conductivity and deposition parameters measured. In two of the three sets, the
deposition of the lots A and B were one third of the deposition of the baseline material. The
spray parameters for any given chemistry and specified particle size should be chosen based
on the robustness of the parameters over a range of lots rather than on the results from one
or two lots of the material,

An axanl fatigue test to determine the high cycle fatigne behavier of TTBCs has been
developed at the University of Tllingis (Ref. 4). A fatigne test apparahus has been designed
and initial test work performed which demonstrates the ability to provide a routine method
of axial testing of coatings. The test fixture replaces the normal load frame and fixtures vsed
to transmit the hydraulic oil loading to the sample with the TTBC specimen itself’
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The TTBC specimen is & composite metal/coating with stainless stee] ends. The coating is
sprayed onto 2 mild steel center tube section onto which the staioless steel ends are press fit,
The specimen is then machined. After machining, the specimen is placed in an acid bath
which etches the mild steel away leaving the TTBC attached to the siainless steel ends.
Plugs are then installed In the ends and the composite specimen is loaded in the test fixture
where the hydraulic oil pressurizes each end to apply the lead. Since cil trensmits the load,
bending loads are minimized. This test fixture as been modified to allow piston ends to be
attached to the specimen which affows teosile loading as well as compressive loading of the
specimen,

A TTBC coating previously tested at room temperature in compression using this method
resulted in a stress-life curve as shown m Figore 3. This data matches previcus fatigoue data
for this matenal obtained in 4-point bending, but long life data was obtained wath this test
method (Ref. 3). Tensile data for this coating has also been generated using the modified
axtal test fixture resniting in a stress-life curve as shown in Figure 4.

In sddition to the room temperature data, specimens have recently been tested at 306 C wath
surprising results, At high temperature, the TTBC extubits much higher fatigue strength,
Figure 5. This behavior is currently thought to be due to sintering of the spiat strcture of
the TTBC at the high temperature (Ref. 4).

Testing of the TTBC using tension/ compression cycling has been conducted using the
modified test fichure. The goal of this work was to ivestigate the fallure mechanisms of the
coating and to determine if tensile and compressive fatigue damage would imermct to
influance the resulting life of the coating. Coating samples wers nun with various meae
compressive loads and constant tensile loading approximately equal to 90% of the tensile
strength of the coating. As shown in Figure 6, there is no interactior: of the tensile and
compressive load. The material fails in tension at the life predicted by the tensile curve. This
indicates that there are two differing failure mechanisms for the TTBC in iension and
compression.

Status of Milestones
All milestones are on schedule.

Publicatigns

MNeone
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Table 1. TTBC Powders Selected
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Figure 1, Comparisoa of the thermal conductivity and deposition efficiency of the coatings
to the baseline 8% yttria-zirconia, HOSF material.
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Figure 2. Comparison of the tensile and compressive strengths of the coatings to the
bagelne 8% yttria-zicconia, HOSP material,
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Figure 4 Room temperamre tensile fatigue data for TTBC

HIGH TEMPERATURE FATIGUE BEHAVIOR

+

EL ]
B xc
00 O ase
g | L1 5]
A5
g oD o
F c o —
E [T LDl
gﬂ mEE
ﬁﬁﬂ am
E:ﬂ
§ H N ]
200 u -
o
1 0 w0 400 n* w w' w
CYGLES TO FAILURE
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Figure 6. Teasile (diamonds), compressive (squares), and tensilefcompressive (stars)
fatigue data for TTBC showing that the failure occurs at the tensile fatigue limit independent
of the applied compressive stress.
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1.4 JOINING

1.4.1 Ceramic-Metals Joints

ine lications
M. L Saniella {Oak Ridge National Laboratory)

Qbjective/Scope

The aobjective of this task Is to develop strong, reliable joints containing ceramic
componeris for applications in advanced hest englines. The overall emphasis of this
task is on studying the brazing characteristics of sllicon nitride and slficon carblde. The
techniques of dire¢t brazing as well as vapor eoating ceramics to circumvent wetting
problems are being applled to these matetials. The planned aclivities during FY 1984
will include continuing the study of both the high-temperature brazing of silicon nitride
and the mechenical behavior of braze joints. The work will encompass further
evaluation and application of an analysis package and approach developad specifically
for sillcon nitide-to-metal braze joints and evaluating nonmetallic bonding materials for
jeining silicon nitride,

Technical Highliohts

Ceramic-to-metal brazing: Finite element analysis of a poppet valve configured

with a ceramic head and a mstal stem was completed using properties for severat
combinations of ceramics and metals. This work showed that the most effective way to
contro] residual stresses in these ceramic-to-metal joints is to minimize the expansion
mismatch between the structural matedals used.

An ilbustration of the true scale deformation that resulls from the property mismatches is

given in Fig. 1 for the case of an Incoloy 808 stem/Si,N, head and in Fig. 2 for the case
of a Tl stem/SI,N, head, These figures show the same general area at a similar
magnificstion {factar. In both cases, the lsft boundary of the stem and braze layer was
alignad with the Si,N, boundary at 830°C. The displacement of these boundaries to the
right, relative to the Si;N, boundary, ocours because of the greater contraction of the
metals during cooling to ambient temperature, Figures 1 and 2 show that the braze
layers experience severe deformation. The large relative displacements of the metals
producs large residual stressss In the 5i,N,. For the Incoloy stem, the analysis predicts
that a large volume of the 3i N, experiences residual stresses {maximum principal
stress) above 200 MPa with localized regions reaching values above 350 MPa. The
volume of stressed material is similar for the Ti stem, but the maximum residual stress
value predicted is near 400 MPa. The higher residual stress found for the Ti case
results, primarily, from its slightly higher thermal expansion coefficient comparad to that
of Incoloy 909; see Table 1.

Mo relatively common, low-cost eangineering alloys have thermal expansion coeflicients
in tha range of SigN,. Fsasible structural metals which are nearest are alloys of




Ti-SiN
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Table 1. Thetmal expanison cosfiicients for materials
used for analysis of ceramic-metal joints

“ , «, (ppmy°C) at temperature I
Aloy 25 | 100 | 200 | s00 | 400 | soo | eoo | 7oo | oo f

Incoloy 8.0 8.0 8.0 75 75 8.3 8.5 105 | 120
near-a Tl 8.9 8.5 102 | 167 | 111 M4 | 116 116 | 1.6
SiyN, 0.8 1.8 2.4 29 g 32 33 3.4 3.6

PSZrQ, | 106 | 106 | 106 | 108 | 106 | 106 | 106 | 106 | 106

tungsten or molybdenum, but they are undesirable because of their density, cost, and
me&chanical properties. Metal-matrix coinposites offer some potential for better
matching of thermal expansion properties, but they have several disadvantages
ncluding limited availabllity and relatively high cost. Meverthelass, the option of using a
rairactory alloy for the stem is still undar conslderation or a praof-of-concept
demonstration. Redesigning the valve to improve the residual stress situation for SigN,
Is anather possible approach which ¢could be pursued at a later time.

The appraoach being followed presently is based on seleciing a ceramic and metal
which have a relatively good malch of thermal expansgion properties. The materials
satected are partialy-stabilized ZrQ, and Ti. The thermal expansion coaificiant of
PS-Zr0, is linsar with temperature up to about 1050°C and is also given in Table 1. An
[fustration of the true scale deformation that rasulte when the mateénal properties of 2rQ,
and Ti are applied to the finite element model of he poppet valve is shown in Fig. 3.

bn this case, very little relative displacement between components is predicted.

Thiz rasults in residual stresses that are refatively low In magnitude and confined to
relatively small volumnes in the ZrQ,. The analysis results indicate that the probabdity

of making a ugeable valve of thig design from these materiale is reasonably high,

Based on the latest analysis results, both MgO- and ¥,0,-stabllized Zr0, were acquired
from Coors, and an alloy used for Ti valves was also oblained. Trals to establish braze
processing were begun using a commercially available fillsr metal known to bond well
to oxide ceramics. The fller metal used in initial trials was Ticusi® (WESGO: 68.8 Ag-
26.7 Cu-4.5 Ti wi %) which has a liquidus temperature of 850°C, Surprigingly, this alloy
did not produce acceptable ZrO,-Ti joints, either for the T alloy or Jor commercially pure
Ti. Additional experiments showed that good joints of the Zr0, bonded to itself could
be made with Ticusil, indicating that the difliculty of obtaining acceptable 2rQ,-Ti jolnts
was a result of reaction of the filler matal with the Ti. The evaluation of other filler
metals Is continuing.
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Fig. 3. True scale deformation illustrating relative displacementis preduced during
cooling of PS-ZrQ,-Ti braze Joint from &30°C to ambient temperature,

Status of Milestones

On schedula,

Publications

A talk eniitled, "Si;N -Mstal Jaining: Raview of Work Sponsored by the Geramic

Technalogy Project,” was presentad at a bimonthly ATTAP coordination meeting held

at Allison Engine Company, Indianapolis, Ind., on Sepltember 29, 1994,

Unpublished work

None.
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1.5 CERAMIC MACHINING

Cost-Effagtive O ic Maghini
P. J. Blav {Oak Ridge National Laboratory}

Oblecilve/Scope

The objactive of this effort is to develop, in conjunction with U.8. Industry,
advanced technologies and the associated scientific and economic concapts necessary to
reduce the costs associated with the machining of siruciural ceramlce, especially as
ralated to the use of these matarials in energy-efficient, low-amissions transportation
systams. This affor] consists of subcontracts to indusbty and in-house research at ORNL,
Argenne Mational Labaratory, and the Maticnal Institule of Standards and Technology.
Prograss reporis for other than the ORNL in-house research portion of this work may bea
found elsawhere in this publicatlon. The five sublasks in this effort are:

1. Environmenial Safaty and Health Aspects of Ceramie Machining
2. Technology Assaszment and Fidurs Neads

3. Advanced Machining Methods Development

4. Caramic Machinability and Related Performance

5. Structure and Surface Quality of Machined Ceramics

ORNL in-house aclivilies are gimed at two iechnical areas: (1) investigaling the
affecls of machining practices on the durabiity of caramics for valve and valve seal
applications and {2} understanding and characterizing the detailed nature of
machining-induced surface and sub-surface damage and their evolulion in advanced
caramic materials using a range of analyiical tools. The latler includes such methods as
non-contact surfaca profiling, atemic force microscopy of ground surfaces, and scanning
acoustic microscopy o detect subsurface Raws.

Jechnical Highlights

a. Study of Electrolytic In-Process Wheel Drassing.
Dr. B. P. Bandyapadhyay, University of North Dakota, conducted a 3-month shudy of
alecirolytic In-process dressing (ELID} methods for grinding ceramics on a visit o the
latioratory of Prof. Ohmuri of the Inslitute of Physical and Chemical Research (RIKEN),
Tokyo, Japan. Dr. Ohmuri is an Inventor and developer of the ELID technique which
provides dressing of casi-iron flber-bonded {CIFB) superabrasive grinding wheels
during the aciual machining operation. Two types of silicon nitride spacimens wers
ground: SREEN (Eaton Corporation materials) and a Kyocera sillcon nitride material.
The efiects of spaed, feed-rate, and diamond concentration were invesligated. A final
roport has besn submitted and is being reviewed prior to its publication as an ORNL
technical reporl, probably by early 1935,

b, Workshop on Cost-Effective Machining of Ceramics. A warkshop
on Cost-Effective Machining of Ceramics was organized and conducted jolnily by the
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Defense Programs Ceanters for Manufacturing Technology, the High-Temperalure
Materials Laboratory Program, and the Cosi-Effective Ceramic Machining effort. The
8-day workshop was conducted at the ¥-12 Plant and ORNL on August 23-25, 1994,
There were over G aitendees. The first day consisted of presantations by industry
participanis [n Defense Programs Cooperative Research and Development Agreements
{CRADAs). These included: Keith Fisher, Coors Electronics Producis Group; Nabi
Hakim, Detroit Diesel Corporation; and John Kohiz, Cinginnati Milasren. The sacond day
consistod of tha following lalke by paricipants in the Cost-Efective Ceramic Machining
atfort:

Development of a Next -Generation Grinding Whee!
R. H. Licht, Norton Advanced Ceramics Company

Chermically-Assisied Grinding of Coramics
S. M. Hsu, National Institute of Standards and Technology

Grinding Optimization Project at NIST
L. K. lves, National Instiiule of Standards and Technology

High-Speed, Low-Damage Grinding of Sifcon Nitride
J. A. Kovach, Eatan Corporation

Development of a Grindabilily Test for Ceramics
K. Costollo, Chand Kare Technical Ceramics

Subsurface Grinding Flaw Detection by Lasor Scallering
S. Bteckenrlder, Argonne National Laboratory

Investigation of Cevamic Surface Struciure and Perfermance
P. J. Blau, Cak Ridge National Laboratory

The third day consisted of & tour and demonstrations of ceramic machining-related
capabilities at the High-Temperature Materials Laboratory (HTML).

¢. Phasell of High-Speed, Low-Damage (HSLD) Grinding. Thse
success of the Eaton Corparation/Univarsity of Massachusetts feasibility study of the use
of high surface speeds to grind coramics (Phage 1) hag led fo a follow-on effort whose
purpose is to develop Ihe means by which the HSLD method can be effectively
implemented in a production line environment. In addition {0 the engineerlng issues,
{echnical issues will involve development of a daaper undarstanding of tha partilioning of
the heat baiween the workpiece and ihe grinding wheel. Siudies at the University of
Massachusetts will supplement the Eaton Corporation Implamaniation work 1o provide a
balanced effort which links basic concepls with the practical problems of ceramic
manufacturing.
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Euture Plang

A new raquest for proposals (RFP} for a competitive subcontract on grinding
whoel tachnology has been prepared and an evaluation team assembled to evaluate
propasals. The RFP will be released in garly Novembsar 1994,

The Next-Generation Grinding Wheel Project will be concluding with the delivery
of six 8-In.-dlam wheels to ORNL for evalualion. A faw of the wheals will be evaeluated at
the HTML, and some will be sent to Interested companies for addilional third-party

tesling on silicon nitride ceramics. If the whaesls prove 10 be betier than oxisling
commercial grinding wheels, a follow-on progratn to scalsup and further evaluate the
whaels on cylindrical grinders will be considerad.

Stalus of Milestones
O sehedule.

Communications/Visitors/Travel

A host of visltors from Industry, academla, and other government laboratories
attended the workshop on "Cost-Effective Grinding of Ceramics® held August 23-25,
1984, at the Y-12 Plant, Oak Ridges, Tenn.

P. J. Blau attended the American Ceramic Socisty Basic Sclence Division Fall
Maating, Louisvilla, Ky.. September 25-28, 1994, and presented a paper entitled
"Defining and Measuring the Grindability of Structural Ceramics® In the session on
Critlcat Standargs for Ceramic Manufacturing,

Problems encouniered
None.

Bublications/Presentations

1. &, Srinivasan, P. J. Blau, and J. L. Bjerka, “Efiect of Machining Residual Siressas on
ihe Repstitive Impact Behavior of Silicon Nilride,” accepted for publication by J. Mater.
Reas, (1994),

2. P.J. Blau and W. A. Simpson, Jr., "Applications of Scanning Acoustic Microscopy in
Analyzing Wear and Single Point Abrasion Damage,” accepted for publication
byWear (1994).

3. J. A. Kovach and S. Malkin, High-Speed, Low-Damage Grinding of Advapced
Ceramics, Phase | - Final Repod, to be published as an ORNL tech. report.




4. B. P. Bamiyopadhyay,
publication as an ORNL lech. report, 1964,

ﬂnal rapnrt ln remiaw fnr latar

5. P. J. Blau, "Defining and Measuring the @rindability of Structural Ceramics,”
invited presentation at the American Ceramic Society Basic Science Divislon Fal
Magting, Louisville, Ky., Septamber 25.28, 1994,

i g Cos Clive ini ics kshop, 16 be published
as a Y 12 report in fall 1994 {summar}' of prasentatloms from the August 1994
workshop).
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R.H. Ltoht, s, ananath, M Sunpm and E Lllley {Nnrton Company)
ObjectivesScope

The objectives of the Phase I program are: to define requirements, design, develop
and evalvate a next-generation grinding wheel for cost-sffective cylindrical grinding of
advanced ceramics,

Ceramic machining, predominantly diamond grinding, is a tagjor cost factor in
advanced ceramics manufacturing. The abrazive wheel performance zipnificantly inflnences
the grinding costs. Additionally, the quality of the grinding operation greatly affects cerumnic
surface integrity, tolerance and manufacturing yield.

This program is a cooperative effort involving three Norton growps. The Noiton
Company Superabrasives Division will design and develop 2 novel metal bond system, and
perform the wheel tests at the Norton World Grinding Technology Center. Norton Diamond
Film Division will conduet a peralle] and complementary research and development effort that
incorparates a chemical vapor deposition {CVD) diamond fitm wheel system. The Nerthboro
Rescarch and Development Center (NRDC) will supply ceramic specimens for the grinding
tests, am evatuate surface integrity in the ground ceramics,

The parallel path approach will be carried out in Task 1, Analysis of Required Grinding
Whesl Characteristics. This task will involve the design of the bord with respect to mechanical
and thermal characteristics, and the selection of the diamond grit. Task 1 will culminate in a
small-wheel scresning test involving controlled feed plunge grinding of sialon test disks.

Task 2, Design and Prototype Development, will down-select to a few wheel types for
further design and optimization. Eight-inch {203 mm) diameter prototype wheels will be tested
in a cylindrical mode, grinding ceramic rod specimens similar in geometry to valve stems.
Grinding wheel pecforinance will be assessed on three types of cemmic specimens: NC-520
sialon, NCX-5102 HTPed silicon nitride and AZ6TH zirconie toughened alumine. Wheels will
be evalvated for grinding parameters such as stock removal rate, wheel wear, G ratio, and
grinding power. Additionally, the grinding wheel imfluence on cetamic surface integrity
characteristics such as surface finish, damage and retained strength will be evaluated.

Technical Progress
TASK 1: Analysis of Grinding Whesl Requirements

Status Overview - Task 1 was planned to include a small wheel screcning test utilizing a
parallel path approach: Superabrasive metal-type bond and CVD diamond wheel. The higher
tisk CVD approach was ta be a feasibility study, and was not plannad for contintation into
Task 2, Tlesign and Prototype Development. In this period, the Task 1 design, scresning test
and data analysis, were completed for both approaches, and Task 2 has been initiated for the
Soperabrasive approach. The initial CVD whest test in Task 1 led to soms wheel redesign
dezcribed under Task 1.2, which is in progress.
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Task 1.1: Requirements Definition and Experimental Design
Completed and reported last period.

Task 1.2: Screening Test Wheel Manufacturing

Superabrasive Wheels - 4 total of approximataly 70 superabrasive wheels were manufactured
for Task 1 in experimental metal bond systems. The experimental variables included: level of
bond porosity, type of pore inducers, bond compesition, diamond type, diamond concantration,
wheel processing methods and processing conditions. The wheel dimensions were 76 mm X
13 mm thick X 22 mm hole (3" X 0.5" X 0.875").

Approximately 45 of the whesls were tested in the grinding test described in Tesk 1.3,
We encountered manufacturing problems during the fabrication of some of the wheel variables
and these out of specification wheels were not tested.

CVD Diamond Wheels - In this period, we assembled and tested our first prototype CVD
diamond wheel. The wheel design and assembly is descnibed below.

The wheel design consists of abrasive elements arranged azimuthally and axially around
the periphery of 8 75 mm diameter grinding wheel. Axial spacing of each element was
appreximately 50 pm and the togal assembly produced a wheal approximately £ mam thick. Figure
1 shows a view of one of the elements. It was photochemically machimed from 30 pm
molybdeoum shest, The elements wets held in place by an epoxy impissnation after the wheal
was assembled. A detailed view of the Mo tecth on one clement is shown in Figure 2. The testh
were each 25 pm wide at dhe OD with a slight taper, and coated on all surfaces with
approximately [0 um thick CVD dismond using a de plasma torch, Thus, abmsive elements of
approximately 45-50 pm cross sections were cteated, simulating a 320 gt abrasive.

The CVD diamond wheel design was modified after the initial screening test (reported
under Task 1.3). Daring this period the design work Tor a modified substrates for the CVD) coating
process was completed, and the substrates were ardered for coating and evaluation in the next two

month period. The wheel substrate was modified from an arrey of segments to a full wheel rim
preform, necessitating modifications 2o the coating apparatus.  The new substrates wess ordered
and completed. The desipn has changed from an armay of segments to a full wheel rim,
necessitating modifications to the coatmg apparatis,

Several wheel preforms were coated with CVI)} diamond under different deposition
conditions. Unlike the initial deposition trial, we pre-nucleated diamond on the preform before
diamond coating. This pre-nucleation was 10 increase nucleation density, theraby ceducing grain
size and increasing the strength of the diamond coating.

We plan to perform pre-screenming cut-off grinding fests on thege thin wheel preforms
prior to selection of the optimum deposition condition. If grinding performance is favorable, we
may tabricate a full thickwess wheel from preform layers for evaluation in the cylindrical phmge
mode sereening test.
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Figure 1 : Abrasive elemsnt from the CVD wheel
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Task 1.3: Screening Wheel Grinding Test and Data Analysis

Grinding Test Description - The screening tests of the 76 mm wheels were complatad. The
screening test was done in a plunge grinding mode on an instrumented Okoma CNC cylindrical
grinder at controfled feed rates. The siakon ceramic workpieces were 112 mm diameter rings x
10 mm ID x & mm thick mownted on a specially designed and manufactured arber that, in tern,
was logated and mounted precisely on the machine. Thus, it was possible to remove the
sworkpiece together with the arbor for the periodic examination of the ground aurface, and to
put it hack on the machine 2t the same location. To maximize the testing data, we conducted
short grinds at two material removal rates on all wheels followed by longer runs on a selecied
few wheels. Figure 3 shows the ceramic specimen and mounting assembly. Figure 4 is the
Okuma grinder test set-up showing the ceramic specimen, the 76 mm test wheel showing the
wear zone amd the dressing wheel.

A harmonic response (“hamines™) test, of the Okuma cylindrical grinder was conducted
with the help the University of Connecticut. The objective of this cxercise was to determine
the susceptibility of the machine to produce chatter on ground workpiece and make any
modifications if nesded. Chatler is caused by a grinding machine that is tco compliant for a
given operating condition. The harmonic respense test determines the stability limit defined by
the squation

A1/ 2kwt1/2ks+1/K)=Ren

Where kw is the cutting coefficient, kg is the wear coefficient and k is the contact stiffness and
Rep, iz the maximum negative real point on the machine curve. The maximum negative real
point, Rey,, is determined during the test and, for stability, checked to see if it is greater than
the sum of the varicus factors on the left hand side of the equation.

Praliminary reaults indicated that the grinding system had adaquate stifiness for testing
with 3™ wheels in all directions. Experimentally, there was no tendency for chatter in all our
tests. The University of Connecticut submitted their report on the "Hammer Test". The test
indicated that the spim:lir. stiffness is very high in all directions, except one. However, in this
direction the stiffness iz of acceptable valun as evidenced by tha lack of chatter on the
workpisce in all our tests at up to 8.6 mm *fsfmm (8 ind/min.fin. »

ot sl g Results - We evaluated approximately 45, 76
mm (3") dlamater screanmg whee!s at various plunge conditions grinding sialon disks, Our
objective was to identify some experimental specifications for grinding wheels that would
grind with low power and forces, provide acceptable whee] life and have less tendency of
wheel loading. In summary, we demonstrated excellent grinding results on many experimental
bonds. As predicted from earlier bond wear and strengths tests (Task 1.13, many sxperimental
metal bonds exhibited intermediate grinding action between the standard resin and metal
bonds. These experimental bords had significantly superior grinding resvlts aver the standard
BE0 resin bond wheels. The standard commercial matal bonds tended to be too hard acting for
ceramic plenge grinding and demonstrated high power consumption and loading, Examples of
grinding resufts are discussed below.
Figures 5a-d are data for a series of experimental bonds made ffom a standard meial

bond wheel with different levels of induced porosity (wheels #12, #13 and #5, in the direction
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Dressing

Tast Wheel
{76 mm)

Figure 4. Okuma cylindrical prinder plunge screening test.
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of increasing porosity). A standanf resin B80 wheel, commonly used for grmdmg of ceramics,
is also shown for reference. ﬂwmmmlmnovalratewassetat{ﬂs m.r‘min.-"m] The
grinding tests on these were also done at low removal rates of 4.3 min faimm {04 in */min./in N
and the resulis were similar, althongh the differences wers less pronounced. Figuras 5a, b, ¢, d]
plot the relative spindle power, grinding ratio, normal force and tangental force, respectively,
versus cumulative material removed (or grinding time). Wheel #12, with the lowest level of
induced porosity, was the best wheel in this group. This whesl drew lower power than the resin
wheel and had over an otder of magnitude higher grinding ratio (ratio of material removal rate
to wheel wear rale) compared to the standard resin bond wheel. Higher levels of porosity
tended to lower normal grinding forces but decreased wheel life significantly. The standard
metal bond that these experimental bonds were based (not shown) had severe loading, causing
sndden mereases in forces and power levels. While these experimental bonds, especially #12,
showed good results, other compositions that were tested subsequentty led to better pgrinding
performances in terms of lower spindle power and less tendencics for wheel loading,

Figures 6a-d are another series of experimental metal bonds and inctudes a standard
resin (B30} and a standard metal (DM 17) bond. This series of 7 experimental bonds plotted in
Figure & represents both the inclusion of » pore inducer (PI2) at different levels, and a
compositional change to the standard metal bond. Pore inducers were an attempt to give better
controlled wear and less tendency for wheel loading. Bonds with the highest levels of pore
inducers caused manufacturing problems and these wheels were not tested. Metal composition
changes were designed to modify the strength and ductility of the bond. In this series, wheel
#25 was considered the most promising composition. This whee) ground at low forces and
power and had grinding ratios significantly superior to the standard resin bond. While this
wheel did not have the highest grinding ratio of the experimental bonds, it demonstrated
reduced wheel loading tendency due to controlled breakdown of the bond. The poor
performance of the resin bond was attributed to excess abrasive wear and bond rubbing at these
high removal rates. Note the standard metzl bond, while showing high grmdmg ratics, had a
dramatic drop in grinding ratio and rise in force and power at about 7.5 in, 3fin. cumulative
material removed. This indicated severe lading and the nead for dressing. Many
experimental bonds were able to prind effectively up to 28 i /in. {> 3.5 times the stock
removal) when the test was ended. This illustrates the superiority of this experimental serjes.

Several other compositions {not shown here) were tried including different levels of
hexagonal boron nitride and graphite as sofid lubricants, These wheels exhibited some
manufacturability problems andfor had poor grinding performance results, such as high spindle
power and wnacceptable wheel wear.

Identification of superior bond systems can be masked by incomect selection to
diamond type end conmtent. Therefore, we evalvated different abrasives and abrasive
concentrations in many experimantal bonds.

Figure 7 shows the effect of thres different diamond types in a metal bond that showed
promising rasults in carlier tests. D1 (#35) was an uncoated diamond type while D2 and D3
have metal coatings on them to enhance adhesion between diamond and bond. The coated
diamonds improved the wheel life as shown in the relative grinding ratio plot, with minor
differances in spindle power, but also generated higher normal grinding forces compared to
wncoated diamonds, There was also evidence of wear flats on the coated diamonds. Grinding
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with diamonds having wear flats ("dull" diamonds) generaie higher normal grinding forces
campared 10 sharp diamonds leading to more grinding damage on the ceramic. The results also
suggest that the bond wear and abiasive grit wear rates were not well balanced for these coated
ahrasive-bond combinations. A better hond would releaze the abrasives sooner and would also
lower the grinding ratic values, The recommended diamond type may be adjusted after we
complete grinding damnage assessments in Tasks 1 and 2.

Thres different dizmond concentrations (100 = 25 volume percent) were tested and an
example of the grinding ratio results are shown in Figure 3. Higher diamond concentrations

{within the range of test conditions) resulted in enhanced wheel life. The optimum
concentration would be decided after considering other factors such as spindle power, grinding
farces, frequency of truing, e

The grinding ratio versus bond hardness for a set of wheesls containing the same metal
alloy compesition but different levels of pore inducer PI2 is shown in Figure 9. Tha hardness
dropped with increasing levels of pore inducer P12, as did the Grinding Ratio, leading to a good
correlation betwesn hardness and Grinding Ratio for a given metal bond composition.

Figura 10 summarizes much of the screening test grinding data on sialon disks. These
plots compare the grinding performance of standard resin, metal and experimental bonds at 2-3
cut rates for one type of friable abrasive, Nﬂtﬂ that the data presented in Figures 5 and 6 above
are for the higher metal removal rate (0.8in./min.,in.). The relative performance of the resin
bond is somewhat improved at the lower matecial removal rate as expected. The metal honded
wheels required frequent dressing, using a 5iC abrasive stick, at all conditions. For improved
grinding performance an order of magninde ephancement im prinding ratio values is needed
relative to the resin bond. This is due 1o resin bood's rapid breakdown ot high stock removal
rates. Such a breakdown necessitates frequant regeneration of the wheel profile and hence
increases machining cost. The shaded regions in Figure 10 represent the ranpe of values for
spindle power, grinding ratic and grinding forces generated with some of the experimental
metal bonds. These experimental bonds generally had significantly higher grinding retio than
the standard resin bond and comparable to the metal bond, yet the force and power
requirements were maore favorable than both standard bond systems.

In conclusion, the screening tests identified very promising wheel specifications that
performed superior (o standard resin and metal bonded wheels. We met the Task 1 objective to
identify improved wheel compasitions for manufacmring scale-up to 203 mm wheels in Task 2.
The required characteristics of such wheels are: (1) to grind with equal or lower power than
the cumrent resin bond {(B80) used for ceramic grinding, (2) to wear in a controlled manner in
order to expose sharp cutting peints and maintzin good grinding action {as opposed to the
conventional siandard metal bonds), and (3) to provide satisfactory wheel life values between
those of existing standard metal and resin bonds.

i i inding Results - The first CVD dismond wheel was
tested on tha {}huna CNC L‘rj"]llfll.']ﬂl:ﬂl grmdmg machinz in a plungs pgrinding mode. The
workpiece material was the standard sialon nsed fix the Superabrasive wheel screening tests,
excepd that the disk was 3.8 mm thick. The thinner cetamic disk was to compensate for the
slightly thinner CVD wheel, thereby avoiding possible edge effects in the plunge test. The
scresning test conditions were as fallows:
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Surface speed: 32 m/s (6252 sfpm)
Infeed rate: 12 pmfs

The CVD grinding test was disappointing and the configuration was unable to grind
effectively. As the wheel encountered the workpicce, the normal force on the workpiece rose
rapidly. After 20 seconds F, exceeded 500 N and the test was terminated to avoid damage to the
grinding machine.

Optical mspection of the workpiece and the whesl showed little stock removal from the
workpiece and significant buming of the wheel face. We observed also radial cracks in the wheel
face, which were also probably caused by overheating.

Figure 11 shows a scanning electron micrograph of one teih in the CVE wheel afier use.
In the center of the picture the molybdenum core of the iooth is visible; the cuter end of the tooth
core is below the picture. Residual diamond coating is visible over the upper end of the tooth. The
rest of the material is the epoxy matrix: the white highlights are instrument antifacts cansed by
charging of the non-conducting regions.

fake 3 DBER

CVD Diamond Coating, Mo tooth

Figure 11, Scanning electron micregraph of a CVD diamond grinding wheel tooth after
plunge grinding test.

The micrograph suggests that diamond tended to crack way from the tooth cores well
below the tip of the tocth. We postulate two reasons for this. First, the smength of the diamond
and its bond to the molybdenum may have been insuificient. Second, the long aspect ratic of the
tooth and the large difference in flexural modulus betwesn molybdenum, dissnond and epoxy
(perhaps a factor of 500) may permit the tooth to flex in & manner that led to premature cracking
of the diamond, Although we did not appreciate their significance at the time, (after buing, tmt
before testing, the wheef) there was evidence of azimuthat cracks in the diamond down to the
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visible limit (approximately 100 pm below the surface of the wheel). Figure 11 shows azimuthal
cracks in the Mo tooth. We believe that the reasan why the whee] did not grind effectively in the
test was that diamond prematurely spalted away from the teeth.

The results indicated 2 need for significant modification to the whesl system design. We
prepared modified wheel designs that will both, improve the system stiffness charcteristics, and
adjust the CVD process conditions to improve diamond characteristics and adhesion. Details of
the CVD diamond wheel redesign were discussed above under Task 1.2. We will test thin plunge
wheels on sialon samples t confirm that grinding action iz achieved. If successful, a full
thickness plunge grinding wheel may be fabricated and tested in the conventional screening test
conditions.

1 Srami i inding Llamage -Dphcalmmmcnpyd:dnntrevml
grmdmg cmks in ﬂw saremmgtust dlsks Selected disks are being prepared for compression
"C-Ring" mechanical tests, These tests will evaluate the strength of the ground OD. For the
"C-Ring" test, tensile stresses will be paralle]l to the grinding direction. Dye penetrant
evaluation will be done before testing.

More comprehensive flexure testing is scheduled for the Task 2 rods. Stresses
generated during flexural testing will be normal to the grinding divection, which is more
meaningful for a cylindrical grinding damage evalation,

TASK 2: Design and Prototype Development
Task 2.1: Final Superabrasive Wheel Experimental Design

Based on the results of Task 1, the Task 2 experimental degign was completed. The
test whesl specifications wers selected from a short list, determined from the screening tests of
76 mm (3"} diameter wheels in Task 1. Approximately 6 wheel variables were selecied for
further study. The variables included metal composition, induced porosity level, diamond
comcentration and type. The standard wheel for this test was the standard resin bond product.

Task 2.2: Fabrication of 203 mm (3") Wheels and Ceramic Specimens

We encounteted some expected manufactoring problems in the scale-up frown 76 mm
to 203 mm diameter whesls for some of the sxperimental bonds. Thess wheels did not meet
quality specifications of the original screening test wheels. Some of these specifications are
being modified and re-made. However, four experimental wheels met design specifications
and were mccessfully tesied.

We completed all the required ceramic rod specimens this period. Three types of
ceramics are scheduled to be tested in Task 2, NCX-520 sialon (tested in Task 1), NCX-5102
HIP'ed silicon nitride, and AZSTHS ziconia toughened alamina (ZTA). The rod dimensions
wers approximately 27 mm diemeter X 79 mm long. The sialon and HIP'ed 815N, rods were
fabricated and characterized at the Northboro Research and Development Center. As reported
last period, the ZTA rods were fabricated by Norton Advanced Ceramics, (Export, PA).
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Task 2.3: Grinding Evaluation of 8" Wheels

The grinding tests using 203 mm (8"} experimental wheels on NCX-520 sialon are in
progress. While the data is being analyzed, preliminary 203 mm wheel test results show that
two sxperimental metal bond specifications are potential candidates to significantly improve
the grinding of advanced ceramic materials.

Grinding Test Description - The grinding test is being performed on the instrumented Okuma
cylindrical grinder in Norton's World Grinding Technology Center. The ceramic rods, 27 mm
diameter by approximately 79 mm long, are being tested in both the cylindrical plunge mode
and transverse mode. The grinding test was designed to provide flexure test rods of the final
65.35 mm diameter ground in the fransverse mode for subsequent svalpation of machining
damage. For each test wheel, the initial 27 mm red was plunge ground, wsing 6.35 mm of
wheel width, to 6.2 mm diameter. The rod was then indexed by 6.35 mm axially and plunge
ground again. This sequence was repeated nine times per rod and several rods per wheel
specification. Within a given plunge. the removal rate was maintained at the desired level by
increasing the work speed and radial infesd, pariodically. The power, forces, wheal wear and
red surface finish were measured. The rods were subsequently transverse ground in one
direction, at a depth/pass of (.013 mm, to the final 6.35 mm diameter. Figure 12 shows typical
tods after grinding tests displaying the original and final diameters (the large diameter end was
held in the chuck). These test rods were sent to NRDC for flaxure sirength and grinding
damage evaluation.
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Figure 12. Sialon specimens afler cylindrical grinding test and prior to flexural sirength
testing. Specimens = ~79 mm long. Original diameter =25.4 mm. Final diameter =6.35 mm.




165

Preliminary Grinding Resulis « To date, two wheels demonstraied grinding ratio values an
order of magnitude better than the cument resin products. Additionally, the power consumed
by these matal bonded wheelz were up o 30% lower than that of the resin bonded wheels at
those retnoval rates, primarily due to their betier abrasive grit retemtion.

The experimental metal bonded: wheels could also be dressed easily with an abrasive
stick, if and when needed. In order to lower the power and noise levels during the grinding
tests, the diamond wheels required periodic dressing with an abragive stick. The experimental
wheels required approximately 75% less dressing than the standard resin bond tested at the
tested grinding rates. The resin bonded wheel needsd dressing approximately every fifth
plunge grind compared to every twentieth grind for the best axperimental metal bonded whesls.
In the case of the resin bonded wheel, the prinding action appeared to knockout the abrasives
too frequently, necessitating a dressing operation that would erode the bond and expose new
abrasive grits for grinding. Conversely, stick dressing at higher power and noise levels in the
metal bonds was necessary to release the wom, flat abrasives that were held too long, and erode
and expose shasp new grits. This mechanism was confirmed by viswal examinetion of the
wheels by optical microscopy prior to dressing, which showed significent abrasive pullout in
the resin bonded wheel, The wheel wear rates of resin bonded wheels were constant while that
of the experimental metal bonded whesls decreased with time, again confirming this hypothesis
that the abrasives are held well in metal bonds. Unlike the Iaborions dressing of standard
commersial metal bonds, stick dressing of these experimental metal bonds raquired minimal
effort, leading to a drop in grinding force and power levels to their original levels.

All test wheels contained 320 grit diamond abrasives. At the relatively high test
removal rates, the surface roughness value of workpieces plunge ground with the resin bonded
whee| remained nearly constant at approximately 0.4 pm Ra due to the continwous release of
worn abrasives. The roughness of the ceramic workpieves ground by the experimental metal
bonded wheels were initially similar, but tended to increase gradually up to about 0.7 um Ra
with grinding time. Release of worn grits by dressing improved the finish and brought it to
original levels. Surface finish after the transverse grind tests were constant at about 0.43 pm
and 0.51 wm Ra for the resin and meial bonds respectively.

Additional 203 mm dismeter test wheels are being manufactured for testing on sialon
rads, Selecied experimental wheels and the resin bonded stamklard will also be evaluated
grinding NCX-5102 HIP'ed silicon niiride and A% 67H zirconia teughened alumina.
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Status of Milestones
Milestone 1.1. Requirements Definition and Experimental Deasign -- Complated

Milestone 1.2. Screening Test Wheel Manufachiring — Completed for Superabrasive whesls.

Milestone 1.3-4. Screening Wheel Test and Data Analysis ~ Completed for Superabrasive
wheels and first CVD wheel. CVD wheel reiterations and testing rescheduled.

Milestore 2.1, Final Superabrasive Wheel Experimental Design -- Completsd

Milestone 2.2. Fabrication of 8" Wheels and Ceramic Specimens -- Completed. Some 8"
whee! specifications are being remade.

Milestone 2.3, Grinding BEvaluation -- In Progress, On Schedule
Milestone 2.4. Fabrication of Wheels for MMES -- On Schedule

. ications/Visits/Travel

Trevor Howes and George Bailey, University of Connecticut OGRD visited Norton Company
World Grinding Technology Center to perform Harmenic Response (Hammer) Test.

R. H. Licht and E. Lilley to the Cost-Effective Machinimg of Caramics Warkshop {CEMOC),
QOak Ridge, TN, Avgust 23-25, 1994,

Bublicafions/Presentations

Development of the Next Generation Grinding Wheel, R. H. Licht, 5. Ramanath, M. Simpson,
E. Lilley, Presented at the CEMOC Workshop, August 24, 1094,
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C.Guo,R, T Chand, 2nd N. Krishnan {mmnnlcm'rechmcammm:cs, Inc,)

1 jectiva/Sctope

The objective of this program is to develop a cost-effective methad to determine the
grindability of ceramics leading to cost-effective methods for machining such ceramics. In this
first phase of activity, Chand Kare Technicat Ceramics is engaged in directing its efforts towards
review of literature related to ceramic grinding, development of a vaziable definition of
grindability, design of grindability test experiments, and design of a ceramics grindability test
sysiem (CGTS). The grindability study underway also includes establishment of cosrelation
between the grindability number and the conventional grinding practices.

2 Technical Highlights

The technical progress to date is summarized by activittes in the attached Milestone
Schedule. The remainder of this section describes activity during the past six months which
includes literature review, design and fabrication of the test machine, preparation of test
specimen, screening of suitable diamond belts, and initial grindability test results.

2.1  Literature Search and Study

Planned literature search and study have been completed, Of course, any new
development in this area will be followed.

2.2 Selection of Diamond Belt

Structurally, there are two types of diamond belts available. In one structore, diamond
grits are deposited on the base material in a form of a series of diamond cluster. We call it

cluster-type belt, Extensive investigation about this type belt has revealed that it is not suitable
to grindability test application. First of all, this type of belt was dﬂs:lgned for polishing which
means that the diamond grits are very fine. The coarsest available grit size is 30 microns which
is not suitable for material removal as reguired in grindability test.

For the second type of belt, the diamond grits are randomly deposited on the base
material. The belt manufacturer can supply bait with very coarse grit size (up to 100 mesh size)
which is suitable for grinding with much higher material removal rate. This belt is chosen for
prindability test.
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In order to test the grinding capability of the chosen belt, a preliminary test rig was
developed. The test rig was mounted on a milling machine. An aluminum wheel was mounted
on the spindle (where the milling cutter used o be mounted) and was used to drive the diamond
belt. Another wheel was vertically mounied on the wark table to support the belt and apply
tension to the belt. The belf rension was adjusted by moving the work table. The belt speed was
varied by changing ihe spindle speed. Various ceramic bars were forced against the bekt
manually while the belt was running at different speeds. Preliminary tests have shown that the
selected belt is capable of prinding various commercially available ceramic materials.

2.3  Development of the Test Machine

The development of the grindability test machine has bean completed. An illustrative
skatch of the tast machine is given in Figure 1 to show the mechanisms of its operation. The
machine is designed 10 measure the material remeval rate under controlled force grinding. This

Timer
/ F
support specimen
. wire
moving plate ﬁliding rod
stationary p[aN 4 N I Tension whe=]
i vl

\

Driving wheel

pOMC

Hamond belb ,,_,s

Figure 1 A sketch of the test machine

material removal rate will be used 1o measure the grindability of a ceramic material after it is
normalized by the applied normal gnnding force per unit area of contact and the belt speed used.
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This normalized material removal rate can also be further used to correlate belt grinding with
wheel grinding, controlled force grinding with controlled infeed grinding, which is planned for
the next year.

The test machine consists of & diamond belt driving, adjusting, and tension unit, a
specimen positioning, holdieg, and indexing unit, a controtled force application unit, a fast feed
and fast retract unit, a coolant supply unit, a fiming unit, and a machine base. Belt dimensions
are chosen to be: 30 inches long and 2 inches wide. The belt speed is around 4,500 feet/min
{22.86 mfsec). The belt is driven by an electric motor of 1 horse power. A stationary platen is
placed beneath the belt to overcome the grinding force. The specimen is forced to the platen
portion of the belt under a controlled force. After grinding a predetermined period of time, tha
spectimen is retracted quickly. For the nexi test, the specimen is indexed across the belt width
to utilize a2 new portion of belt surface.

The belt tension is adjusted wsing 2 preloaded spring with 2 mechanism for quick belt
change over. A mechanism is also designed 1o adjust parallelness between the center of the
driving wheel and the center of the idle wheel. The purpose of this adjustment is to maintain a
newly installed belt to the center of the contact wheel. The fast feed speed of the specimen
toward the beit is controlled with an air cylinder. A coolant supply system is incorporated with
the t2st machine to accomplish wet grinding operation. A timing system is also incorporated with
the tast machine to account the actual grinding time. A desired grinding time can be programmed
into the timer.

Controlled force is accomplished by adding weights which is considered to be simple and
rejiable. Other oplions were also considered. With pneumatic cyiinder, load cannot be
maintained to a constant value if pressure fluctuation exists in the air line, Also, the availability
of pressurized air may impose limitation, If hydraulic cylindzr is chosen, a hydraulic system is
needed for the test machine which can make the machine complex for desktop application. One
of the limitations of torque control motor is that the torque output varies during one motor
revolution, This variation will be more evident when the motor is running at low speeds. In our
application, the infeed is very smali, especially with hard to grind materials which requires that
the motor run at very low speeds. The weight option turns out {0 be the simplest and most
reliable method.

The operation of the test machine is as follows (see Figure 1): After a specimen of
known length is mounted and the imachine ts started, the air eylindar will lower the moving plate
at the preadjustad speed. As soon as the specimen concacts the belt (grinding begins), the circuit
is broken and the dmer starts caunting down from the programmed cycle time. When the cycle
time is over, the air cylinder fast retracts the specimen. This completes one test. The specimen
is then removed and measured for stock removal,

An averview oF the test machine is given in Figure 2, A view of the system without the
base is given in Figure 3. Top, lefi and front views of the machine are given in Figures 4, 5 and
6 respectively.
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Figure 4 Top view of the test machine
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Figure 5 Left view of the test machine

eLY




& O ]

Figure 6

Front view of the test machine
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2.4  Preparation of Test Specimen
Specification of standard MOR bars (3 by 4 mm cross section) is chosen as the techmical
requirements for specimen used to test grindability of ceramic materials. Eight ceramic materjals
were requested from various material suppliers around the country. For the fiest set of tests, ten
MOR bars from each material were manufactured.

List of Materials to be Tested

Silicon Nitride: G844 Allied Signal Ceramic Components
Silicon Nitride: GN10 Allied Signal Ceramic Components
Silicon Carbide: Hexoloy 8A Carborundum

Silicon Carbide: CVD Meorton Advanced Mateniais

Aluminum Oxide: WESGQO 998  WEIGO

Aluminum Oxide: Coors AD 99.8 COORS {Not received yet)
Siticon Carbide Norton Company {Not received yet)
Silicon Nitride Morton Company {Not received yet)
Ziconia Neorten Company {Not received yet)

2.5  Initial Grindability Test

In the original design, the specimen was mounted on a slide which was supposed to move
up and down freely. But some initial tests have showed that the variation of the friction drag of
the slides has significant influence on stock remaoval, Three different MOR bars were ground for
15 seconds under a load of 450 grams with botly a coarser belt (100 grit size) and a finer belt
(220 grit size). The results are sumimarized in Table [.




Table 1

[nitial test vesult

Coarser belc (100 grit size)

Initial Final Amount Normalized

Material | length length removed | infeed rate
(IN) {IN) (IN}) (mm/sec)

i 1,969 1.933 0.036 0.166

2 t.851 L.o43 0.207 0,954
1.997 1.720 0.277 1.277

Finer helt (220 grit size)

Material Initizal Final Amouni Normalized
length length removed infeed rate
{IN) {IN} {IN) {mm/sec)
1.933 1919 0014 0.065
1.643 1.580 0.083 0.382
1.720 1.603 0.117 (.539

2.6 Preliminary Grindability Test

Aftar the modification of the west machine, more tesis were conducted. Test conditions
are as follows:

Test Condition

Belt speed: 22.86 m/s (4500 SFPM)
Load: 1000 prams

Specimen: 3 x4 mm MOR bar

Wet grinding: Q=0.5 gal/min
Cyele time: 30 seconds

For the preliminary 1est, five ceramic materials were tested. Some results of stock
remeval are given in Figure 7. The average removal rates is given in Figure 8. It can be seen
that .227 inches was removed for WESGO aluminum oxide, 0.189 inches for Carborundum
Rexoloy SiC, 0.147 inches for Morton CVD SiC, 0.043 inches for Allied Signal silicon nitride
G544, and 0,041 inches for Allied Sizgnal silicon niride GN{0. If WESGO aluminum oxide 15
chosen as reference material, the grindability of the tested materizals will appear as shown in
Figure 9. From this preliminary iest, il can e seen that silicon nitrides, silicon carbides, and
aluminum oxides have very different grindability. More iests are planned to distinguish the
differences in grindability of materials from the same group, such as various silicon niteides.
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Stock removal for various materials tested
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Figure 8 Average stock removal for various materials tested
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3 Status of Milestones
See the attached upedated Milestone schedole.
4 . inications/ Visits/ Travel
On October 24, 1994, Mr Keith Costello and Mr. Natesh Krishnan attended a meeting

at Oak Ridge Mational Laboratory. Mr. Keith Costello also did a preseatation at the mesting
about the program progress and the definition of the gnindability.

5 | nCOUER
None
ﬁ B I ]t It

A paper titled "Cost Effective Method to Determine the Grindability of Ceramic
Materials" was submitted to Automoabile Technology Development Contractors Coordinating
Meeting, which will be presented at the conference by Mr, Changsheng Guo.,
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Grindi imization for Advanced C
Lewis K. Ives, Said Jahanmir, R. Gettings, and L. Wai
{National Institute of Standards and Techneclogy)

Objective/Scope

The overall objective of this project is to develop guidelines and recommendations
for grinding eptimization of advanced structural ceramics to achieve minimum cost and
maximum reliability. The following steps are being taken to achieve the objective:
conduct grinding experiments jointly with industoal participants, determine effect of
grinding paremeters on machining damage and strength, elucidate mechanisms of material
removal and damage formation, evaluate several damagze detection techniques, and transfer
data and mformation ¢ industry in computerized database format.

Background

The goal of the ceramic machining program at NIST is to provide measurement
methods, data, and mechanistic infarmation needed by industry to develop innovative
cost-effective methods for machining advanced structural ceramics. Research projects are
carried out jointly with industry and academic institutions under the auspices of the
Ceratnic Machining Consortium. Currently, the consortium has twenty memberss -
Ceradyne, Inc.; Cincinnati Milacron, Inc.; Corning, Inc.; Dow Chemical Company; Eaton
Corporation; Eonie, In¢.; Ford Motor Company; General Electric Company; Ganeral
Motors Corporation; Georgia lastitute of Technology; Norion Company;, SAC
International, Ltd.; Stevens Institute of Technology, Texas A&M University; Torrington
Company; Tower Ol and Technology Company; University of Maryland; University of
Rochester; W. R. Grace & Company; and West Advanced Ceramics, Inc. Consortium
members participate in these projects by providing materials, testing, advice, and other
in-kind contnibutions. Funding for the projects, in addition to the DOE - Ceramic
Technology Project, 15 provided by the NIST - Ceramics Division and the NIST -
Standard Reference Data Program. Highlights of the projecte that are funded in part by
DOE are described below.

Technical Progress

Introduction

Grinding with diamoad wheels is the most prevalent method of machining
advanced ceramics.  This machining method is highly complex and its optimization
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requires datailed knowledge of many interdependent factors. The major elements of a
grinding system are the grinding wheel, the grinding fluid, the machine {o0l, and the
workpiece. Each of these is associated with several parameters that can influence the
grinding process. For example, the type of diamond grit, its size and concentration, as
well as the bording material control the behavior of the grinding wheel. The chemical
and physical properties of the grinding fluid, and method of delivery to the grinding zone
contribute to the grinding rate and the quality of finished surface. The variablas used in
grinding such as feed rate and wheel surface speed, and the machine tool characteristics
such as stiffness and vibration are major factors in grinding. The workpiece material and
its properties are important factors in the selection of the grinding parameters since each
material responds differently fo the grinding action.

Optimization of the grinding process consists of finding the most appropriate sei
(or sets) of parameters to be used for each material such that a maximum machining rate
is abtained and at the same time relevant performance parameters such as strength and/or
surface roughness are maintained at the required level. This objective requires data and
information on the effect of grinding parameters on matenial removal sate, sirength,
gurface roughness, surface integrity, residual stress and others. In additien to these data,
detailed information on the mechanisms of matenial removal processes, and reliable
methods for damage detection are requirad.

Grinding Optimization

The primary focus of the program is on determining the relationship between
grinding conditions and grinding induced surface damaze. In general, surface and
subsurface cracks are the most important form of machining damage in ceramics, and in
other britfle materials az well. At the present time there is no suitable non-destructive
means for characterizing machining damage and relating the damage characterization
measurements to performance, Instead, a performance test is conducted to assess the
effects of machining damage. In this program a flexure test utilizing the four-point
bending configuration is used o determine the influence of grinding conditions and the
related damage on flexure strength. Details of the flexure test procedure which is being

employed are described in ASTM Standard C11861.

Once the grindability data is obtained and carefully evalvated, it will be
incorporated in a PC database which will be available on floppy disks. In addition to
strength data, data on surface roughness, grinding forces, and wheel wear will be included
in the daiabase, The design and search structure of the database program were formulated
by NIST with technical guidance from Consertium members.

Currently, work is underway to generate grindability data for three different silicon
nitnde ceramics. They consist of a reaction bonded material (RESN), a sintered reaction
bonded material (SRBSN), and a sintered material (SSN). In addition to being prepared
by different processing methods, the materials differ in composition, microstructure and
mechanical properties. The SRBSN and $SN materials are homogeneous, low porosity,
high strength ceramics while the RBSN material has a relatively high porosity and
comparatively lTow strength. Selection of the materials {(provided by consortium
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members), choics of grinding parameters, and the general approach taken in the present
test program were established by two preliminery series of tests described in previous
reports. The present effort can therefore be treated ag the third phase of a program to
develop gnndability data for the selected matenals.

Four test parameters with two values for each were chosen for evaluation. These
parameters are given in Table 1. Three of the parameters, down feed, table speed, and
wheaal grit size, are grinding variablag which can have a direct aeffact on the intreduction
of damage. The fourth parameter, grinding direction, concems the anisotropy of the
damage mtroduced by the reciprocating grinding method employed, and the sensitivity of
the flexure test to that amsotropy. Thus, it is generally found that the plane of
microcracks introduced by grinding tends to lie parallel to the direction of geinding, The
greatest sensitivity 1o these microcracks is observed when the tensile axis of the four-
point-bend flexure test specimen is perpendicular to the plane of the microcracks and the
corresponding grinding direction. Therefare, the greatest sensitivity to grinding damage
is expected when the grninding <rection 5 perpendicular to the long axis of the test
specimen, and the least sensitivity when grinding is parallel to the long axis of the test
specimen.

Table 1. ASSIGNED VARIED PARAMETERS

CONDITION 1 2
TABLE SFEED 0025 mfs 0.125 m/s
(4.9 ft./min.}) (24.6 ft.fmin.)

3.050 mm €125 mm
DOWN FEED (0.002 in) {0,005 in.)
WHEEL GRIT 1404170 30/100
GRINDING Longitudinal Transverse
DIRECTION

To evaluate the three slicon nitride ceramics for all combinations of these
parameters would require 1440 specimens, recognizing that 30 specimens for each
condition ace needed for reliable Weibull statistical evaluation. FEight consostium
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members agreed to conduct grinding experiments. However, for each member to evalvate
all combinations of conditions wonld be prohibitively expensive, both i terms of the
number of specimens required and the amount of time necessary for grinding and testing,
A design of experiments approach was taken resulting in a test matrix that required each
member to assess four combinations of condittans for each of the three silicon nitride
materials. This reduced the required number of specimens to 2880 (360 per member).
The design incorporated two repetitions of each combination of conditions by two
different members, thereby providing for an evaluation of experimental reproducibility.
Additionally, two members have volunteered to carry out optional tests which will
examine certain conditions that lie outside the bounds of the formal test framework. These
optional experiments in¢lude an investigation of creep feed grinding , the measurement
of erinding forces, and the determination of grinding wheel wear. An outline of the basice
steps to exaecute the planned grinding sxperiment is as follows:

® Obtain billets of silicon nitride materials and prepare 3000 flexure test bars
according to the procedures and specifications in ASTM Standard C1161-
90. The bar dimensions are those prescribed in the ASTM Standasd for a
B-size bar (3.0 mm thick by 4.0 mm wide by 454+ mm in length), except
the thickness iz sat at 3.125 mm to allow for material removal during
experimental grinding. In addition, chamfzars are not ground on the edaes
of the face which will be subjected 1o experimental grinding. This face is
the tengile face in the fexure fest.

® Numbered each specimen to identify batch, billet, and location in the billet.
To minimize the possible biaz associated with the variation in specimen
properties due to systematic batch-to-batch or other preparation differences,
randomly select specimens in sets of 30 for assignment to the participating
consortium members.

* Prepare detailed instructions for each participant describing grinder setup,
specimen mounting, wheel mounting and dressing, and data reporting.

Package each set of specimens together with the assigned grinding
conditions and ship to each participant
® Together with the specimens, deliver to each participant two specially

prepated resin-bond diamond-grit grinding wheels (1404170 grit and 80/100
gtit prepared by one consortium membet under controlled conditions for

this project).
# Each participant conducts grinding according to instructions.
& Final two chamfers are applied to experimentally ground face by a single.

® Flexure strength tests and fractographic examination conducted at NIST.
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*  Surface roughness measurad at NIST,

#  Statistical evaluation of data dons at NIST.

® Datz introduced into database,

At the end of this reporting period, six members had completed their assigned
grinding tasks and flexure tests have been carried out at NIST on these specimens.
Preliminary Weibull statistical evaluation had also been carried out using a maximum
likelthood fitting method with unbiasing to determine characteristic strength and Weibull
modulus for each material and combination of grinding conditions. Typical Weaibull plots
are shown i Fig. 1 and 2. The fit to the Weibull probability curve is seen to be very
gaod in Fig. 1, while for Fig. 2 the fit is relatively poor at low strength values. Although
gaood fit does not necessarily signify that failure was due only to a single flaw population,
for the case of Fig. 1 fractographic examination indicated that all failures could be
associated with machining induced microcracks. For Fig. 2, failures were found to be
azsociated with machining flaws and with inherent inclusions. It i clear that in the
assessment of the influence of machining damage on flexure strength, account must be
taken of the flaw population that 1s responsible for failure.

WEIBULL PLOT FOR 55N {TEST 2-10)

CONDRIONS: TABLE 3PEED » D0 m/n {48 ILN. ]
YN FEED * ¢ 125 mm (000 (m.)
WHEEE GRIT & L20NTE
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Figute 1. Weibull plot of strength data for the SSN material for one combination of
grinding conditions
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WEIOULL PLOT POR RBSH (TEST 2-4)
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Figure 2. Weibull plot of sirength data for the RBSN material £for one combination of
grinding conditions.

Figures 3 and 4 present a summary of the resulis obtained so far with respect 1o
the influence of grinding conditions on flexursl sirength for the three silicon nitride
materials studied. The grinding conditions plotted on the abscisse are designated by the
numbers 1 and 2 whick refer fo values given 1n Table 1. The least severe combinations
are located at the left end of the scale and the most severe conditions at the right. The
final ranking of each combination of conditions will, of course, be determined by the
outcome of the tests. Results for specimens ground in the longitudinal direction are
shown in Fig, 3. For referance, the strength values for each materizl that were obtained
using grinding conditions meeting specifications given in ASTM C11£1 are also included
in the graph., The ASTM procedure was designed to minimize the influence of grinding
damage on flexural sirength in order to permit the defermination of ths inherent streagth
of the material. The results show that for the longitudinal direction the grinding
conditions chosen had egsentially no effect on flexure strength.

For the transverse direction, the results shown in Fig. 4 indicate that there is 2
reduction in strength for all combinations of grinding conditions. None of the conditions
or combinations of conditions appears to have a significantly stronger influence than the
others. However, this outcome may change as more data is included and a more thorough
gtatistical evzluation is carried out.
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Figure 4. Characteristic strength values for silicon nitride materials ground in the
transverse direction using different combinations of grinding conditions.
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{rinding Force Measurements

In order to evaluate the grinding response of the three selected silicon nitrides in
comparison with other types of silicon nitride materials, grinding forces were measured
under controlled conditions. In these experiments the effect of grinding parameters and
fluids on grinding forces were determined for five types of silicon nitrides: RBSN,
SRBSN, SSN, HPSN, and HIPSN. Three commercial grinding fluids designated A, B,
and C were used.

The average normal and tangential grinding forces per unit width for the five
silicon pitride ceramics using prinding fluid B zre plotted in Fig. 5 as a function of
gquivalent chip thickness. The data for each material was first analyzed stanistically and
straight lines were drawn through the data peints using the least square method. The
cotrelation eoefficient R? ranged from 0.85 to 0.99. Statistical analysis of the force data
confirmed that the grinding forces for SRBSN, SSN, HPSN, and HIPSN were essentially
equivalent without significant difference at a 95% confidence level. The same analysis
confirmed that the grinding forces for RBSN were congistenily lower than for the other
silicon nitrides. Figure 5 shows that, as expected, the grinding forces increase as the
grinding severity, or the equivalent chip thickness, is increased.

The tangertial grinding forces F, wera used to calculate the specific grinding
energies ¥ ., defined as the total grinding energy per umt volume of removed material;

u =F, /(bh,)

where b = workpiece width and %, is the equivalent chip thickness. Plots of specific
grinding energy versus the equivalent chip thickness indicated that the grinding energy
decreages as the A, is increased. However, due to the scatter in the data, it was not
pazsible to obtain a definite trend, Therefore, all the data for each material were used to
obtain an average value for the specific grinding energy. Considering the average values
and the standard deviations, it was concluded that the specific grinding energies for
SRBSN, SSN, HPSN, and HIPSN are equivalent, but the specific grinding energy for
RBSN is lower,

The grinding forces using fluid B are plotted in Fig. 6 to compare the force ratios,
F,/F, where F, is the normal force. Considering the scatter of tha data in Fig. 6, it is
concluded that the force ratios of the different silicon nitride ceramics are not significantly
different and that the grinding conditions do not significantly affect the force ratio. The
average force ratio for the silicon nitrides, given by the slope of the linear best fit curve
to the data points, is approximately 0.12. According to Malkin® this ratio is equivalent
to the friction coefficient for sliding of the abrasive particles against the workpiece. In
agreement with Malkin's finding, the force ratio obtained from Fig. & is approximately
equal to the friction coefficient for synthatic diamond films sliding against silicon nitride
or silicon carbide at room temperature and in air, which has been found to range from
about 0,08 to 0.20%.
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Figure 5. Normal and tangential force components for grinding of different silicon
nitrides using grinding fluid B in down-grinding configuration.

A series of tests were conducted using a factorial design of experiments in which
the table speed and depth of cut were used as the primary variables. The values of the
coefficients for the main effects and the interaction effacts were normalized with respect
to the grand average for each material. The following conclusions were made: 1) The
effects of both table speed and depth of cut are significant and increasing either parameter
increases the magnitudes of the grinding force compenents. 2) The interaction effects
between table speed and depth of cut are significant, but the interaction effects are not as
large as the main effects. This implies that increasing both the depth of cut and table
speed increases the grinding forces by a factor larger than associated with either of the
parameters independently. 3) The interaction effects on the tangential force is equal to
or greater than the interaction effects ¢n the normal force.
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Figure 6. A plot of the normal grinding force versus the tangential geinding force for
different silicon nitrides using grinding fluid B in down-grinding configuration.

It is important to note that the response of ceramic materials to grinding is strongly
influenced by the type of grinding wheel and the condition of the abrasives in the wheel.
For example, the type of bond, diamond type, grit size and concentration, bond porosity,
and dressing and trutag conditions are important parameters. Therefore, the results
presented in this repori may differ from those obtained under other comditions. For
example, the magnitude of grinding forces increases readily as the dizmond particles wear
and become dull Spur’. Therefore, the sharpness of the diamond particles as they enter
the grinding zone is an important parameter, which depends on the initial dressing
condition, prior usage of the wheel, grinding parameters, grinding fluid, stc,

Thermal Wave Stdies

The objective of this task is to evaluate the feasibility of the thermal-wave
measurement technique for detecting and characterizing machining damage in ceramics.
In general, three types of cracks can be produced in ceramics by grinding: lateral cracks
(paralle] to the surface), median and radial cracks (perpendicular to the surface), and small
intergranular and transgranular microcracks.

. Tha thermal-wave measurement technique is a powerful tool for evaluating the
thermal properties of materials. The technique is based on the measurement of the
temperature distribution {both in time and in space) generated by localized heating of the
material being tested. It hag the advantage of being both non-destructive and non-contact,
and is capable of providing information on thermal properties as a function of depth

below the surface. In the present study, the samples were heated locally by a2 modulated
laser beam. The modulated heating generates a vacying temperature field, i.e. thermal
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wave, in the sample and in the madium (air in these experiments) above tha sample. A
maodulation in the index of refraction is associated with the thermal wave in the air, A
probe laser beam passing through the air near to the sample surface is deflected by the
change il index of refraction, and can therefore be usad to moritor the thermal wave as
a function of both time and positicn. This methed is sometimes referred to as the mirage-
effect thermal wave technique. Since the presence of surface and near surface
microcracks changes the locat thermal flux, the thermal wave technique is capable, in
principle, of detecting these defects.

In the work repoded here, controlled damage was introduced into alumina
specimens by a series of scratches made with 2 hardnass indenter. Tha scratches were
then analyzed both by the thermal wave measurement technique and by an ultrasonic
detection method. The scratches were made at twe loads (20 N and 40 N). Scratches
using a simple pass and multiple passes (up to 3) were introduced. Aluminas having two
different grain sizes, 3 and 9 um, were studied. For the thermal wave measurements, the
radius of the heating heam was 10 pem and that of the probe beam was 15pm. A rasier
scan of specimens was performed to generate zn image. The image consisted of a

background lavel from the material, and peak signals from local tlemperature rise due to
the reflection of thermal waves from defects, for example, cracks in the material.

The ultrasonic examination was performed on the samples immersed in water
using a 100 MHz transducer. For these measurements, the normal incident compressional
waves were used to detect scratches.

These and gther results are currently being examined to distinguish the signals
associated with the different types of damage produced by scratching, for example,
surface topography changes, grain pull-out, subsurface cracks, intergranular microcracks,
etc.

Stane of Milestones

1. Prepare 300 specimens ground under "best in-house” conditions to establish bounds
for a more extensive daty program {9/1/92 completed).

2.  Complete fracture testing, characterization, and preliminary statistical analysis of data
(12/1/92 completed).

3. Evaluate feasibility of thermal wave measurement on selected flexure specimens
ground under diffarent conditions (4/1/93 completed).

4. Select grinding conditions based on statistical design of experiments, and distribute
additional 2000 flexure bars for grinding (6/1/93 completed).

5. Develop a preliminary database structure to be used for data collected in this study
and those collacted from literature ($/1/93 compieted).
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6. Measure grinding forces, and evaluate the effects of down feed, table speed, wheel
grit size, and grinding fluid {1/1/94 completed).

7. Characterize frachure strength and surface roughness of 2000 flaxure bars prepared
with three different stlicon nitride materials (4/1/94 delayed until 10/1/94 completed).

8. Compare the results of thermal wave measurement with ultrasonic evaluation of the
selected samples ground under different conditions (7/1/94 compleied).

=

Evaluate the test results on fracture sirangth and surface roughness and develop
guidelines for grinding optimization of selected materials (12/1/94).

13, Issue a final report on evaluation of machining damage by thermal wave and
ulirasonic techniques {2/1/95).

11. Salact three other types of ceramics for the next phase of the project and arrange for
the billets from consortium members (4/1/95).

12. Add recent data to the database and arrange for festing of the prototype by the
consortiwin members (8/1/95),

Publications

1. H. S8 Ahn,L. Wei, and 8. Jahanmir, “Nan-destructive Detection of Damage Produced

by a Sharp Indenter in Ceramics,” manuseript accepted for publication in Procesdings
of Symposium on Measurement and Inspection of Prodects and Processes, ASME
Winter Annual Meaating, Chicago, IL., Nov 13-17, 1994,

2. 8. Jahanmir, T, W. Hwang, E. Whitenton, L. Job, and C. Evans, "Measurement and
Characterization of Forces in Grinding of Silicon Nitride," paper accepted for
Tribology Sympeosium, ASME Energy and Environmental Expe 95, Houston TX, Jan
29 - Feb 1, 1995,

3. T. Strakna, 8. Jahamnir; R. Allor, and K. Kumar, *Effect of Grinding Direction on
Strength of Silicon Nitride," submitted for preseniation and publication in
Tremsactions of NAMRISME, May 24-26, 1995
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Chemically Assisted Machining of Ceramics
8. M. Hsu, ¥, N. Ying, and C. J. Hau
(National Instituie of Standard and Technology)

Obiective/S

The ceramic industry has identified the Iack of a rapid low cost ceramic machining technology
as one of the major barriers for widespread use of ceramics. Current machining technology for
ceramics is slow and labor intensive. Residual surface damage on machined surface and the
characterization of sach surface defects are the key indusirial concerns, This project apms to
increase the machining rate of ceramics using chemical reactions at the interface. The chemical
reactions at the interface could change the hard ceramic surface into something sofier hence
reduce the comtact stresses and damage. The reaction product layer produced conld also change
the conditions at the interface between the dismond abrasive and the ceramic surface reducing
the wear of the diamond thus increasing the machining rate. SisN, is the main material of focus,
but other maierials such as SIAION or SiC may be examined.

The project involves several subdasks meluding:

1. Development of 2 bench test simulation to allow screening of chemistrizs under
well-conirolled conditions.

2. 1dentify new chemistries that can significantly improve the machining rats of
ceramics, especially for silicon nitrides.

3. Provide understanding on the working mechanisms of the chemisiries identified
and develop correlations with the surface quality of the machined sarface.

4, Establish limits of performance and applicability of the chemistry on different
material compositions and processes. Establish optimnn machinng conditions
for each chemistry, material combinations,

3. Examine the envircnmental impact of the chemisity and work with industrial
partners to optimize the chemistry and introduce the technology into practice.

Technical Progress

A two-prong approsch has been taken: screening of chemicals on the small bench cuteer; validate
the results on the surface grinder. Additionafly, nano-scratch tests and single diamond scratch
tests are used to study the mechanisms when needed.

Bench Cuotting Tests

Research on chemical screening and looking for chemical trends using the diamond cuiting wheel
on silicon nitride contimies. Additional chemicals were screened and the correlatiom reported
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last time was reexamiped. The characteristic cutting curve for most finids tested has a steep
initial slope followed by a gradual leveling off in cuiting rate. The steady state cutting rate was
plotted against the surface tension divided by density on a log-log scale in Figure 1. A clear
trend of increasing cutting rate with the decreasing ratio of surface tenston to density can be
geen. A low surface tension to density ratio may suggest e relative ease of the fluid to
penetrate into the cutting edge.

In the course of screening of chemicals, we have noticed that the different blades sometimes
influence the outcome. A new blade has a 127mimn diameter and as the blade was used to cut
ceramics, the blade becomes sharper as well as the diameter decreases. Figure 2 shows the
result of a study wsing water as the cudting fluid with five used cutting blades. The steady state
cutting rate can increase almost three fold when a new blade of 127.16 mm progresses to a worn
blade of 124.24 im. Profilometer traces of the leading edges of these blades are shown in
Figure 3. The contimions change of the cutting blade introduces 2 systematic error in the data.
To correct for this factor, a simple mechanical tming techrique was developed to reshape the
wheel after each experiment. The edges of the wheel were made square each time by countes-
rotating the cutting wheel against a flat diamond wheel surface. A reference fluid was also used
to periodically calibrate the MRR of the decreasing wheel diameder effect. This way, consistent
steady state MRRs have been achieved.

The parametric correlation study on the silicon nitride cutting data suggested that the steady state
material removal rate (SSMRR) increased with molecular weight, density, and decreased with
surface tension. By selecting chemicals with these properties, we discovered a new chemical,
AD6341. Tt is chamically inert, nonflammable, has high thermal stability, good lubricity, high
dielectric strength, high density, low compressibility, good miscibility with common solvents,
and nonpolar organic chemical. It has a SSMRR of approximately 0.1 mum®/s. This is an order
of magnimde faster than the mineral oil family, and two orders of magninude faster than
Meggem, the commercial water based fluid. The chemical was tested on the surface grinder,
the results were encouraging. However, a high pitch noise was produced during grinding.
Upon closer examination, it was discovered that the fluxd had a high volatility and cansed
cavitation at the exit zone of the contact. This produced the noise. From this result, we have
incorporated additional requirements for the fluid screening.

Grinding tests

Several grinding tests were conducted under constant load using two fluids, 3% meqqem in tap
water {a commercial grinding fluid) and a candidate fivid CM011. The purpose was o examine
the relationship between the material removal rate and the grinding forces under these two flnids.
The fixst geoup of test was conducted in 3% meqgaem in tap water, the preset grinding depth was
1.016 mm, and the tangentiat load was 22, 27, 31, 36, 45, 67 N. The material ground was a
silicon nitride supplisd by Kennametal. The sample was 20.3 X 20.3< 6.35 mm. Two of these
sarnples were aligned together amd the length of the test sample bed was 40.6 mm. The
schematic diagram for the grinding experiment was shown in Fig. 4. Under different tangential
loads, the speed of the sampk moving relative to the grinding wheel varied somewhat. The
measured forces in X and Z direction and sample traveled distance were recorded. The material
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removal rate for this experiment was calculated by the foliowing equation
V=hwi (1}

where h is the grinding thickness ( preset overlap, 1.016 mm); w is the width of the sample {
6.35 mm); 1is the sample length (40.6 mm). The volume removed divided by the grinding time
gives the maierial remnoval rate.

The data for the 22 N load are plotted in Fig. 5. After few seconds of grinding, the wheel stops
advancing forward, rotating but not removing any material from the sample. This is indicated
by the displacement value. This trend repeats as the load is tncresed until 36 N. Fig. 6 shows
the force curve and the displacement. The grinding wheel continues and finishes the grinding
under the constant tangential load. This is significant. This suggests that there is a transition
load. When the Ioad is Jower than 36 N, the grinding wheel grinds into the material, afier
moving a litile, the sample is stopped and no further material is removed even though the wheel
is chmrning. At 36 N, the wheel grinds throngh. This load then can be defined as the lower
critical load for fast grinding. This data and the comparison data for the candidate fluid CM011
are shown in Fig. 7 as a function of the tangential loads. For the candidate flvid, the transition
load occurs at 9 N instead of 36 N and the material removal rate is much higher than the
reference fhuid.

At high preset overlap such as 1 mm, the contact area is relatively large and the average contact
pressure could be relatively low. To investigate the effects of the fluids at high contact pressure,
the preset pverlap was reduced to 50 ym. At this overlap, the 67 N tangential load ¢an result
in much high contact pressure since only some of the diamond grit will scratch the surface. The
material removal rate at this setting for both meqgem and CMO11 are shown in Fig. 8. Under
this condition, there appears to be a upper limiting load beyond which any increase in tangential
loading does not increase the material removal rate. This load can be defined as the upper
critical toad for fast grinding.

‘This upper limit of the material removal rate is probably due to the reduction in grinding depti.
The grinding depths were measured afier each test. The depth is a function of the tapgential
load, especially when the preset overlap is small. Thus, the removal volume is calculated by
nultiplying the measured depth, h instead of the preset overlap. Two examples of measured
depth of ground grooves are shown in Fig. 9 a and b. When the tangential load is 22 N, the
average depth of the ground groove is 36 um, and when the tangential load is 67 N, the depth
is only 18 pm under the same preset gverlap of 50 pm.

The test results show that for a grinding coolant, the material removal rate changss as a fanction
of the tangential loading. There is a lower critical lcad L, and a upper critical load L,. If the
tangential load is below the lower critical load, the material removal rate is very smatl. If the
tanpential load is higher than the upper critical load, any increase in the tangential loads will not
increase the material removal rate. 'What are the role of the additional pressure on the samphke?

For a small overlap depth, the contact distance of the grinding wheel and the workpiece is
short, and the mean contact pressure on the workpiece is high. The concentration of diamomd
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Fig. 3 The coolant used in grinding is 3% meqgem in tap water. Preset overlap is
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zero after a few second grinding.
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Preset overlap 0,05 mm, Silicon Nitride
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Fig. 8 The preset overlap is 0.05 mm. The material removal rate with CMO11 is faster
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abrasives on the wheel suface is about 30% based on direct observation on the SEM. The
apparent contact area, A, is a fonction of the preset overlap, h, and the relationship between the
two is shown by Equation 1.

A=wR ms'I{RTfk) @

where R is the radius of the wheel, w is the width of the wheel, and b is the overlap. For
different overlap, the contact distance and the apparent contact area calculated by Equation 1 are
shown in Table 1.

Table 1  The apparent contact area under 2 given preset overlap

Contact Distance (mm) | Apparent Contact Area
(mm’)

2.25
3.56
11.27
15.94
22.57

When the preset overlap is small, the contact distance is short. The temperatores on the tips of
the diamond is relatively low, and the wear of the diamond is relatively low. Siace the contact
distance is short, the overall contace area is small, under the same load the mean contact
pressure is high. There is a critical contact pressure above which all of the diamond particles
will penetraie into the silicon nitride workpiece. If the contact pressure is higher than the
critical pressure, the resin bonding will come into contact with the workpiece and will begin to
share the load. The material removed per contact cycle therefore will not increase any further
since all of the diamond particles are already filly penetzated into the workpiece. Any increase
in the cutting forces will pot increase the material removal raie.

When the preset overlap is large, the contact distance is long and the mean contact pressure is
fow. However, the temperatures at the tips of the diamond particles are high and wear of the
diamond abrasives becomes an issue. When the tapgential load is below a critical pressure, the
diamond will not penetrate substantially into the workpiece., Depending onthe viscosity of the
fluid, zome elastohydynamic [ift will come in. This is why below certain critical loads, the
grinding wheel quickly establishes an equilibrinm with the workpiece and no substantive material
are removed.

In summary, the two fluids, Meqqem and CM011 each has separate low critical load and the
upper critical load. This is important because it suggests that the chemical nature of the fluid

significantly affects the mechanical processes.
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This phenomeana also raises an interesting issne. Beyond the upper critical load, the material
removal raie can have two different tangenftial loads, or the cotting force. This suggests that the
energy dissipation process as well as the energy level during grinding may be different to
produce the same volume of grinding particles. This warrents a closer examination.

Two surfaces are prepared by constant load grinding. For meqqem, the tangential load is 53
N and the preset overfap is 0.05 mm. For CMO011 the tangential load is 27 N and the overlap
is the same as meqgqgem. In both cases, the material removal rates are about the same. Afier
grinding. both samples were examined by profilometry, thermal wave technique, ulirasonic
microscope, and SEM.

The surface roughnesses of the ground surfaces with Megqgem and CMO11 are shown in Fig. 10
a and b, respectively. Both surfaces have about the same ronghness and the difference between
the two B is less than 0.1 gam. Yet it does not mean that the surfaces have the same quality.

A thermal wave technique with which the surface thermal diffusivity can be measured is used
to analyze the ground surfaces. The basic mechanism of the thermal wave technique is shown
in Fig. 11. A laser bearn is pulsed perpendicular to the sample sarface to form a thermal field,
ancther laser beam is set parallel o the surface and pass the field. Due to the rising temperamre
on the surface the horizontal laser beam will be deflected. Measuring the deflected angle, the
surface thermal diffusivity can be estimated. If the sample moves in X and Y direction, a
thermal diffusivity map can he obiained. The surface diffusivity map of sample ground with
Meqgqemn is shown in Fig. 12 a and the mean valve is 0.11 cm®/s. The dark points indicate tow
thermal diffusivity. The surface diffusiviey map of the sample ground with CMO11 is showm in
Fig. 12 b and the mean value is about 0.18 cm?/s. These data indicate that the thermal wave
travel faster in the surface ground by CMOH1 than that ground by Meggem. There are more
surface defects associated with the surface ground by Meqqem.

An ultrasonic microscopic technique is also used to measure the echo amplitude of pufsed elastic
sound wave from the two ground surfaces. The ground surface is put uwader a ulrasonic
microscope, the ultrasonic wave is focused on the swface, when the sound wave collides with
a surface, it echoes back, and a sensor detects the amplitude of the echo wave., There are
mzinly two factors affect on the echo wave. Since a rough surface scatiers the sound wave, the
rougher the surface, the lower she amplitude of the echo. The amplimde of the echo also
reflects the rigidity of the surface. The more rigid the surface, the higher the echo amplitude,
The two echo amplitndes of two samples are shown in Fig. 13. Sample 1 is ground with
Meqqem, and sample 2 is with CMO011. The abscissa is the echo amplitude and the coordinate
is the pumber of echoes at that amplimde. The figure is a histogram of the echo amplitude
distribution. Since the measured surface roughnesses are the same, the difference of the echo
amplinnde  distribution is primarily cauvsed by e rigidity of the surface. Fromn the two
distributions, the rigidity of the surface ground with CMO11 is better than that with Meqqem,
This result agrees with the thexmal diffusivity measurement,
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Fig. 10b The surface roughness ground with CMO11.
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Heating Laser Beam

Detecting Laser Beam

Fig. 11 Schematic diagratn of thermal wave measurement.




Fig. 12a

Fig. 12b

Thermal diffusivity map of the sample surface ground with Meqgem, the mean
value is 0,11 cm¥/s,

Thermal diffusivity map of the sample surface ground with CMO1L, the mean
value is 0.18 cm?/cm.
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Fig. 13 The ultrasanic echo amplitade distribution of the two sample surfaces.
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The SEM micro-photos of these two sorfaces are shown in Fig, 14 a and b. At low
magnification, the two surfaces look identical. At high magnification, Fig. 15 a and b, different
surface morphologies are self-evident. Since the tangential load with Meqggem is ewice as large
as that with CMO11, exira energy is dissipated during the grinding process. The eXtta ensrzy
is consurped by additional frictional between the surface on the wheel and silicon nitride surface.
This results i more and finer wear particles as well as more micro-cracks left on the surface.

Development of a2 Coolant

We have demonstrated that chemistry had a profound influence on the machining rate as well
as the surface quality. We developed a ball-on-inclined plane test techmique that gave a
reasonable indication of the quality of the as-machined surface. We developed test techniques
to measure the effect of the chemicals on machining rate with a surface grinder. The next
logical steps will be 1o develop a fully formulated grinding fluid for commercial grinding trials.

At the beginning of the project two years ago, we contacted the metal working fluid producers
and additive suppliers and asked for their participation. No commercial coolant specifically
designed for ceramic machining was available at that time, The induwstry agreed to supply
existing chemicals for testing but would not agree to underiake special developmental effort to
synthesize chemicals for this parpose. The reason given was primarily the lack of market for
such products in the foreseeable fumre. We asked them this time for participation on the coolant

formuiation development, the answer remained the same, the Iack of current market prohibited
them from undertaking any significant effort.

The situation is different with ceramic suppliers and users of coolani. Based on our resalts to
data, Kennemetal is sufficiently interested that they supplied us 300 samples for machining tests
and the corrosion test procedures.

For the plant trial ar Kennemetal, we have 1o select the form of the fivid for testing, the fluid
could be oil-based, water-based, or emulsion-based. After reviewing the data, we seitle on
emulsions. Since the organics give several order of magnitndes higher machining rase than the
water-based ones, but the water-based fiuid offer advantages in more eificient cooling as well
as ease of handling, a compromise would be to use emulsions to take advantage of the best
qualities of both.

We conselted the tmetal-working industry and recetved puidance to formulate the cmulsions,
Several emulsions were successfully formulated. In an emulsion, the organic phase can vary
from 20% to S50% depending on the emulsifiers used and the blending efficiency. A range of

emulsions were prepared and checked for stability. The stable opes were tested on the cutter
a3 well as on the surface grinder,
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Fig. 14a SEM micro-graph of the surface ground with Meqqgem.

Fig. 14b SEM micro-graph of the surface ground with CMO011.
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layer of fine particles on the surface

High magnification photo shows that there is

ground with Maqgem.

Fig. 152
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Water SoJuble Coolants:

Screening tests were conducted on the cutting maching with 100 cc of fluid. Promising
candidates were tested on the surface grinder under the constant load testing procedure developed
previously. For this purpose, multiple pass experiments were conducied to measure the effect
of the fluids.

A baseline case comparing this technique with two well defined fluids was first conducted. The
operating conditions were: 31N tangential load, 0.5 mm. overlap, 23 m/s speed, 180 grit
diamond wheel. The sample was silicon nitride supplied by Kennametal. Three typical test
curves are plotted in Fig. 16, 17, 18. The results of 3% Meqqem in tap waier is shown in Fig.
[6. Under the operating conditions, the grinding wheel ground through the sample on the first
pass. The whee§ was set back at the beginaing position to start the second pass without changing
the position of the sample. On the third pass, the grinding whee] advanced for abowt 30 mm
into the horizontal distance then stopped. The grinding wheel just kept on sliding on the sample
under a constant tangential load without removing further material. The total grinding distance
for the three passes was 150 mm.

When CMO011 was used, more material is removed, the total grinding distance is about 1000
mm. For direct comparison, the first 2,500 second data is plotted as the material removal rate
for the flnids in Fig. 17. Comparing the two fluids, with the Meggem, the material removal rate
is low and CM 011 {luid ¢can remove the material much faster.

CMO11 is an organic fluid, although it is non-toxic and non-corrosive, Kennemetal prefers a
water-based fluid. Thus, an emulsified fluid which contain 40% of CM011 was formulated.
The test results are shown in Fig. 18 and the material removal rate is etween the Meqgem and
the pure CMO011. Although the emulsion improved the grinding distance over the pure water
and the Meggem, an operational problem occurred. Puring the grinding process, numerous fine
particles were produced. These fine particles interfered with the emulsification and the emnlsion
became unstable. At this stage, we decided to concentrate on the water soluble floid.

To change the solubility of CMO011, a hydrophilic fonctional grounp was added on the CMO11
molecule so as the CM011 struchure can be soluble in water. This was successful, however, the
presence of water retarded the grinding rate to 2 large extent. Other chemicals are needed to
facilitate prinding. Several chemical classes were tested and these include: water soluble
perfluorocarbon or fluoro-chloro carbons; sulfur-containing chemicals; phosphorous- containing
chemicals; hindered phenols; and dispersants. Some mprovements were achieved but they were
on the order of 30-50% improvement over the Meqgqgem case.

Industrial cooperation

Coolants are application specific. Kennametal Co. uses a vertical grinding operation for their
production line for ceramic inserts. In order to evaluate the chemicals under similar conditions,
Kennametal decided to dopate a vertical grinder similar to the machine they use on the
production line. However, in order to measure the forces during grinding, we need to mount
a force wansducer and displacement sensor on the grinder. Parts have been ordered and after
installation, tests will be conducted on that machine to validate results so far.
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G120-122 meqggem overlap 0.5 mm 7 lbs
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Fig. 16 The grinding distance and grinding forces with 3% Meqqgem in tap water.
Tangential load is 31 N and averlap is 0.5 mm. The grinding distance curve is
similar with that in cutting test,
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Fig. 17 Under the same condition with CMO
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11, the grinding distance is increased to about
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G180-184 CM518 overlap 0.5 mm 7 lbs
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Fig. 18 With CMO11 emulsion finid, the grinding distance is improved a lirtle.
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On Schedule
C ications/ Visits/ Travel

S. M. Hzu visited Purdue University visiting Prof. Tom Ferris and Chandresaka and dicussed
the machining technology. Information on wheel truing was discussed.

Solarex of Federick, Md visited NIST to explore cooperative research on cutting and grinding
of brittle materiais. Some samples were received from Solarex.

S. M. Hsu participaied the second annual project review meeting at ORNL. on Aug, 23-25, 1994
and presented a progress report of the project.

Kepnametai Inc. donated a vertical grinder to NIST valned at $12,000 for examining the concept
of the chemical assisted machining.

Problems Encountered
None
Publicatio

Two manuscripts have been prepared for publication and are currently undergoing NIST internal

reviews.,




Stockan-ides Willism A Ellingoon, George A Forster (ﬁrganneﬂatlmal Lal:-nmhury] Michael
H. Haselkarn, Charles J. Anderson {Caterpillar Inc.)

Obiective

The primary objective of this program is to develop a laser scatiering procedure that
would provide a direct (near-real-time) indication of changes in the subsurface (and surface)
during machining. These changes include machining-induced damage (such as median erack
farmation) and surface roughness. A second objestive is to evaluate dye penetrant technology as
an off-line indicator of surface-breaking cracks. The laser program is being executed in three
steps. The firstis evaluating optimization of the laser scattering procadure to examine specimens
machined by innovative techniques. The second step will involve correlation of the laser
scatiering results with mechanical properties in "real” machined ceramic specimens. The final
step will be to develop a prototype instrument to be evaluated for on-line implementation in a
production environment. The investigation into dye penetrants for surface-defect detection is
being conducted in three steps: review of literature, off-site visits to appropriate current vsers
(e.g., Norton) and vendors (e.g., Sherwin, Inc.), and laboratory experiments.

Technical progress

The machining damage detection work accomplished during this period involved laser
scatter and dye penstrants. In lager scatter, two primary achievements were made. First, initial
comparisons were made of as-processed and rachined surfaces using the 2-D scanning system
discussed last period. However, because the test specimens planned for evaluation in this effort
have not yet been acquired through Caterpillar (the current projection far their amrival is
November 1994), the data presented below were taken from specimens obtained outside this
program. Becanse of this delay, we have bequn to address other work planned for the next year.
Therefore, based on the results of these initial machined vs. ss-processed comparisons, a system
modification was designed and is being implemented to increasa both sensitivity to median (rather
than lateral) crack detection and acquisition speed.

The second area of machining ¢amage detection this period was dye penetrant analysis.
First, an initial literature review was conducted to determine the current state of the art in dye
penetrant inspection with regard to ceramic materials. In conjunction with this search, ceramic
manofacturers were contacted to determine the techniques curently employed on a regular basis.
Finally, 2 comparison of three promising penetrant techniques was made on 2 thermally shocked
SiAION component known to contain cracks.

Bart 1. Laser Scatter
A. Comparison of As-Processed and Machined Surfaces
Two experiments comparing as-processed and machined surfaces were conducted. The

first of thesa was a comparison of laser scatter from several NT164 flexure bars that were
repeived in machined and as-fired conditions. Figure 1 shows 2-D grayscale "imeges” generated
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from seatter datz. A focused laser beam (=250 um diameter) was rastered across the surface of
several adjacent flexure bars, and a scatier measurement was taken every 200 um in each
direction. These data values were then assembled into an array to produce the images seen in Fig.
1. The figure shows laser scatter scans for 10 flexure bars (3 of each surface condition). Figure
1a shows the subsurface sensitive analysis, which indicates a significantly higher signal strength
(i.e., more scatter) for 4 of the 5 machined bars. The fifth bar, on the other hand, appears to have
a subsurface signature very similar to that of the 5 as-fired bars; the reason for this discrepancy is
not yet known, However, because the current gystem is not focused on detection of median
cracks {which are the dominant sources of machining damage), this result is not necessarily
indicative of a difference between the one machined specimen and all other machined bars.
Further examination of this discrepancy is planned (3e¢ subsection B below).

-f—Machined

(2) (b
Figure 1. Comparison of laser scatter images for 19 NT164 flexure bars with machined and as~
fired surface conditions. Shown are (a) subsurface and (b) surface scans.

Figure 1b shows results of the surface sensitive analysis; several features are noticeable.
First, the machined specimens show a vertically elongated texture, as would be expected from the
highly directional surface roughness, However, because the surface is being scanned at only 200
L resoiution {owing to time constraints in the current system), the cbserved texmre is not 8
specific representation of the exact texture of the surface, but rather is indicative of the general
character of that region of the surface. A second feature evident from the figure is that the
machined specimens have a far more uniform surfece character not only within a given bar but
also from bar to bar. The as-fired bars, on the other hand, show an overall nonuniformity that
mncludes large regions of increased or decreased scatter (indicating possible changes in surface
roughness, surface coating, etc.). Finally, the as-fired bars show several bright spots that
correspond to dramatic increases in scatter intensity. Microscopic examination of these [ocations
indicate the presence of "pools” which appear glassy and that range in diameter from less than
100 pum to just under 1 mm. Because these are only present in the surface scan of the as-fired
material, one can expect that they are relatively transperent and thia enough to be removed in the
machining process.

The second comparison of machined and as-processed surfaces is shown in Fig. 2. Once
again, the examined material is NT164. In this case, a single specimen was examined under four
conditions of swface preparation: as-processed, 180-gnt machining, 320-grit machining, and
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lapped. Several features are evident from the figure. First, 2s expected, the subsurface scan
shows the highest amount of scatter (indicating the greatest amount of subsurface damage) in the
two machined areas, less scatter from the as-processed region {indicating that the processing-
induced subsurface damage is less severe than that produced by machining), and the least amount
of scatter from the lapped area (where the near-surface damaged region has been polished away).
A similar trend is seen in the surface scans, where the region of highest surface roughness (the
180-grit machined surface) shows the highest amount of scatter intensity. (While this comelation
between surfazce roughness and surface scatter intensity holds for three of the four conditions, the
lapped surface shows an increase in scatter intensity, resulting from saturation of the detection
system at the center of the Fourier pattern. The texture seen in the lapped section is the result of
chemical contamination of the surface,)

Another feature seen in Fig. 2 is the presence of localized defects. The first of theseisin
the as-processed region and is indicated by a single bright spot in the subsurface scan and two
slightly less intense spots on either side of that location in the surface scan. The fact that these
are not exactly coincident indicates that the effect of the subsurface defect is diffused and spread
over a larger area as it reaches the surface. Furthermore, because the subsurface scan shows the
defect with an increase in intensity, it is likely that the defect is either a subsurface ceramic/air
discontinuity, as would be present in a pore o crack, or a second defect is seen in the lower left
comer of the lapped region of the subsurface scan, Here, the defect is seen as a reduction in
scatter intensity and is not vigible in the surface scan. This is likely an iron inclusion, becauge
such defects are commaon in the NT1564 material and give this type of indication,

{a) (b)

Figure 2. Laser scatter images of a flat plate of NT164 with various machined and as-processed
surface conditions. Shown are {8) subsurface and {(b) surface scans.




B. System Modification

As presented above, the current laser scatter technique has proven capable of detecting
subsurface {and surface) machining damage. However, the current system is designed for
maximum sensitivity to lateral cracks (those parallel with the surface), while the most critical
machining-induced cracks are median cracks (those perpendicular to the surface and parallel to the
machining direction). The laser scatter indications seen with the current system therefore may
nck be the best indication of the machined component's mechanical strength. A system
moddification has therefore been designed to improve sensitivity to subsurface median cracks
without sacrificing lateral crack detection. In addition, use of an imaging system rather than the
current Fourier arangement will improve acquisition speed (by using point detectors rather than
the CCD array of the current setup). Hardware for this modified systemn has been installed. To -
take advantage of the improved detection speed, the system’s translation stages also require
greater velocity capabilities; they are being upgraded at the manufacturer. Qnce the translation
stages are returnied, software will be updated and acquisition will begin.

Bart. 2. Dve Pepetrant

Dwe penetrant detection of surface ¢racks has been improved by the additon of 2
microscope/video camera system for the cbservation and digitization of microcrack images. The
system was calibrated 5o that the magnification (in pixels per micrometer) and aspect ratio was
known for each microscope objective. (This manual calibration was necessary because of the
inciusion of additional optical componerts to maximize resolution.) For the three magnifications,
horizontal resolution was measured as 3.95, .96, and 0.24 pm/pixel. With a 5:4 horizontal-to-
vertical aspect ratio, this corresponds to a vertical resolution of 3.12, 0,76, and 0.19 pm/pixel,
respectively. Figure 3a is an example of the meagurement of a crack with this system used atits
highest resolution. The indent and associated crack were produced on a polished silicon nitride
sample by a Vickers micvohardness tester at a foad of 20 kg, The crack measured 53.4 jum in
length and had a diffractien-limited resolutioe: of =1 pten.

Efforts continued this period to develop a monolithic ceramic microcrack standard. Figure
3b shows a Vicker’s indent in a machined surface of an NBD200 silicon nifride material. Surface-
roughness measurements in the machining direction and normal to the machining direction were
measured and found to be 0.075 and 0.18 pm, respectively. The roughness values were measured
with a wedge-shaped stylus of about 2.5 x 1 jum on a calibrated Rank-Taylor-Hobson Talysurf
Model 6. A Nikon Optiphot optical microscope was retrofitted with a Sony XC57 CCD digital
imaging camera coupled to a Data Translation frame-grabber in a 386/33 PC to allow digital image
capture of the cracks at the indent. Cracks are faintty visible radiating from the comers of the
indent, but are significantty {ess visible than on the polished surface of Fig. 3a. Theindent is
about 105 pun on each side. The indents were made after cleaning the surface with alcohol, and
therefore the cracks were not exposed to solvents or contamination of any kind before the image

was acquired,
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2% Qim
(a)

Figure 3. Microscopic images of Vickers microhardness indents in (2} polished and (b)
machined silicon nitride samples.

To complete our work on visible dye penetrants, attempts were made to enhance the
visibility of the cracks using visible (red) dye penetrants, cleaners, and developers from several
sources. No cracks were detected. The Statiflux techaique reported eardier was also tried without
success. Bvidently, cracks of 1 to 2 pm width do not hold enough dye to adequately stain the
developer powder or do not provide encugh magnetic field variability to impact the Statiflux
powder. However, fluorescent penetrants continue to hold high promise. An ultraviolet light
source (2 mercury lamp with optical filter) for our Niken microscope was ordered, and several
cracks similar to that described above were detected by using fluorescent pencirant with such a
UV attachment. (Tmages of these cracks are unavailable because the systetn used to detect them
was only a demonstration unit. The mercury light source we ordered is expected to arrive in
early Qctober, 50 we will provide flucrescent penetrant images in our next report.)

In our continued work, we intend to compare ASTM Level 4 high-sensitivity fluorescent
penetrants for their ability to detect microcracks on various microstruciure materials containing
various surface machining conditions. Each machined surfzce will be characterized by the
Talysurf. We have also purchased an ultrasonic cleaner. A protocol that we will develop will
include:

1. Dltrasonic cleaning
2, Oven drying
3. Application of fluorescent penetrant

4, 10X — 40X cbservation using magnification

5. Ultrasonic removal of dye penetrant
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Once we have established the exact protocol to use, i.e., time in ultrasonic cleaner, time in
aven, sefting time of penetrant, and best optical magnification, we will then begin to determine if
awtomated digital imaging methods can be used to inspect components. In addition, we expect to
bagin witiation of a CRADA with an industrial penetrant vendor in the near future, because we
have [eamed of significant industrial interest in this technology owing to its potential as a low-
cost and effective detection method for surface-breaking cracks. However, concemns about EPA
regulations for 1-1-1 trichlorethane as a surfactant remain and will need to be addressed.

Status of Milestones

Determineg optical properties of SIAION and G8-44 for Completed February 28, 1994
optimal optical detection parameaters (polarization,

wavelength, angle of incidence, etc.).

Conduct exploratory studies of dye penetrant on machined Completed May 31, 1994
surfaces.

With the exceptions noted below under "Problems Encountered,” all ather ANL milestones are on
schedule,

Communications/Visits/Travel

W. A. Ellingson presented an invited paper titled "Nondestructive Characterization of
Structural Ceramic Companents® to the 5th International Symposium on Ceramic Materials and
Components for Engines, Shanghai, China, May 29-June 1, 1994,

J. Scott Steckenrider attended and presented an update on the ANL work to the Cost-
Effective Ceramic Machining Workshop, September 8, 1994 at Oak Ridge, TN.

Problems Eacountered

The delay in obtaining machined specimens from Caterpillar continves. Current estimates
indicate that these components will not be received until at least the end of November. In the
meantirne, to compensate for this delay in the overall execution of the project, future milestones
{involving improvement of system capabilities with regard to speed and curved specimen
inspection) are being preliminarily addressed ahead of schedule. Moreover, upon completion of
translation-stage modification for the laser scatter system, a set of machined S/RBSN specimens
that were analyzed and characterized in other portions of this project will be inspected.

Publications

Steckenrider, J. 8., and Edlingson, W. A., Application of laser scattering to detection of
surfaoe and mbmrfaue defects mn 513H4 components, ﬂmm:gﬁnmmnﬂ.aniﬂmmﬁ&

{Cm Beach, FL, Ianuary 9-14, 1904), A.mencan Ceram:c Snclety, 382-389 {1994}
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Stinson, M. C., Lee, 0. W, Steckenrider, J. §., and Ellingson, W. A, Recognition of
gubsurface defeats in machined ceranucs by applmauon of neural networks 10 laser scakter

Cernmm Smety, 39&-396 (1994)

Ellingson, W. A., Steckenrider, J. 5., Sivers, E. A, and Ling, I. R, Nondestructive

characterimuon of stumml cemmc mmpoaents, Wmmmﬂ
: gines, Shanghai, China, May 29-June

1. 1994 (in pms) |
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Objective ! Scope

The objective of this program is 10 develop the cost effeclive manufacturing technology required for
ceramic lurking rotors for nse in turbochargers for heavy duiy diesel ruck and bus applications. A ieam,
led by ¥yooers (KICG, the ceramic component menufacturer: and including Schwitzer U.S , Inc. (the
turbocharger manufacturer) am Catespiflar, Inc. {the diesel engine manufacturer) will develop and
demenstrate production readiness for refiable, cost affordable turbochamers with caramic turborotors,
Program goals include a nominal order of magmitude reduclion in cost over the present cost for small
quanfifies, and precess capability for crilical component.attributes which is adequate fior the performance
ard reliability spacifications of the application. Silicon nitride, SN 235, it the materdal of choice for this
apptication. Program goals ars to be achisved wifizing Kyocera's production proven Hybrid Molding, gas
pressure sintering and cylindrical grinding processes. Yield, quality and cycle tima improvemaents will be
achieved through process modaling, stafistical process controd and inteligent processing.

Techgical Progress
azk 1 Componait Dasign Specif

The objective of this task is to provide detailed design and specifications for a ceramic turbocharger
rotor. An 80 mm diameter turbocharger rotor was jointly chosen for this application by Schwifzer and
Calemillar. 1t is sfzed to be applicabie to the Caterpillar 3176 truck engine. This design has previously
heen produced in metal. Aerodynamic optimization of the blade geometry was performed by Schwilzer
0 maintain critical gas flowpath characteristics 1o accommodate the increased tip thickness of the refor
and change in materials. Electronic data transfer of rotor geometry was accomplished between
Schwitzer and Kyocera, who added detail of the nose and shaft geomelry. Finile Elernent Mathod {FEM)
analyses by KICC using MARC Analysis, and by Schwitzer using ANSYS gave estimates of maximum
stress within 4 MPa. Reliability analysis by KICC using CARES gave an sglimaled probability of failure
at design speed of only 1.85 x 107 percent. This result is shown in Figure 1. 1F a spin proof 1esl is
utifized at 120% overspeed, 0.37% of the parts would be expected to fail. Design of the ceramic rotor 1o
metal shafl joint was successfully completed, aliowing the new roter fshaft combinaticn to be used within
the existing metal houging. The Milestone 1 design packape was submitied to ORNL on time and
approved. Refinemant of the ceramic to metal jeint design was initiated, bassad on insights gained during
preparation for the baseline process demonstralion. The location of a lubrication groove corresponds
with that of 2 weld line, causing concern for joint strength. Viable options for redesign have been
kientified and are being Invastigaled with refarance to the turbing housing configuration, and joint
fabrication process. Experimental verfication of joint strength is planned.

Task 2 Component Manufacturing Technology Development
Task 21 Colt Mode|

The ariginal cost madal was gompletely revised o reflect current cost factars, and recreated in Micrsofl
Excel and Microsoft Project. Sludies of costs of protatype manufacturing were conducled and the model
confirmed. This model was then appiled to projections of the cost of prototype turbocharger rotor
production. Figure 2 shows the breakdown of profotype costs by department for a run of 50 paris. This
projection wili he compared to actual cost data collected during ihe baseline process demonstiration. A

cost target will be established hased on Schwitzer requirements and data from the hassiine process
demonsiration,
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Figure 1. Estimated 80mm Caramic Rotor Failure Probability

Case sludles of prototypa vs. productton scale cosls have beeninitlated. A production compognen! and
similar prototype part was selecied and production cost data are being collected.

Task 2.2

Poulr Prap

Figuea 2. Baseline Cosl Factor Pradiclion

A material balance was completed for processing of one rotor equivalent. This batance included all input
materials and all product material, pessible scrap and any emissions. Discarded material is being tested
according lo the Department of Ecology protocol at a cetified labovalory, All gaseous effluents are
passed through a bum-off fumace, for which flue gas analysls is scheduled.
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[ask 2.3 Process Conteod
Task 2.2.1 Statistical Process Control.

+ Studies of process contrgl and process capabllity have been initiated on unit processes where sufficient
data can be obtaired. Conirol charting of the sintering process is ongoing as showm in Figure 3. In this
case, the process capabiligy {(Cpk) for average MOR in sintering of a production componeni was found to
be 1.65. In the case of centarless grinding of cylinders, discussed in Task 2.3.8, Cpk = 3.5 for diameter
within cylinders and 0.8 between cylinders. The unacceptable latter value was iraced to a deficiency in

the chucking procedurs, which has been corrected. Identification of ather critical process parameters is
coniinuing.

Rom flmmber

Figure 3. Control chard for flexural sirenthin sintering runs

Task 2.3.2 Raw Material Preparation;

Sufficient ShN4 and sintering aids were purchased for all process condrol and initial process
demonsiration tasks. These were ordared to KICC standard purchase specifications. Incorning
inspeclion specifications for alt raw materigls have been completed, and the first 1ot of all materials
inspectad. Inspections include: particle size and surface area, C, My, and O; content, XRD, ICP, SiyN,
e/fh ratia,

Characterization of mixed renw materizls has bagun using material at handd. Leco €, N; and O analysis
was performed on samples taken from 3 random locations in the container. Triplicate particle size
analyses, using an L&N Microtrac, was performed on these same 3 randam sarphes. There was no
statistically significant difference In the results of these anaiyses. [t is concluded, therefor, hat there Is
no significart within-lol matenal variation, X-ray diffraction analysts on one sample showed all expected
peaks and no extraneous peaks. Scapning Electron Micrescopic examination of this sarmple showed no
abknermal agglomeration or segragation.

Work has begun on analysis of sintering aid distribution and its effacts in order {o analyze the feasibility
of reducing sintering cost through improved methods for distribulion of the sintering aids. SEM and XRD
analysis of samplas from intermupled sintering axperiments have shown thai sintering aids introduced by
the conventional process are completaly dissedvad in a liquid phase several hundred degraes below the
sintering temperature. In addition, no vofds greater than 20 pm could ke detected from agglomersted
sintering aids. Meverthetess, a plan is being formulated to investigate the effect of solution processing
on the sintering cycle time and temperature, and high temperature mechanical properties. A literature
search was pedfumed and potential precursors identified for study of this solution processing approach,
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Task 2.3.3 Slip Preparation:

One imporlant process conirol consideration is ihe consisiency of the molecular weight of the organic slip
constituents. Several binder Jots are currently available for use on the Hybrid Molding activities. A
technigue and vendor have been identified and initial measurements completed. Rasults io date indicale
that the mixed organics exhibit a different molecular weight distribulion than expected from the
constituents, Initial slip preparation trials have been camied cut to confirm criticat parameter

measurement methods and prepare sip fior initial hybrid molding trikals. DTA/TGA/FTIR characterization
has begun.

Task 2.3.4 Forming:

The inifial activity in this Lask Is 1o model the hybrd mofding procass for turbochanger rolors.

Technalysis, Inc. has been subcontracted to perform this analylical modeling. In this effor, they will
perform fhe sublasks listed in Table 1. Drawings of appropiate molding machine pats have been
prepared for FEM mash ganeration and flow analysis.

Table 1 Tachnabysis Tasks

Subtagk Proposed Effort

Geangration of 2-D Finite Element Mesh
Fluid Flow Analysis - Runner System
3-D Mold Filling Analysis

Postfilling Sclidification Analysis
Design Change Analysis

Effort was initlaled &l Technaklysis on madaling of the hybrid molding machine and process, A threg
dimensional finite element mesh, using hexahedral solid elements, of ihe flow coniro) valve and slip
injection passages was constructed for partial and full Row conditions. In addition, s two dimensional
mesh was generated for the full flow configuration, Fluid flow was then simulated using the PASSAGE®
program using slip properfies and boundary conditions that would result in 2ither taminar or turbulent
flow. Pressure, velocity contours, velocily veclors and pressure converpence x-y plots from these

analyses were produced for two sections of the injection passage snd the valve. Examples of these
results are shown in Figures 4 and &,

O b |3 o | =

The low analyses of the full flow configuration do not indicate any danger of flow separation with the
modal boundary conditlons and malerial properiies. A critical zone is shown, however, at iba injaction
fube exit jocation due to a high velocity gradient. ‘This 1ocation will receive special atlention in analysis
with measured boundary conditions and material properties. In the parial floaw configuration, hiwewer,
flow separstion is indicated in the vaive, This area wif also recelve special atlention in subsequent
analyses. The measured matetial properties and boundary cinditions have been supplied for thase
analyses, and this work has bagun.

Inittal hybrid mokling trials were begun with & test plate mok to confim critical parametars and provide
1esl material for development of residual stress and green strength test procedures. A three point bend
fixture in the x-ray diffraction machine is being used. Inilial trials have shown that useable diffracion
patterns of the binder in motded test bars can be obfained. The procedures for preparation of green
sirength test bars are heing developed using the molded test plates.

Task 2,3.8 Binder Removal;

Thermal analysis of the binder constituents and system has been completed. Consistent with molecular
welgh! distribution results, reported abowve, the thermal and gravimetric effects of heating the mixed
binder constiluents are not simply the sum of the individual results. Resulis do indicate the apportunity
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Figure 4. Velocity contours and vectors for full flow configuration.
(3-D and turbulence analysis)
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satup was compleled for in-sllu weight loss and gas monitoring. However, initial testing of the gas
monitoring selup showed the need for addilional cteansing of the gas stream, and a modified design Is in
progress.

Task 2.3.7 Sintering lnvestigation:

The initial subtask in sintering process controd was 10 measure the tamperature aniformity within the gas
pressure sintering fumace to he used in this program. Temparature uniformily measurement hardware,
both twpe “C" thermocouples and independent IR measurament methods, am being employed. Use of
this equipment on production runs in this fumace have shown lemperature variation of kess than 3 °C
within the fumnace volume. Run to run conslstency 15 described above In Task 2.3.1.

Effort has begun on identification of In-process sensing systems for sintering atrrsphere and shrinkage.
S0 spectral data has been received, and limited sampling technique dedermingd. Expermental setup
designs for in-situ monitoring have been initiated. Data from the inlerupted sintering shudies descrbed
in Task 2.3.2 is being used to develop a phenomenciogical moded of the sinlering of this matenial.

Task 2.3.8 Grinding:

Inftially in this task, cylindrical 1est specimens wera fabricstad by CIP {cold isostatic pressing) to
dederming the baseline of the current grinding procedure using SN235, CIP was utilized for ezse of
fabsication and 1o reduce tooling costs. 50 est specimens ((8° diamstar X 2.75" length) were fabricaled
and sinterad using the CIP mokding process. The test matrix includes flexural strength at room
temperature, surface roughness and dimensional evatuation. The grinding of 35 test cylinders using
present equipment and Selup is now complate. These haseline resullts are shown in Table 1.

Table 1: SBasaling Grinding Pimensional and Surface Roughness Resulis
Q.. Surface Roughness Surface Roughness Strength \
(Ra) (Rmax)

Average 14_321mm (4E3pm 4.580pm 541.9 MPa
Shandard 0,010mm 0.041prm 0.614pm 25.4
deviation

Weibull 256

Modulus

Analysis of the dimensional resulls for process capahility gave values for Ty of 0,80 hetween bars and
3 55 within bars, The main sources of vadation has been identified a5 due 10 rechucking procedure,
While ihe typical averaga MOR of SN235 is 921 MPa, it must be recognized Lhat the value above is for
cylindricatly ground and tested rouwmwd bars, whereas typicat MOR data ts obtgined from opfimally,
longitadinally ground ffat bars. Neverthetess, Lhis data will serve as a measura of basellne process
capability, against which process improvements will be measured.

The sources of variation In the cylindrical grinding process are being slwdied. The first technigue applied
is mulli-var analysis, in which samphkes are pulled from a production process at reqular intervals and
measured. !n this case, the process was simulated by cylindrically annding cylinders under CNC control
over 5 working days, with every bar being measured. The grinding wheel was dressed &l the begianing

. and halfway through the experiment. The results for dimensional control are givea in Figure & and for
surface roughness in Figura 7.

Sources of variation are idemifies as follows:

For dimensional control -
1. Rechucking is the iargest source of vasiation
Z. Diameler decreases following dressing
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3. Diameier increases with time of day (specific correlation TBD)
4. There s a possibla long termn ¢ycle
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Figure €. Multi-Vari Analysis of Dimensional Control
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Figure 7. Multi-Vari Analysis of Surface Roughness Control

For suriface roughness -
t. Dressing increases surface roughness
2. After dressing, roughness initially increases and then decreases
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3. A sporadic, unknown event appears 10 ¢ause roughness increase

A full factorial analysis of grinding parameters is underway to further identify those parameders and their
ineractions most imporiant for surface roughpess control. fn process dimensional and sueface
roughness measurement, and elecirolytic in-process dressing (ELID) are being investigated as methods
to raduge variation.

Tagk 2.4 Intelligant Procassing
Task 2.4.1 Slip preparation & Forming:

In-situ viscesily analyzers have been tested and found lo provide faulty data for the slip system
employad in hybrid molding. Conventional viscosity measurements are therefor being conducted fo
determine the extent of variation during moiding.

The soft computing approach to optimization and control of the hybrid motding process bas bean
developed. The fundamental elements of the plan are buikding of a hybrid system in which radial hasis
function neural natworks (Figure 8), and fuzzy sets are combined with genetic algorithms. The RBF
network will be used to model the parameters of the ceramic forming process, and will function as a
simulator of these parameters. The simulator will then be used as an objective function generator for
genetic oplimization as oullined in Figure 9. Considerable work will go into data preprocessing, which

involves both feature selection and dala formatting such as dala normalization, scaling, aversging. The
hybrid system will willze the process expert's

E——y—.
HiURAL
W HETARAS
l OONFCTIVE Fab ey
e —— ]
SORITTANE GreET " e
INPUT CUTPUT I—
Figure B. RBF neural network generating Figure 2. Proposed combination of soft computing
uncertainty factors. and genetic algorithms,

knowledge in definlng the fuzzy sets. A preliminary tast matrix for generation of the neural network
training data has been construcled, consisting of approximately 15 each of input and outpul variables.
Ranges for these process variables have been set. This matrix will be furiker anglyzed for possible
compression to minimize the number of process nms required,

Task 3 n apd Test

Yas r Inspection

The surface flaw detectability in ultrasonic inspection was evaluated using 15MHz, 25MHz and 50MKz
immersion lype probes for surface flaws. The mosl sensitive was a 50MHz probe, which can detact an
approximatety S0um reund shape and 35uin. width linear tool mark flaw. Subsurface flaw detectablity
tests have slarted and ASTM standards obtained. Preliminary evaluation of braze and shaft candidate
metertals shows that they have ultrasound velocities betwaen 3,700 and 5300 mvsec. Since ultrasonic
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inspection of metal jolnis may utillze the double probe method, we have prepared an equipment
emodification plan.

Spin test capabilily has been confirrned, with swcoessful cperation at 200,000 mpm. However, spin test
setup invesiigation revealed deficiencies in the arbor deslgn used for testing ceramic rofors of the size 1o
be made in this prograrn. The arbor has been redesigned and defivery is expected well within the
allowed tesl setup schedulke.

Status of Mllgstones

Milestone 1, Design Package, wes completed and submitied on fime. The design package was
approved. No other milestones are due during ihis fiscal year, and all future milestones are axpeciad to
be met on schedulke. The naxt milesione, due April 15 affer complefion of the beseline process
demonsiration, is establishment of process improvement goals.
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Objective/Scope

The objeetives of this program are to dasign, develop, and demenstrate advanced
manufasturing technology for the production of ceramic exhaust valves for a diesal engine.
The ceramic material for this program is Norton Advanced Ceramic’s NT451 SIAION, and
companent to be devaloped and tested is the exhaust valve for DDC’s Series 149 engina.
Specific abjectives are: (1} To reduce manufacturing cost by at least an cvder of magnitude
over current levels; {2) Ta develop and demonstrate process capability values (C,) of 0.7 or
legs for all eritical componant atvibutes; and {3} To validate eeramic valve parformance,
durability, and reliability in rig and engine testing.

linh
Task 1 - Compongnt Degsign end Specification.
Task 1a - Preliminary Design.
Two dimensional finite element analysis of the valve s$eat angle and kesper groove
geametry was completed by ORNL under an existing DDC-0RNL CRADA, The FEA results

are summarized in DEOC's Semiannual Technical Report for the reporting period provided
in Artachment 1,

DDC has modified valve drawing DD+125232 to incorporate the lowaest stress design.

Resaarch sponsored by the U.5. Department of Energy, Assistant Secratary Tfor Energy
Efficiancy and Renewable Energy, Office of Transportation Technologies, as part of the
Ceramic Technology Pralect of the Materials Eevelopmant Program, under contract DE-
ACDS-840R21400 with Martin Marvietta Enevgy Systems, Inc.
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Two ceramic valve part No's were greated: DD-125232-D for a valve with a 30Y seat
anglg; and DD-125233-ND for a 45°seat anple option. DOC has released valve drawing
DD-125232 to NAC as the preliminary valve design. NAC has completed all shop drawings
and techmcal specifications comprising the prefiminary design pazkage.,

DDC material specification 15T-4/514% "Engineering Product Appraval Raquirements for
Experimantal SIAION Exhaust Valve” was complated during the reporting period.
Mechanical propertles of the most recent powder batchas of NT451 SiAION wera analyzed
and taken into consideration in preparing this document, This matarial specification has
been includeg as part of the preliminary design package.

The preliminary design package comprising Milestone No. 1 was finalized and submitted
by MALC during the reporting period.

Task 1b- Fingl Design Analysis.
No Activity to Report.
Task 2 - Compenent Manufacturing Technology Development,
Task 2a - Environmental Safety and Health.
Mo activity to raport.
Task 2b - Process Cost Modaling.

A kickoff mesting to initiate the cast modeling effort was held between IBIS and NAC
ACM tzam members. NAC'S current and proposed cost effective process was outlined,
and technical specifications for each operation wers discussed. IBIS's first two subtasks,

1.1. (Technology Raview) and 1.2 (Data Collection), were initiated during the reporting
period. 1B¥S has initiated data collection and published literature rasearch activity to
provide background for cach operation. Particular focus is being given to machining
operations. Centacts for expert review of the model were made at Alfred University and
commercial ceramic machining husinesses. Data s being assembled in to a database for
analysis in & subseguent data analysis subiask. Tony Mascarin form 18IS participated in
a meeting with DECO Technologies to review development of the ceramic valve production
machining process.

Task 2¢- Process Caontrol

Milling and Spray Drying Process Control - One test batch {1SLX02) and two production
batches (SPPQ1 and SLPOZ) have been milled and spray dried using Ube E-10 as the raw
material source. Fifteen {15) Kg from batch SLPO2 have been pressed into valve blanks
and gregn machingd to establish density and dimensional control capabiiity of pans fired
in the continuous sintering furmace at Cantorr/Vacuum Industries (CV1). Batch SLPO3 {35
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Kal is currently being milled for use in praparing valve blanks for tha valve machining
development effort.

Four additional batches {SLX15, SEX17, SLX18, and SLX13) have bean milled and spray
dried using silicon nitide provided by Kemanord, Shin-Etsu, Stark, and Ube. These
matarialz behave differently during slurrying and milling and therefore, required 2ome initial
work to establish pH and viscosity controls. In particular, the Shin-Etsu powders could not
be filtered due 1o a high viscosity and flocking even with a pH of 10.2. All of the powders
resulted In reasonable spray dried powder properties, and are currently being pressed into
tile and cylinders for evaluation of sintered properties by batch sintering at NRDOC and

continuous sintering at CV1,

Continuous Sintering - Continuous sintating activity wag mitiated duning the reporting
pariod in conjunction with Centorr A acuum Industries {CVI} and Wittmer Consultants. The
CVIAVIttmear team has bagun work on their Subtask 1.1 {Raw Material Process Controf)
and Subtask 1.2 {Dimensional Controfl.  Sintering trials using sections of NTAR1 SiAION
DDC seriaz 149 valva blanks were conducted during the reparting pericd under the
Dimensional Contral subtask. Valve stems readily sintered to full density, Valve heatls had
lower sintered densities than the stems for all simtering conditions explared.

Machining - The valve machining process development effort was inftisted during the
reporting period. This activity s being performed n conjunction with Norton
Superabrasives Division and DECO Technologlies. A kickoff meeting wag hald at NAC's
East Granby plant on September 12, 1994, MNAD transfarred all of the technical
specifications for tha current valve machining process tp DECQ. A detailsd work plan for
Norton Superabrasives” valve machining development and tazhnology transfer activity was
reviewead wit DECO. DECD haz prapared a corresponding work plan for receiving and
demanstrating the valve production machining process technology. Duxing the reporting
pericd, DECC astablished contacts with various maching tool bullders to obtain data and
proposals for cost effective gonding of ceramie valves.

Norton Superabvasives personnel participated in a meating with Arvid Pasto from ORNL to

discuss possibilities of @ user program to support the valve machining development effort.
H was decided not to proceed with 8 user program untit initial grinding wheel scra=ning
trials using smalt diameater whesls are completed, At that e, & vger agraament could
be Inltiated wtilizing full scale grinding wheesls on the centerlass grinding equipment 2t the
HTML.

Task Ze- Intelligant Frocessing

A waork pian detailing the scope of BDM's effort under the intelligert pracessing effort
wag completed during the reporting pariod. BDM will pgrform the following activities:

{1) Conducx a literature search on modeling of the spray drying process.
{2) Code zn expart system 1o tie into the control software.
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(3] Provide guidance on the selection of sensors to monitor spray drying.
(4] Perform modeling of the dry bag isopressing process.

A simnillar effort is underway for intelligent processing of the milling operation. Tha sansors
to be utifized in the milling process have been selected, and the sensor equipment will be
acquired during the naxt reporting period.

Task 3 - Inspection and Tasting

Ma Activity to Reqort,

Task 4 - Process Demonstration.
Task 4a.

MNAC hss recelved DDC’s released preliminary design vafve drawing, DD-125232. The
corresponding shop prints for the pressed blank, green machined blank, and fired blank
have been completed. A datailed routing for fabrication of NT451 SiAI0N valves to this
drawing has been gompleted as well. A tatal of 200 preliminary design valves are being
fabricated - 100 with a 307 seat anghe; and 100 with a 457° saat angle. A pre-production
batch of 24 valves has been procegsed through batch sintering for to check stock
condition and 1o set up finigh grinding ceprations.

Task 4b.
No Activity to Report.
Status of Mitestones

Milestone MNo. 2 is expected 1o be completed in January 193%. A pantial delivery of 30 w 80
preliminary design valves is estimated for December 1894,

mimynicati Visi wvel

WAC hosted a kickoff meeting for ite ACM Program on April 7, 1994, Al of NALC's
subcontractors attended the mesting to present and discuss thew work plans for the program.
Tours of the Northboeo Research and Develeprnent Facility, Norton Superabraisives’ World
Technology Grinding Center, arsd MAC s East Granby, CT silicon nitride component procuction
facility were conducted a5 walt,

DODC hel a gquarterly CRADA reviewr meeting at its facility on May 2.3, 1994, The purpose
of this meeting was to coordinate activities between the DDC-ORML CRADA and NALC s ACK
program. It was dacided in this meeting that ORMNL will parform the 2-D FEM analysis on the
Series 149 exhaust valve under its CRADA with RDC. This change has been incorporated

into DDC’s ACM program Statement of Woark,
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A design review maeting far the praliminary design valva was held at DDC on June 3, 1994,
Topics of discussion ingluded MAC's valve design recommendations, a review of NMACs
current valve prototype manufacturing process, DOC's draf material specification, and MAC's
fabrication schadule for 200 preliminary design valves. A technical approach 1o integrating
machining development and ¢ost sensitivity analyses undar the ACMT program was discussed
and adopted.

August 29, 1994 - |BIS-MNAC pracess cost modeling kickoff meeting, NAC E. Granby, CT.

C.W. Miller traveled to Wittrner Consultards to discuss valve sintering and intelllgent
processing as refated 10 the subcontract.

D.E. Wittmer traveled to TV 1o discuss subcontract modifications and scheduling with CVI
and NAC personnel.

D.E. Wiggmer traveled 1o CVl 1o conduct sintering wials on valve sections and 1o discuss
intallipent processing as related to the subcontract.

September 7-15, 1294 - Murray Hauptman froom DECO Technologies attended the IMTS
machine tood show in Chicago, IC fo abiain information on machine wals for production
ceramic valve grinding.

September 12, 1894 - DECO Technologies, IBIS, NAC valve production machining process
davelopment meeting, NAC E. Granby, CT.

Baptember 30, 1934 - Nortan Superabrasives, NRDC, MAC mesting with Arvid Pasto from

ORNL to discuss possibilities for a user program to support valve machining developmant,
EGMICC Narthbaro Research Center, Morthboro, MA,

Problems Encountered

Dalays were encounterad in imtiating subcontracts with Norton Superabraigives and BDM.
Thege two subsontractors ara now under contract, and have bagun waork.

publicati

None.
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Attachment 1

The objectives of the progtam ars to design, develop and demonstrate advanced
manufacturing technology for the production of ceramic exhaust valves for diesel engine.
The ceramic valve for this program is Morton Advanced Ceramics' SiAION material to be
designed and tested in the DDC Series 149 engine. Specific objectives are (1) to reduce
the manufecturing cost by an order of magnitude, (2) to develop and demonstrate process
capability and reproducibility, and (3) to validate ceramic valve performance, durability
and reliabifity in fixture rig and engine testing,

Technical Progress

According to the revised Statement of Work, DDC utilized finite element modeling
{FEM) done by ORNL under CRADA for ACMT ceramic valve design. Preluninary
valve design is based on the results of 2-D FEM and probability of survivai (POS)
calculations. Final design analysis will include 3-D FEM and POS and will consider
translated seat and asymmetric temperature.

Baseline analysis using sarly insert and material properties has been completed. Each
load combination that accurs during the valve cycle was analyzed. On the seat, the
maximum principal stresses wers significantly larger when the pressure (15.9 MPa),
spring force (445 N), and thermal loading acting simultaneously (valve closed). Based on
its results the fillet radius was increased from 0.5% (12,7 mum) on the metal valve to 0.75"
{19.05 mm) on the ceramic vaive.

Seat angle and keeper groove geometry were also considered. In addition to the
production 300 seat angle, 459 option was modeled. The stress values are shown in
Table 1.

Res?mh sponsored by the ULS. Department of Energy, Assistant Secretary for Energy
Efficiency and Renewable Energy, Office of Transportation Technologies, as part of the
Ceramic Technelogy Project of the Propulsion System Materials Development Program

under Contract DE-AC05-840R21400 with Martin Marieita Enerpy Systems, Inc.
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Table [, Maximum principal siresses in the valve seat

Stregs. MPa
Location 300 seat 450 seat
Seat rading (midway betiveen the seat and the stem) 201.3 155.8
Seat {in insect contact region) ) 188.2 174.4

Since the mean strength of SiAION NT451 at the temperature of interest is 780 MPa,
the POS calculations gave a value of 1.00 for all cases. Fatigue and other factors may,
however, reduce the strength significently. The 45° valve has a 23% lower maximum
tensile siress in the radius, and a 7% lower stress in the seat, The lower radius siress is
probably due to the fact that the 45° valve can slide more easily on the insert. Therefore,
the lower stress with the 459 seat angle will likely come at the expense of more wear. In
order to investigate the stress.wear trade-ofT, it may be beneficial to have both 30 and
459 prototype valves made.

Four different keeper groove geometrics were compared. They tepresent the groove
configurations on the current production Series 149 valve, on the Series 60 exhaust valve,
on the ceramic valve tested under ADECD program and one configuration proposed by
Norton. Standard groove (the one curently used for the metal valve) has a 30° angle at

the botiom. Option 1 has a 44° angle at the top, and Option 2 has both the 449 angle at
the top and 30° angle at the hottom. Deeper groove was proposed by Norton and featured
0.2942" (1.47 mm)} nominal keeper groove diametsr compared to 0.2965" {7.53 mun)
diameter on DDC designs. Proposed groove was also wider and had broken edges with
0.0075" (0.19 mm) radius. Keeper graove options were modeled with 1333 N closing
force. The maximum calculated principal stresses ara shown in Table 2.

Table 2. Maximum principal stresses in the keeper groove (MPa)

Case Stress, MPa
Standard 106.2
Option 1 107.6
Option 2 108.2
Norton design 146.9

All of these maximuin stresses are on the surface of the groove, upward from the
groove center line, Based on these results, standard keeper groove design is
recommended for the prototype ceramic valve.

Valve drawing DD-125232 was modified to incorporate the resuits of the GRNL finite
element modeling. Figures I and II were removed, leaving only one keeper groove
configuration on the deawing. Valve seat angle was charted to include both 309 and 459
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options on the same drawing. Following part numbers were assigned: DID-125232-D for
a valve with a 300 seat, and DD-125233-ND for a valve with a 450 seat,

Work on the Series 149 valve irain dynamic modeling has started, Model will be
created using PC version of the ADAMS software.

A 15T material specification "Enginesring produst approval requirements for
experimental SiAION exhaust valve” has been generated based on previous DDC
experience with structural ceramnic components. Unlike a 90K specification which is for
producticn components, a 15T-4 specification is for development components with DD
part numbers. The 15T-4 5149 ceramic valve specification is based on DDC experience
with the design, analysis and testing of components from various suppliers other than
Norten. DDC specifications are supplier and process specific. Therefore, a considerable
amount of refinernent is needed to this specification as Norton develops specific
processes to manufacture cecamic valves. Characterization results from lots of SIAION
will provide the basis for these refinements. Properties must be developed from co-
processed samples that are fabricated coincident with the parts for each lot of material.
These refinements will also depend on DDC testing of valves on fixtares and engines.

Minimum requirements for material hardness, density, fracture toughness, MOR
strength, Weibull modulus, porosity and microstruchire are specified, as well as
comresponding measucement standards.

States of Milestones

One milestone was completed during the reporting period. Material specification for
ceramic valve was finalized and released. All other milestones are on schedule,

None.




1. Sibold. J. Stephan GGarvcy, M. Rifland, and R. Weaver
(Golden Technologics, Inc.)

Objective/Scope

The purpose of this program is to develop a cost-effective advanced ceramic
manufacturing technology capable of achieving:

* High volume production
» Prices competitive with current metals
* High Process Capability

to result in components gualiffed for installation in diesel engines.

Approach

The focus of the techrical approach is the development of viable ceramic
manufacturing technology for comumercial introduction of selected ceramic
components in diesel engines. Two components were selected by our two diesel
engine companies. Both parts are of a similar geometry, lsading to a whole family
of parts that can be pursued in the near future. Hence, while the development effort
will involve two product teams, two parts, two materials, the similarity of
components and processes will provide Golden Technologies a common platform
for problem solving through the application of the TOM pracess to program needs.

The technical challenges of the program (High volume, Low cost, High process
capability) will be addressed through:

* Near-net shape processes will be developed to reduce the high cost of
post-sintered machining

* Intelligent Processing will provide the technological edge needed to
conirol processes at a level leading to high process yieids that impact
improvements in cost, and

*+ Selecting simple geometry parts, and using lower cost raw materials to
satisfy product specifications and performance standards.
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The manufacturing technology development effort will be an iterative process
starting with the careful analysis of baseline operations to establish control and cost
data for characterizing the processes. The principle of continuous process
improvement will be applied to solve problems in achieving the highest yields as
the key element required of cost-effective manufacturing. Total Quality
Management will be emphasized to identify process deficiencies, design
experiments, solve problems, and implement improvements. At each step of the
way, process improvements will be monitored by Statistical Process Condrol and cost
modeling to measure the effect of changes in processing operations.

Task 1. Component Design and Specification

Discussions with Cummins
regarding their component were productive in defining meaningful
test methods for acceptance. An underlying premise of this activity
assumed that chemical corrosion properties and tribology were
inherent in the composition chosen, independent of processing
conditions. Critical properties chosen for TTZ in this application were
flexural strength, coefficient of thermal expansion and density. The
intent of the testing program defined by Cununing remains to test
actual components with the approved design reflected by the

component print.

Initial Deirojt Diesel Component Design. A Design Failure Mode
Analysis and Effects (FMEA) document was completed by the
GTC/Eaton/DDC team. Two designs were addressed during this
review including the standard solid cylinder and a hollow cylinder.
The latter design was considered due to the cost reducing benefits of a
hollow cylinder which facilitates debindering and nitriding. The
standard design and DFMEA was supplied to Martin-Marietta as a Task
1 deliverable.

Nominal property data on thermal and mechanical properties of
SRBSN has been completed by GTC. A preliminary material property
specification has been completed, but material specifications will
continue to be updated. The significant characteristics that have been
identified for sampling each lot produced are: 1) Density, 2) MOR b-1
strength, 3) Weibull Modulus, 4) Surface porosity. Periodic sampling
was considered for: 1) Fracture toughness, 2) Bulk composition, and 3}
Microstructure grain size analysis. Elasticity, hardness and thermal
properties were not considered essential for sampling. Sixiy stremgth
data valwes for a GTC standard SRBSN batch were supplied to DDC
together with Weibull analysis to aid in upcoming finite element
analysis.
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Component Manufacturing Development

GTC~-Cummins  Transformation Toughened Zirconja (TTZ)
Component. The primary processing technology chosen for
component fabrication was determined be an extrusion process. The
cross-sectional thickness of the component design was acceptable for
extrusion processing. Although the fabrication of secondary geometric
features is required for the compenent to function in the application,
the high green sirength afforded by GTC's extrusion process is an
advantage in completing near-net shape forming. Other daesirable
attributes of GTC's extrusion process include: (1} sufficient plastic flow
under pressure for shape generation; (2) post extrusion rigidity (yield
point} to resist slumping during handling; (3) a smooth surface texture
created by the extrusion dig; and {4) a benign aqueous-based binder
systemn that promotes particle distribution homogeneity under pressure
for uniform density.

Development activity for the period has been focused on defining a
baseline process for TTZ including mixing, extrusion and drying. The
extrusion process chosen utilizes a standard binderless, spray dried
powder procured from Coors Ceramics’ Golden Flant. The baseline
process has been used to produce test blanks for grinding studies at
Coors Ceramics and Cumnmins. Additional sintering campaigns are
intended to produce blanks for grinding studies at Eaton MIC. In
anficipation of increased blank production for grinding trials, a
precision, automatic cut-off saw has been ordered from an outside
vendor for December, 1994, delivery. Also, a support fixture has been
developed and implemented on a routine basis that minimizes
deformation of the rod, when transferring it from the extrusion die to
drying setter.

With the development of a viable exirusion-binder system for the
baseline process from mixing through deying, current development
activity is now more focused on achieving the highest level of
component straightness in the as-sintered state. Kiln support refractory
has been identified as a key concern affecting product quality. A porous
line of refractory materials has been identified in a variety of support
shapes for sintering trials that are being explored in firing trials in a
production kiln.

Kiln sintering cycles have been evaluated for optimizing mechanical
properties. Cooling cycle contro! is the key element in controlling
precipitate formation in the microstructure which, in turn, determines
material toughness and flexural strength. With time, implementation
of an optimized sintering cycle will be achieved in the production
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environment to ensure that all critical material properties conform to
specifications.

GTC-DDC Sintered Reaction Bonded Silicon Nitride {SRBSN}
Component

jlli Several experiments were performed toward a
goal of irnproving the standard operating procedure for milling for
SRBSN. In one experiment the pH was maintained at a specific level
throughout milling. A second experiment was performed during
which pre-scheduled additions of deflocculant were added. Equivalent
properties were achieved with pre-scheduled additions. The standard
operating procedure was madified as appropriate.

Extrusion. This period activity has focused on forming process
development for manufacturing the cylinder. Based on preliminary
cost analysis and experience in forming process capability, GTC has
focused on developing the extrusion process as the preferred forming
technique. Three tasks have been pursued toward extrusion
development, including: the production of a large standardized feed
powder lot, development of a standard operating procedure for the
milling process and extrusion process development.

A total of 1,220 pounds of SRBSN raw material has been prepared to
data representing ten separate batches. This material was the feedstock
for extrusion development and isopress part forming.

It was recognized that the impact of silicon powder processing upon
mixing and extrusion variables is key to controlling the extrusion
process. Key parameters during powder processing include surface area
generated during milling and the deflocculant/dispersant used. These
parameters influence the wetting behavior of the binder system during
mixing. Mixing time appears to be a response variable to powder
wetting resulting from changes in surface area and the dispersant used
during milling. Mixing time is varied to achieve the desired state of
mixing agglomeration as a requisite step for high quality extrusion
Viable binder formulations have been developed for extruding thick
walled tubes and solid rod geometries. A basic format for capturing
fundamental mixing data through drying has been implemented for
future process control. Future changes for mixing, extruding, and
drying processes will be predicated on feedback from downstream

thermal processes-nitriding and sintering.

The flexural strength of dried, green rods and tubes was measured for
extruded 5i and TTZ. Using the three point bend method, flexural
strength values in the range of 1,000 to 1,500 psi. were measured for
TTZ. Correspondingly, flexural strengths for Si were in the range of
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1400 to 2,300 psi, depending on drying treatment and binder
formulation. Load-deflection curves for TTZ indicated a large inelastic
behavior up to the load to break. The inelastic region was present for
extruded Si, but was relatively small compared to TIZ. Energy-to-
break values were calculated from the area under the load-deflection
curves for each material. Strength values for extruded TTZ and Si
reflect a 1 to 1.5 order of magnitude increase over typical strengths for
powder processed compacts formed by dry or isosfatic pressing.

A total of 21 developmental extrusion runs were made during this
period. Thiee subtasks were addressed including: binder composition
development binder level optimization and process replication. These
experiments resulted in elimination of visual flaws such as cracks,
striations and voids. Typical optimized sintered densities were high
(i.e. 3.38 g/cc). During this time drying process development was
addressed. A preliminary standard operating procedure for extrusion
and drying was determined.

In total, feed stack for over 12,000 compoenents have been produced and
over 1,500 finish sintered blanks have been completed. These parts
have been or will be used for fixture tests, motor tests, static tests,
destructive material property testing and machining development
studies. ;

h ing. A series of experiments were performed to
investigate debindering. an optimal thermal schedule/atmosphere
combination resulted in a 70% reduction in cycle time.

Two campaigns of continuous sintering tests wetre performed at a
commercial furnace manufacturer during which iso-press and
extruded components were fired. A total of eleven time-temperature
combinations were evaluated. None produced the high densities
obtained using batch furnaces. Additional experiments are planned.

A series of experiments were performed to evaluate the effect of part
size on thermal cycle times. Samples as large as 1.4 inches in cross
section were successfully debindered and nitrided within 28 hours.
Parts as thick as .35 inches were sintered to theoretical density.

Additional work has been completed evaluating several commercial
refractory compositions and their applicability to thermal processing.

Material Properties. Initial strength test results have been completed
for four independent batches of sintered extruded hollow parts.
Average batch strengths have ranged from 71 ksi (490 MPa) to 93 ksi
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(642 MPa). Fractography has been performed on many of these broken
specimens and the data are being used in extrusion development.

Part Manufacture. GTC has prepared 48 components by isostatic
pressing. Half of these components were supplied to DDC for fixture
tests and half were supplied to Eaton, CoRD for material and
dimensional characterization. All parts were characterized by GTC for
both material and dimensional characteristics.

Process Cost Modeling

Summit Solutions, Inc. has completed cost simulations for the
production of both the Cummnins engine and Detroit Diesel ceramic
engine parts. The simulations support the identification of cost drivers
in the production processes and the behavior of those drives under
various operating scenarios. The simulations reflect the process flow
for the production processes for each of the parts, and can be run with
or without animation. Process cost data is included for all relevant
process steps either in terms of cost per unit time, cost per volume, or
cost per part. Cutput is provided graphically, in table form and in file
format that can be manipulated in a spreadsheet or database. Output
information for a given operating scenario includes preduction cost
per part and total cost for the production run. The cost contribution of
each process step to the total production cost is shown graphically as
well as in data format. A graphical display of the contributing share of
each cost element in a process step is shown for all process steps.
Inspection costs, scrap costs and the breakdown of overhead costs are
shown in the aggregate and for each process step. All key production
process elements are included in the models as variables. The variable
values can changed by the user at the start of a model run, which
provides for doing "what if” analyses to determine the impact of
changes in the production processes on production costs.

Environmental Health & Safety

A subcontractor has been identified and its reviewing current processes
and existing documentation (i.e., MSDS) to perform an assessment of

EHS issues.

Intelligent Processing and Process Control

After evaluating both manufacturing processes two primary areas of
focus concerning intelligent processing and process control have been
identified. First, a networked comprehensive database and a
computerized information system is recognized as an essential
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platform to carry-out and support intelligent processing, integrated
process control, data acquisition, and SPC. This extensible and scaleable
hardware and software platform will support both development and
production level efforts and is being developed in parallel and in
conjunction with other efforts. Second, process control and process
modeling for individual operations and the overall manufacturing
processes is being approached on a pricrity basis. The unit operations
and overall process control schemes that are the most critical and have
the greatest impact on component cost and quality are receiving the
initial focus.

The RMH Group, Inc. is responsible for designing and implementing
the database and information system which will gather and process
data from all the critical processing steps. This system solution
includes a wide area network{(WAN), a large local area network{LAN}
throughout the GTC buildings, an integrated and comprehensive data
base and data server, a new supervisory control and data
acquisiion{SCADA) system, new sensors and transducers, data links
into existing control systems, and man machine interface{MMI)
stations including their operational software. The design is based on
platforms which support the current and future needs of the project,
for example, scaling to large production volumes and supporting
possible future ISO 900X guidelines, documentation and audits. KMH
has completed the first phase of the information systemn including
recommendations for computer hardware, software, instruments and
requirements for process monitoring and the database. Purchasing
specifications for all standard hardware and software is complete.
Major hardware components recommended include Compaq
computers and Allen Bradley programmable controllers. Software
recommendations include Wonderware with built in statistical
processing capabilities for data monitoring and operator interfaces and
Microsoft SQL Server for the data base manager. RMH has completed
preliminary monitoring and database requirements for selected
processes and documented in process block diagrams and spreadsheet
tables. These preliminary efforts will be refined during the second
phase into specifications for the process monitoring software and the
prototype database. Process flow charts are nearly complete and process
engineering and standard operating procedures are in progress.
Additionally, training for design of experiments (DOE) and process
capability {Cpk] is currently underway.

The second focus involves process engineering and process modeling
for individual process steps as well as an overall process line model.
Both engine component manufacturing processes were considered and
evaluated for the most effective opportunity to initially apply process
control and intelligent processing. Six major processing steps,
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including; milling, spray drying, mixing, extruding, drying, and
nitriding have been identified to receive the first attention. The
modeling effort taken involves a blend of theoretical, heuristic, and
empirical approaches. When available, theoretical models from the
literature have been utilized as a starting point. Heurigtic information
(or rules of thumb} are then compiled and superimposed over the
theoretical model and finally historical and empirical data is used to
verify the models. Green shaping by extrusion was determined to be
an area that plays a critical role to achieve the overail goal of significant
cost reduction by producing a near-net-shape fired blank to final
machining. The extrusion shaping process is common to both engine
components and is the least understood. Within the green shaping
process block the emphasis is further focused on quantifying the
rheological parameters as a function of ceramic paste formulation. A
process model for the extrusion process has been developed that
utilizes a fully instrumented test cell that allows six quantifiable batch
variables to be correlated against batch composition and product
qualities. The test cell has been designed and it's construction is nearly
complete. Initial results suggest that the model is appropriate A
process model that describes the batch mixing operation is being
developed. To support this model the mixer has been modified and
instrumented to monitor mixing time, temperature, and torque. A
process model that describes the drying of extruded stock has been
initiated. Finally, a product model that describes the roundness,
straightness, and cylindricity of the components as they move through
the green shaping and firing processes is under development. A real-
time in-lme vision systern will be used to characterize this geometric
aspect of the components. An extension to this production vision
system is being considered for final part dimensional measurement.
Intelligent processing and expert system software is being evaluated as
a tool and platform to develop the process models and simulate process
variables. Gensym Corporation’s G2 real-time expert system software
has been identified as an appropriate tool for developing the process
models. It supports real-time intelligent monitoring, rale-based
reasoning, simulation, network connectivity, and system learning,.

Inspection and Testing

GTC - Cummins Component

To determine the correlation of roundness and straightness
measurements between GTC and Cumining, a precision instrument
was delivered and installed on a trial basis in the metrology lab at
Coors Ceramics. Measured results from this instrument on test
components compared favorably for critical dimensions measured at
both Eaton and Cummins using similar equipment.
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GTC - DDC Componenk

Progress has been made in the area of part testing. For the initial pass,
parts were manufactured at GTC by an iso-press forming process while
extrusion was under development. These parts were machined to
specification by Coors Ceramic Co. and independenily tested for
material properties and dimension at GIC and Eaton-CoRD. All
specifications were met. Some of these of these parts were forwarded to
Eaton for static fatigue testing. The remainder was set to DDC for rig
testing.

Static rig testing has progressed largely through the effort of Eaton
Corp. at the CoRD facility. Pue to the nature of the mechanical stress
experienced by the compenent, it was necessary to develop special static
shear fixture. This test fixture has been completed. Replaceable
bushings were used wherever wear surfaces were encountered. The
static shear test fixture is flexible in design and can be converted to
dynamic testing by inserting rod-end adapters. These adapters allow
usage on an MTS cycling device.

DDC has modified a valve train rig apparatus for ceramic component
testing. GTC parts have been installed and the test run is in progress.
The test parameters were selected to be abusive and exceed normal load
cycles anticipated in the field. At the time of this writing, GTC ceramic
parts have racked up over 100 hours of run time. No failures have
been detected to date. The test is scheduled to run about 1000 hours.

Process Demonstration.

A review of processing capital equipment has been performed to
determine critical needs for future process scale-up. The focus of this
activity has been to define equipment for extrusion mixing and
grinding /finishing operations. Certain capital purchases are planned
prior to year-end as this analysis continues and procurement measures
are pursued.

Research sponsored by the U.5. Department of Energy, Assistant
Secretary for Energy Efficiency and Renewable Energy, Office of
Transportation Technologies, as part of the Ceramic Technology Project
of the Propulsion System Materials Program, under contract DE-AC05-
840R21400 with Martin Marietta Energy Systems, Inc.
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2.0 MATERIALS DESIGN METHODOLOGY
INTRODUCTION

This portion of the project is identified as project element 2 within the
work breakdown structure (WBS). It containsg three subslements: {1} Modsling,
(2) Contact Interfaces, and (3) New Goncepts. The sub-elements include
macremadeling and micromedeling of ceramic micro-structures, properties
of static and dynamic interfaces betwaen ceramics and batween ceramics
and alloys, and advanced statistical and design approaches for describing
mechanical behavior and for employing ceramics in structural design.

The major objectives of research in Materials Design Methodology
elements include determining analytical techniques for predicting structusal
ceramic mechanical behavior from mechanical properties and micrestructure,
tribological behavior at high temperatures, and improved methods for
describing the fracture stafistics of structural ceramics. Success in meeting
these objectives will provide U.S. companies with methads for optimizing

meachantcal properties through microstructural control, for predicting and
controlling interfacial bonding and minimizing interfacial friction, and for

developing a propeny descriptive statistical data base for their structural
ceramics.
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2.2 CONTACT INTERFACES

Obiecsive/S
The goal of this effort is to 1 CONSISiency in reporting ceramic wear data by
S &

helping to devel:? one Or more test methods for quantitatively determining the
wear resistance of strucrural ceramics, in reciprocating sliding, a type of motion which is
experienced btﬁcseveral types of antomotive and truck engine wear parts. ORNL is

ing with the ASTM in meeting this objective. Wear-test development nonmally falls
within the scope of ASTM" Q-2 Committee on "Wear and Erosion,” and in 1990,
P. J. Blan was appointed chaimnan of & newly established Task Group G02.40.07,
"Reciprocating Shiding Wear Testing," within the G-2 Committes. This report describes
the continuing activities of the Task Group.

Technical Hishlie}

The draft standard was reballoted and discussed at the ASTM G-2 meeting in
Montreal, Canada, in May 1994, A number of chanpes were saggested, but the
subcommittee decided that vpon successfol review by the Editorial Subcommities
and contingent wpon approval by the Subcommittee G02.40 Chairman, a joint
subcommitice-main committee baltot wonld be conducted prior 1o the next meeting 10 move
the standard into it final ]iha.sc of completion. In addition, results of the interlaboratory
wear-festing program on lubricated silicon nitride specimens were incorporated into the
precision and accuracy staternent of the standard

Results of the joint ballot are expected by November or December 1994,

Fuiure Plans

The next meeting of the G-2 Conunittee will be held in Phoenix, Arizona, on
December 8-9, 1994, Plans are to address all negative votes on the joint
subcommittee/main committee ballot and 10 prepare the draft standard for society-level
balloting in 19935,
Stams of Milestones

222206 Make revisions to the first ballot and submit to ASTM G-2.

222201 Complete reduction of data from the second set of roand-robin wear
tests. Completed December 1993,

222208 Revise and resubmit draft for subcommittes balloting, Completed
January 1994
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222200 Address any negatives and comments on the subcommittee ballot
and are for discussion at the G-2,40 meeating. Completed
May 1994

222210 Prepare and submit revised draft standard for Editorial and
Subcommittee Chairman review. Completed Aygust 1994,

222211 Address comments on joint mainfsubcommittes ballot, December
1994, (continuing). ’

. ications/Visirs/Travel
P. J. Blau attended the ASTM G-2 Commitice meeting in Montreal, Canada, in
May 1994, to lead the Task Group G0O2.40.07 meeting on "Reciprocating Slidin
Wear Testing.” The traveler also chaired Subcommittee G02.91, "Wear ang
Erosion Terminology."

Pyblications/P .

None.




C A Jotmson and W. T Tucker (GeneralElectnc Curporam)

Objective/Scope
The design and application: of reliable load-bearing structurat companents from ceramic
materials requires » derailed understanding of the statistical nature of fracture in britde
materiale. The overall objective of this program is to advance the current wnderstanding of
fracture statistics, especially in the following forr areas:
» Optimum testing plans and data analysis techniques.
« Consequences of time-dependent crack growth on the evolution of initial flaw distribu-
tions.
+ Confidence and tolerance bounds on predictions that use the Weibmll distribution fune-
tion.
+ Strength disteibutions in multiaxial stress fields.

The stxdizs are being carried out largely by anabytical and computer simulation techmiques.
Actoal fracture data are then used as appropriate to confirm and demoenstrate the resulting

data analysis techniques.

Technical Hichliel

Work has continued on the development of 2 rigorous justification of a multiaxial proba-
bility of fallure from fndamentals. In earlier reports, the derivation of Batdorf and Heinisch
{Ref. 1) and Lamon and Evans (Ref 2) was confrasted with a development Based o the
Poisson distribution given by Thiemeier st. al. {Ref. 3). In a sense, the Lamon and Evans
approach follows Weibwll’s first derivation in his 1939 paper (Ref. 4) based on the hazard
Tunction, while tha Batdorf and Heinisch approach follows Weibull's second derivation in the
1939 paper. The approach in Ref. 3 treats flaws as individual failure sites with a correspond-
ing probability of fajlure. These sites are then assured to occur via a Poisson distribution,
As shown earlier, the two approaches are not consistent with each other, The fact that the
Batdorf and Heinisch (B-H) and Laraon and Evans (L-H) approaches may be treated as one
follows from their equivalence shown in Ref. 5.

The continuing study has focused mainly on a development of the B.H and L.E
approaches from a weakest link formulation. In a weakest link setup each "link" is considered
to have at least one flaw: the failure producing fiaw. This is shown mast clearly in the deriva-
tion given by Batdorf and Heinisch. Assuming the weakest link hypothesis and statistical
independence yields the probability of survival of a particular specimen under a given ioad
environment 45

Py = 111 [1- (APR)] (0
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where the subscripts & and £ denote respectively survival and faflure, (AP:); gives the proba-
bility of failure of the ith increment in a sequence of divisions of the specimen denoted by A
into ever decreasing divisicn sizes, and the prodoct follows from the assumption of statistical
independence (of, Ref. 1, Eq 1). The product gives the probability that none of the indivi-
duat increments fail. The assumpticn is made that as # approaches infinity Py approaches a
limit. However, even if a limit axists, Eq. 1 does ot show how Pg is determined. Thus there
are two central issues with Bg. 1: Under what conditions does a lmit exist and when a lirait
axists how can it be evaluated.

Weibull’s first approach can be adapted to demonstrate the method.  Moreover, a solu-
tiom is abtamed in which both of the issuas are answered. The key is that n a uniform load-
ing of a homogeneous material with equal sized increments the probability of failure is the
same for each such increment (of a given size). This greatly simplifies the development.
Indeed classical extreme value theory can be employed. It can be shown that

Py =TI [1-(APs)}—e” )
if and only if
H{APp)—T (3)

as A approaches zero when » approaches infinity. Bq.'s 2 and 3 are sssentially contained in
Ref. 6, Theorem 1.5.1, which treats the extreme value distribution of the maximum (the
weakest link formulation treats the distribution of the minimum). Following Weibul, if it is
assumed that (AP7); is given by (the size scaled Weibull distribution)

(APg); = )
then r is given by
r-wiw. (5)

In Eq.’s 4 and 5, o is actually oy, but since the load is uniform all the &; are equal. Study of a
generalization of Eq.’s 2 and 3 to include multiaxial effects and the hazard function employed
in the B-H and L-E approaches is underway. It appears that with suitable assumptions such
a generalization is possible.

The approach of Ref. 3 answers the twe issues directly but may not be appropriate as a
model of statistical failure in brittle materials: Fg is determined directly in the formulation,
5o there is no question about the existence of a limit or the value of P determined by this
limit. The approach of Ref. 3 assumes that a probability of failure for a single individual flaw
15 defined for a particular specimen under a given Ioad environment. fn determining the pro-
bability of failure, the flaw is considered to be located at random within the specimen with a
distribution of possible flaw sizes. Flaws are assumed to act independently of each other and
their cecurrence 1s assumed to follow a Poisson distribution with & given rate parameter. If
the probability of faiiure is denoted by B, then the survival probability of a component con-
taining exactly one flaw is given by

Ry =1-B. ©
When there are k flaws present their overall survival probability is
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Ri = (1-BY, M

from the assumption of independence. Letting M denote the average number of flaws in the
specimen in the Poisson distribution yields a specimen survivaf probability of

Py~ %Pkﬂk (8)
= W{'MBJ L] (9]

where
Py = MEe™ [k (10}

andl each term in the sim of Eq. 8 gives the joint probability that there are k flaws present
and the specimen survives all & of them. Now Eg. 9 implies, as the failvre stress (or load)
approaches infinity, that Py is not zero. (M is finite or otherwize the development based on
the Poiszon distribution is not defined.) With an infinite load B becomes one for typical flaw
size distributions and Eq. 9 bacomes

Ps = exp(-M). (11)
Eq. 11 gives the probability that a specimen with no flaws is produced, This possibility always
exists with the Poisson distribution. However, observation of many brittle materials indicates
that all specimens contain flaws and over a range of sizes the Weibull distribution fits obser-
vation very well, Pg being preater than zero with an infinite lead does not seem to be con-
sistent with observation.

The difficulty with the approach in Ref. 3 is in claiming that B and 7 are equal. In order
for the approach using the Paisson distribution to be valid, B must be a probability. How-
ever, 25 indicated, it is pessible to set up a derivation in which B is a probability. Clearly
from Eq.'s 2 and 3, r is the value of a hazard fonction (and generally takes values greater than
one). Thus B and r caniot be equivalent. The central issue rejates 1o the possibility of mak-
ing a specimen that contains no flaws. Under the Poisson setting this is possible. Under the
weakest link setting this is not possible. In a sense, in the Poisson formulation flaws are
*rare,” while for a weakest link forrulation flaws ara "numerous
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3.0 DATA BASE AND LIFE PREDICTION

INTRODUCTION

This portion of the project is identified as project slement 3 within
the woik breakdown structure (WBS). It contains five subelaments,
including (1) Structural Qualfication, {2) Time-Dependent Bahavlor,
{3} Environmental Effects, {4) Fracture Mechanics, and {5) Nondestructive
Evaluation (NDE) Development, Work in the Structural Qualification
sub-element includes proof testing, correlations with NDE rasults and
microstructure, and application to components. Work in the Time-Depandent
Behavior subelement includes studies of fatigue and creep in structural
ceramics at high temperatures, Regearch in the Environmantal Effscts
subslement includes study of the long-tarm effects of oxidation, comosion,
and eroslon on the mechanlcal properties and microstructures of structural
ceramics. Work in the Fracture Mechanics subslement includes development
of technigues for measuring the tensile strength and creep resistance of
ceramic materials at high temperatures, and tasting ceramic materials at
high temperatures undear uniaxial tension. Wark in the NDE Development
subelement is directed at identifying approaches for quantitative determination
of conditions in caramics that affect their structural performance.

Major objectives of research in the Data Base and Life Prediction
project element are understanding and application of predictive models
for structural ceramic mechanical reliability, measurement techniques for
long-term mechanical propery behavior in structural ceramics, and physical
understanding of time-dependent machanical fallure. Success in meeting
these abjectives will provide U.S. companies with the tools needed for
accurately predicting the mechanical reliability of ceramic heat engine
components, including the effects of applied stress, time, temperature,
and atmoesphers on the critical ceramic properties.
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3.1 STRUCTURAL QUALIFICATION

Microstroctural analysis of Stryuctural Ceramics
B. J. Hockey and S. M. Wiederhosrn
(Naticnal Inatitute of Standards and Technolooy)

Objentive/Seope

The ohjective of this part of the program {: to identify mechanisms
of fallure in structural ceramics subjected to machanical loads at
elevated test temperaturea. Of particular interest is the damage that
accumulates in structural ceramics as a consequence of high temperature
expasure te stresses normelly present in heat engines.

Design ecriteria for the use of ceramics at low temperature differ
from those at high temperature. Af low tamparaturse cmranica are elastic
and brittle; failure is controlled by a distribution of flaws arizing
from processing ar machining operations, and the largest flaw determines
the =trangth or lifetime of a component. By comtrast, at high
tepperature where ceramlecs are wviscoelastice, feilure occurz as a
congequence of accumulated, or distributed damage in the form of small
cavities or cracks that ave generated by the cteep process. This damage
affectivaly radureg the cross-section of the component and increases the
stress that must be supported. Such Incressex in stressx  are
autocatalytic, since they increase the rate of dsmage and sventually
laad te failure as a consaquence of loss In cross section., When this
happens, the individual flaw lases its importance asz a determinant of
component: lifecime. Lifetime now depends on the tetal amount of damage
that has occurred as a consequence of the creep process. The total
damage is now the important factor controlling lifetime,

Recent studies of high temperature failure of the non-oxide ceramlcs
intended fur use for heat engines indicates that for long term usage,
damage accumulation will be the primary cause of specimen failura.
Mechanical defecce, if present in these materials, are healed or removed
by high temperature exposure so that they have litrle influence on long
term lifetime at elevated temperature. In thiz situation, lifeiime can
be determined by characterizing the damage and the rate of damage
accumulation In the material st elevated temperatures. In ceramic
matarials such as =ilicon nitride and S5iA10H, such characterization
raquired high raselution analyses beezuse of the fine grain size of
these materials: hence the need for transmiszzion electron miecroscopy as
an adjunct to the mechanical testing of ceramics for high temperature
applicaticns is apparent.

In this prejact, the creep and crasp-rupturs behavior of saveral
ceramic materizls will be correlated with microstructural damage that-
occurs as a Function of creep strain and rupture time. Materials to be
studied include: S1iAlOM; hot-pressed gilicon nitride; sintered silicon
carbide. This project will be coordinsted wich WBS 3.4.1.3, Tensile
Creap Testing, with the ultimate goal of developing a test methodology
for azzuring the relisbllity of structural ceraemics for high temperaturs
applications.
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Technical Highlic

The processes involved in the creep of various grades of silicon
nitride were studied. Most recent efforts wers directed at determining
whether plastic deformation of the siliecon nitride grains by dislocation
glide/climb precessss occurs and contributes to hipgh temperature creep.
Comparsztive chzervations were made on samples of NT-154 crapt In tension
or compression as well as unstressed material. All threa types of
samples contalned relatively dense tangles of dislocations, as well as
dislocation sub-houndaries, within distributed silicon nitride grains.
While the nunber density of grzins containing dislocations appeared
highest in the compressive sample and leowest in che unstressed material,
indicating =ome stress induced dislocation activity, the zrelative
differsnces between samples appeared too szmall to conclude dizlocation
processes play a significant rele In tenslile or compressive creep. At
best, thesa processes may lead to lecalized stress relief., but under
restricted cenditions.

additional results on the discribution of crystalline second phases
produced in BY-6 and HNT-154 were also ocbtalned. In both,
devitrification of the oripinal "sintering" glass results in both
nitrogen apetice (H-phese) and yitiyium disilicate, which differ in
yitrium to silicon concentration. Foxr FY-&, the formation of nitrogen
apatite (higher TW8i) is significantly favorsed over ytirium disilicate
(lower ¥/5i), while for NT-154 the reverse heolds. While this result can
be traced to differences in yttria concentrations in the starting
powders {6 w/o, Pi-6 vs. & w/o, NT-154), Lc also suggestcs thar, despite
initial differences, the residual glass compesitions become similar
after heat treatment., In both materials, devitrification should regult
in a more slilica-rich, and therefore more refractoxy, residual glass
composition. As the ragidual glass remains only at narrow interfaces,
this beneficial change in properties should comtribute to the similar,
high resiztance to interfacial cavitation exhibited by both PY-6 and NT-
154,

Experinentsa echnd

The results of this study were obtained by anzlytical transmission
nmicrescopy (ATEM). ATEM was used te examine szamples of GTE FY-6 and
Horton KT-154 silicen nditride which had been subjected to tenzile or
coppressive crasp under the tensile test task of this project (UBS
3.4.1.3). Standard ceramcgraphic techniques were used to prepare
specimens for ATEM analysis,

ult

During the past six months, studies relating to the high temperaturs

creep of silicon nitride were continued. One part of this effort was
concerned with determining whether plastic dafermacian seeurs and plays
a role in the cresp of WT-154, while in the other part additional
gtudies on the microsztructure of crapt FY-b and HT-158 were obtained.
The question of whether or not dislocation activity occurs and
contributes to creep was raised, in parc, by earlier compressive ctreap
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test results on NT-154 (WBS 3.4.1.3), Specifically, the stress and

strain rate dependencies for compression were distinctly different from
thozge in tension. Morecver, the sbsence of cavitation was indicatad by
denzity measuremente which revealed nmo significant change in densicy,
even aftar strains axceeding 1%.

As part of this recent affort, TEM examinatlion alsce fajilad to reveal
any cavities, interfacial or interstitial, that could be attributed to
conprassive aYaep. This compressive sample, ztrained to ovar 1% at 1430
C., was alzo examined for evidence of dislocations within the =ilicon
nitride grains. For comparison, similar observations were slso mada on
various tenszile samples strained from 0,12 to 1.4 %, an unstressed but
heat treated sample, and as-received HT-154 material. In briasf, all
samples, regardless of ctharmo-mechanical history, exhibited individusl
grains that contained high dengsicies of dislecations. These
dislocations were often in the form of dense tangles {as opposed to well
dafined =lip arrays ar sub-boundaries) and axhibited line curvatures,
indicative of s=tryess, again regardiess of sample history. At best,
comparison of the results suggested a possible difference in total
dislocation density {altermnatively, the dasnsity of grainz containing
dislocations), with the compressive creep sample containing the highest
dansity and asz-received materizl the lowest density. Here, however, it
gshould be noted that even after over 1% compressive strain, tha dense
tanples of dislocations are sparsaly distributad, Thue, while
dislocation processes do not appear te play a majox, rate-limiting role
in compressive or tensile creep, limited dislocatioen activity may occur
to relieve localized stress concentrations.

Az indieated above, additlonal studies were conducted on GTE PY-6
and Norton NHT-154 silicon nitride samples which had been subjacted to
tensile creep. Part of this effort waz concerned with determining
vhether the formation of diacrete, lenticular cavities on narrow fwo-
grain junctiomns in these twe grades is accompanied by an Incresse in the
width of the remaining interface. Se far, results based on high
resolution observations indicate wue relative increase in interfacial
width occurs; interface widths adjacent te the cavities are comparable
to thoese for other, non-cavitated Interfaces, roughly one nanomater or
less.

Additional results were also obtzined on the crystalline secend
phases that form in these materials due to devitrification of the
original intergranular glass, Past results showed that both PY-6 and
HT-154 contein nitrogen apetice (H-phase) and yttrium disilicate { alpha
In NT-134 and delta in PY-6) within multigrain junctious after high
temperature exposure, Thess twe phases differ in both structure and
copposition, with one aspect belng the yotrium te silicon concentration.
The new results indicate that for FY-6 the formaticn of nitrogen apetite
(higher ¥/8i1 ratia) is significantly favored over yttrium diszilicace
{lower Y/51 ratio), while for HT-154 the reverse is true, Here, the
relative difference in nltregen apetite formed in these two grades of
naterial can apparently be related to original amcunt of yitria additive
{6 w/e for PY-& versus & w/e for HT-154). Horecver, the results suggest
that although the composition of glass in PY-6 and NT-154 is different
during sintering, the residual glass compositions after devitrification

may be similar. In both materials, the formation of yttria- rich
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tl-Apstite, in particular, will result in a more silica-rich residual
glass, which 1s effectively more refractory. This may explain why heth
materials exhikit a similar high resistance tc interfacial cavitation,
even at temperatures of 1400 C. and sbove,

Status of Milestones
On schedule

Publications

"Practure of Silicon HNitride and Silicon Carbide a2t Elevated
Temperatures". 5. Wiederhorn, B. inne Fields, and B. Hockey. HMaterials
Science and Engineering, Al7&, 51-60, 1994,

*Creep Damage Mechanisms in Silicon Witride"., S.M. Wiederhorn, W.E,
Lueche, B.J. Hockey and G.G. Long. MK.J. Hoffmann and G. Patzow (eds.),

loxj Me nicgl Properties of 8ilicon Nitride Ceramicg, 305-326,
1994 Kluwer Publishers,

“Cavitation Contributes Substantizlly to Teénsile Cresap in 5ilicom
Hitride*. W, Loecke, 5. Wisderhorn, B. Hockey, R. Krause, Jr. and G.
Long. In review, J. fmer. Geram, Soc,




T. A Nolan and K. L Mare (Oak Flldga Nanonal Laboratury} )

OBJECTIVE/SCOPE

The objactive of the research Is to use analytical and high-resolution
electron microscopy to characterize the microstructures of several silicon nitride
matenals. This report will focus on the microstructural changes occurring during
tynamic fatigue testing of a self-reinforced silicon nitride/SIAION ceramic, NT-451,
manufactured by Saint-Gobain Norton.

TECHNICAL HIGHLIGHTS

In the previous reporting period, the results of the microstructural
characterization of portions of a billet and several reciprocating engine valves of
NT-451 were reported. NT-451 is a principal candidate for manufacture of valves
and other componenis for replacement in reciprocating engines in an effort to
reduce mass and improve efficiency. Laboratory mechanical tasting of NT-451
under various condifions has begun. Reported herein are the inltial observations
of the effects of dynamic fatigue testing.

NT-451 has a "typical” microstructure of a self-reinforced SigNg,: large
acicular grains are surmounded by smaller, neary squiaxed grains. Transmission
slectron microscopy (TEM) reveals that there are two principal constituents, single
crystal grains of SigNa with amorphous material at “triple-point” pockets, and
present as a thin film betwaen grains. No evidance for any devitrification has been
found. Energy dispersive X-ray analysis (EDS) reveals both aluminum and yitrium
in the grain boundary glass. Thus, yitium and aluminum compounds are used as
sintering aids in the manutacture of this material. X-ray diffraction supports the
above; only one crystalline phase with peaks close to those of 6-SiaN4 has baen
ientified. Quantitative scanning electron microscopy (SEM) of metallographically
polished and plasma-eiched specimens indicated about 15 vol % glass in NT-451.
Considerable efiont has been expended to determine to what degree NT-451 is
a SIAION. The X-ray diffraction data indicate that the major phase Is "nearly”
3-SigN4 but with a very small pesk shift toward the positions of a silicon-rich
SIAION structure Sli4AlaO3N2g. EDS analysis in the TEM and matching to
calcutated spectra give a composition of Siz gsAlg.1500.3N3 7 or an aluminum-to-
silicon ratio of approximately 1 10 20. No differsnces in structure or composiion
were found between the billet or the valves.

Dynamic fatigue {ests at 800°C have been run on flexure bars cut from the
shafts of several NT-451 valves. After faifura, thin foils from near the tensils
surface of the bars were prepared for TEM observation. Also, new fracture
surfaces were created at room temperature in order to see In the SEM rasulting
changes in the microstructure. One phenomenon that was observed was the
formation of microgracks. Figure t{a} is an SEM of the new fracture surface about
25 um below the tensile surface and shows several cracks resulting from grain
movement during testing. TEM confirmed the presence of cracks close to the
tensile surface [see Fig. 1{b)]. The cracks primarily follow grain boundaries.
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Fig. 1. Both a scanning electron microscope image (a) of a new fracture surface
approximately 25 um below the original failure and a transmission electron
micrascope image (b) of a thin foil approximately 30 um deep show cracks

resultin]g from the dynamic fatigue testing {cracks were found only near the tensile
surface).
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Another phenomenon was the thickening of the amorphous grain boundary
layers that separate grains near the original tensile surface. Figure 2{a) is an
SEM of a new fracture surface about 10 pm below the original tensile surface that
shows the cast of a large grain. On portions of the surface of the castis a 20-to
30-um layer of graln boundary material. In the as-manufactured matarial and
away from the tensile surface of the tasted samples, this layer is too thin to be
diractly observed by SEM. Again, TEM conflrmed the presence of this thick
amorphous layer near the tensile surface [see Fig. 2(b}). Both the two-grain
Junction and the surface of the void have this film presemt. Considerable work
remains to be done to determine changes in composition of this fhick layer and to
gletarmina the relationship of depth below the tensile surface with thickness of the

m.

STATUS OF MILESTONES
Program on schedule.
COMMUNICATIONS/AISITS/TRAVEL

1. K. L More, A. A. Warsszezak, M. K. Farber, and R. Yecklay, "A Kinetic Study
of the Formation of Voids in a Silicon Nitride Ceramic Duting High Temperature
Cresp Deformation,” presented at The 96! Meeting of The American Ceramic
Socia.ly, Incianapolis, Ind., April 24-28, 1994,

2, . A. Nolan, K. E. More, L. F. Allard, M. K. Ferbar, and D. W. Coffey,
“Microstructural Characterization of Silicon Nitride Intended for Use in
Reciprocating Engines,” prasented at The 96'™ meeting of The American Ceramic
Society, Indianapolis, Ind., Aprl 24-28, 1994,

PROBLEMS ENCOUNTERED
None.
PUBLICATIONS

1. K.L. More, D. A. Koastar, and R. F. Davis, "Microstructural Characternzation of
a Crasp-Deformed SiC Whisker-Reinforced SiaNg4 Composiie,” Ultramicroscopy
37, 283 (1991).

2. K. L More, D. A. Koester, and R. F. Davis, "The Role of Interfaces in the
Craeep-Deformation of a SiC Whisker-Reinforced SiaN, Composite,” p. 382 in
Efsectron Microscopy 1990, Vol. 4, ed. L. D. Peachey and D. B. Williams,
San Francisco Press, 1990.

3. D. A Koester, K, L. Mora, and R. F. Davis, "Deformation and Microstructural
Changes in SiC Whisker-Reinforced SigNs Compesites,” J Mafar. Res. 8[12],
2735 (1991} .

4. K. L. Muore, "Deiect Characterization in a8 CVD «-SigNy4," p. 938 in
Procaedings of the 49" Annual Mesting of the Elsctron Microscopy Society of
America, ed, G. W, Bailey, San Francisco Press, 1991,
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Fig. 2. In the scanning electron microscope image of a new
fracture suriace (&) within 10 pm of the iensile surface, a cast of
a large grain is visible, Covering portions of the cast is a 20- to
30-um layer of grain boundary material. The transmission
electron microscope image (b) shows a two-grain junction and
void with a thick layer of amorphous matetial in the junction and
on the surface of the void.
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5. D. A. Koester, K. L. Mora, and R. F. Davis, "The High Temperature Creep of a
SiC Whisker-Reinforced SigN4 in an Air Ambient," submitted 1o J/ Maler. Res.

6. T. A. Nolan, L. F. Allard, D. W. Coftey, C. R. Hubbard, and R. A. Padgett,
"Microstructure and Crystallography of Titanium Nitride Whiskers Grown by a VLS
Process,” J. Am. Ceram. Soc. 74[11], 2769 {1991).
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Project Data Base
B. L Keyes {Oak Ridge National Laboratory)
Ohiedlivel

The objective of this task is to develop a comprehensive computer database
containing the expetimental data on properties of ceramic matetials generated
in the totat effort. This computer system shoukd provide a convenient and
efficignt mechanism for the compilation and distribution of the large amounts
of data involved. The database will be avaitable in electronicfor to all project
participants. In addition, periodic hard-copy summaries of the data, including
graphical representation and tabulztion of raw data, will be issued to provide
canvenient information sources for project participants.

Technical highliqhts

Work continued on conversion of the existing database to FoxPro™ from

dBagse IV™, Foxpro is a much more powerful program with a more versatile
programming language for the developer. The primary reason for conversion is
that the hew database and software should be cnmpletely compatible across
the PC/compatible-Macintosh platform lines, a major consideration in our multi-
platform society. Foxpro also has some capablntles for handling graphics within
the database, thus permitiing incorporation of the existing photomecrograph
database that currently resides on the Macintosh only. Conversion will continue
as time permits. Versions for Windows 3.1, DOS, and the Macintosh are in
progress.

Now data input during this peticd included micrograghs, test-related diagrams,
tribology information and numerous results from modulus of rupture, tensile,
stress-rupture, and creep tests. Creep curves as scanned-in graphic images
are now being stored along with the time-strain polnts from those curves,
because the understanding that can be gained from the curvas was thought to
be of suificient importance. Users may plot the time-strain data using their own
software,

Pregress of a standard for computerization of ceramic material identification has
been stalled due 10 a subgroup committee leadership change in ASTM E-49.

A solution 10 the problem has now been identifiad, and the documant should
return to subcommittea ballot soon. During the spring committee maetings in
Montreal, CAnada, B. L. Keyes agresd to become the liaison betwesn E-49

and C-28 on Advanced Ceramics to facilitate ceramic-related standards
development in E-49.

Efforts are under way to determine the feasibility of making the database
accessible through the Ethemet locally and [nternet for outside access. Only a
kmited number of files would be available initially, with more to be added as
time permits. Current plans call for the first files to be accessible on or before
Fabruary 1, 1995, depending on results from the initiat trial runs.
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Database personnel are again requesting that any particpant in the Ceramic
Tachnology Project who has test data (especially from tests run in the last

3 years) please send a copy to the database administrator at ORNL. Data

are accaptable on disk or in hard-copy form. Please identify the format

{Lotus, Wordperfect, eic.) and platiorm {PC or Macintosh) in which the data are
recordad if on a disk. Data in reasonable quantities may be sent via e-mail to
"bip @ oml.gov.” All sources will be noted and preservad in the database.

The 1994 databage summary will consist of old and new data, as test resulis
and graphics, charactarizing the major materials researched in the project.
Organization of the report should be more ussful than past formats, since sach
section will contain all the information in the database on the given material,
rather than just the new data. Test background information will be available in a
soparate appendix in the report. Due fo an unforeseen crisis, the completion
data, through draft from, has been revised to December 1, 1994,

. icationsAVisits/T
None.
EBroblams Encounterad

Time allottad {or work on the database was impacted by anocther crisis. This
problam should be cleared up in the naxt month.

Status of Milestones

The database summary report scheduled for September 30, 1984, completion
has been revised {0 December 1, 1894,

Publicati

The CGeramic Technology for Advanced Heat Engines Project Database:
September 1993 Summary Report, ORNLM-3155, has baen published.



http://ornl.gov
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3.2 TIME-DEPENDENT BEHAVICR

AT Lin PP Becher, W-H. wamck,andT N. Tiegs
(Oak Ridge National Laboratory)

Objective /Scope

Ceramics with reinforcing microstructures and ceramic composites offer
important advantages for heat engine applications. Chief among these is the
improved fracture toughness that can be achisved by appropriate dasign of
microstructural and material parameters. Pravious studies show that these
matetials often exhibit substantial impravement in damage, thermal shock, and
show crack growth {SCG) resistances. However, design of such systems must

also consider those factors influencing their performance at elevated
temperatures.

In response 1o these needs, studies are conducted to determine the machanical
properties (e.g., creep, delayed failure, strength, and toughness) at elevated
temperaturas for these toughenad ceramles. Particular emphasis is placad on
undarstanding how microstructure and compaoasition influance the mechanical
performance at elevatad temperatures and the stability of these propertles for
extended periods at these temperatures. The knowledge gained from thesa
studies provides input on how to modify materials to optimize their mechanical
properties for the temperature ranges of interest.

Technical Highlights

During this §-month reporting period, research efforts ware devoted into
three parts. The first effort was the improvement of the stability and resolution
of laser-based opfical extensometaers employed 10 measura the tensile creep
displacements at alevated temperatures in air. The second effort was the
gvaluation of the affacts of specimen size and the gtipping system on the tensile
craap of a hot-isostatically pressed (HIPad) silicon nitride. At last, the third effort
was the study of the creep behavior of sintered reaction-bonded silicon nitride
{SRBSN). The results achieved with the modification of laser extensometers
ware demonstrated with a HIPed silicon nitride containing 4 wt % Y203 as a
sintering additive tested at 1370°C for up to 2000 h.

1. Modification of Laser-based Optical Extensorneters

The laser extensometer systam consists of a laser transmitter and a
receiver, which is used 10 measure the tensile creap displacement for flat dog-
bone-type specimens at elovated temperatures. it has been shown that the
stability and resolution of a laser extensometer can be greatly influenced by
fiuctuations in air density, thus the refraciive index of air present in the laser
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beam path during creep.1.2 Such air density fluctuations are a result of local
changes in temperature along the laser beam path. Consequently, the local
¢hanges in the refractive index of alr conitibute to the scatter of the bearm and,
thus, in the displacement measurements.

Figure 1 shows the influence of ambient envirpnment on the tensile
creep displacements measured by a laser extensometer system (LaserMike
Inc., Dayton, Ohic). The nominal resolution and stability of this laser system
within its oparafing temperature imits (4 to 43°C) is 0.5 um, which is limited by
its own analog output resolution of 0.0024 YDC (12 bits digital). Initially, the
scatter in the displacement was quite large (at least 5 pum), as seen in Fig. 1.
Each data point in the present case is an average of 1000 scans (one data
per 10 s). The large scatter in the displacemant measuremeant is dua to air
convections present in the laser beam path and air seepage into the fumace,
rasuliing in a large change in air density and thus refractive index. An
improvement in the measurament accuracy to ~ £2 10 3 um ¢an be achieved
by simply cuiting off the laboratory alr circulation fan to reduce both the air
seepage and air density fluctuations {see Fig. 1).

To further improve the stabllity of the laser system, an inverted,
U-shaped, water-cooled copper shield for the laser path was designed and
installed betwean the furmace surfaces and the lasar and receiver. As a
consequence, a stable air temperature {thus air refractive index) in the laser
beam path was achieved, and a nominal displacement readout stability of
+0.5 pm was then maintained at elevated temperatures {sea Figs. 1 and 2).
Figure 2 shows a creep displacement varsus time curve for a HIPed silicon
nitride material with 4 wi % Y20s tested at 1370°C and at 125 MPafor up to
2000 hin air. The creep curve reveals a stable and smooth displacement with a

migimum scatter of £0.5 um over the test time period by emplaying the watar-
cooled lasar path shielding.

2. Creop of a HiPad Sighly: Specimen Geometry and Gripping System Effacts

Studies of the effects of the specimen geometry (and size} and the type
of gripping system on the creep behavior of a HiPed SisNg4 were part of the
rasearch efforts In this reporting period. This study is a joint effort with WBS
Element 3.2.1.6. {Rotor Data Base Generation). The HiPed SigN4 (designated
as NT164, Saint-Goblan/Nerton Industrial Ceramics Corp.) contains 4 wi %
Y203 as a sintering additive and has undergone a proprietary post-annealing
procedure to crystallize the amorphous phase at grain boundary and at triple
grain junction.

The flat dog-bone-ghaped tensile specimen employed in the present
study has a gage cross section of 2.54 by 2.54 mm with a gage length of
15.2 mm. The button-head type specimen used in WBS Element 3.2.1.6.
has gage section dimensions of §.35% mm diam and 3% mm gage length.

The volume material ratio between button-head and deg-bone type specimens
is ~11.3. In the presant study, the entira dog-bone-type specimen and gtips

are located in the center of the hot zone (hot-grip design). On the other hand,
the button-head specimens extend outside of a compact, two-zone, resistance-
heated furnace and are grippad by watar-cooled grips (cold-grip design).?
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Figure 3 shows the tansile strain versus time curves at 1370°C and at
150 MPa in air for NT164 SlaNg material in small dog-bone or large buiton-
head geometry. The creep curves for both specimen geometries are
characterized by a limited primary creep stage followed by an extended
transient creep. The transient creep behavior observed in SizN4 materials is
genarally attributed to (1) a progressive devitrification of imfergranular glassy
phase and (2) the greater frequency of contacts between elongated grains with
continued grain boundary sliding. Figure 4 summarizes the creep data [log
(strain rate} versus log {applied stress)] obtained in this study and that from
button-head specimens with a cold-ghip system. The results show that the
croap rates of this HIPed sillcon nifrice material are not sensitive to the
speciman geomaetry (size) and gripping system (see Fig. 4). The independance
of creep rate of the matenal volume indicates that the specimen geometry and
gripping system employed in the present study apparently minimize bending
stresses to levels comparabla ¢ those achieved with the cold-grip systems. In
addition, a transitlon in creep stress exponent with the applied stress level was
also obsarvad similar to that reportad for a similar HIPed silicon nitride {NT154)
tested in tension at 1430°C (ref. 4). The observation suggests that creep data
generated by using a small, flat dog-bone-shaped specimen are raliable and
can provide accurate and meaningful inputs for improvements to ceramic
materials that are under development for heat engine applications.

3, Sintered Reaction-Bonded Silicon Nitride

Flexural creep studies of the SRBSN were also conducted in this
reporting period, The objective of this study is 10 evaluate the influences of the

micrestructure, Si powder purity, and processing method {microwave versus
conventional process) on the creep behavior of SRBSN materials. The SRBSN
matsatials were fabricated under W.B.S. Eloment 1.1.2.4 (Microwave Sintering
of Silicon Nitride). This is part of a large effort to develop more cost-effective
approaches to fabricate silicon nitride caramics and to assess their application
limits as structural matenals.

The SRBSN materials invesligetad were fabricated by microwave
{TM145X) or conventional {TM145Z) heating processes. The nominal
composition of both TM145X and TM145Z2 materials after nitridations and
sintering is SigNa-3 wt % AloO4-9 wit % Yo04q. The conventional processing for
the SRBSN material (TM1457} was conducted in a graphite-resistance heated
furnace in a two-step process.S The X-ray analysis indicates that the sintered
T145X and TM145Z materials contain B-SigMN4 plus a grain boundary glassy
phase.

As Indicated in the previous reports,t SRBSN specimens tested undsr a
stngle-strass condition exhibited a threshold siress above which the SRBSN
materials revealed higher creep rates accompanied by shorter creep lives.
Scanning slectron microscopy observations of the fracture surfaces indicatad
that the higher creep rate plus shorter creep life was associated with the SCG
process induced by the presence of surface defects {i.e., pores). However,
those specimens tested under sequential multiple-stress conditions can be
lcaded with stresses up to 250 MPa without the occurrence of any catastrophic
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failure. A past-annealing at 1200°C for 100 h in air was therefore conducted to
avaluate the effect of surface oxidation on the SCG susceptibility.

Figure 5 shows the creep rasults at 1200°C for the annealed specimens
of TM145X and TM145Z under a single-strass condition. The creep results
reponted previously® for those as-raceived SRBSN materials are also included
for comparison. The results indicate that an initial stress of up to 200 MPa
can be applied on the annealed TM145X or TM1452Z specirmens without any
specimen rupture. At the same time, the creep rates of annealed SRBSN
materials are Identical to those obtalned under sequential multiple-stress tests
for the as-received SRBSN matarials. These observations suggest that the heat
traatment at 1200°C In air prior to creep testing seals the surface and surace
pores by formation of an SiOp layer, substantially reducing susceptibiity to the
SCG process.
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Status of Milestones

Milestone No, 321317: Complate evaluation of statie fatigue and creep
behaviar of gas-pressure-sintering SigMN4 ceramics will be further delayed until
April 1995, dus to the delay in receipt of materials from WBS Element 1.2.3.1
{Dispersion-Toughened Geramic Composites) and, also, in machining of the
tensile specimens.

Milestone No. 321318: Complete avaluation of eifects of the tensile grip system
and specimen size on the tensile creep rupture of promising SisNg ceramics
was campleted.
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Cyelic Fatique of Toughgned Ceramics
K. C. Liu, C. O. Stevens, and C. R. Brinkman (Osk Ridge National Laboratory)

Objective/Scope

The objective of this task is multifold:

1. To develop, design, fabricate, and demonstrate the capability of pedorming cydlic
fatigue in {ensiondensionfcompression and static fatigue testing In uniaxial
tension/compression on candidate structural ceramics at elevated temperatures. While
significant progress has been made in savaral areas on the exparimental front {such
as specimen/grip alignment, specimen heating, and high-temperature extensomatry},
testing capabiltiss in fully reversed tension-compression cyclic fatigue and
compression creep in the uniaxial direction remain o be furthar develeped and
demonstrated,

2. Todevelop baseline information on cydic fatigue behavior of candidate ceramics and,
in turn, to astablish a design databage.

3. To develop creep and creep-rupture databases for advanced heat-engines design
applications in the 1150 to 1370°C range.

4. Tosvaluate and refine existing constitutive models based on the information genearated
abova.

5. To develop new constitutive modals to facilitate design analyses of high-temparaturs
structural components and improve their relizability,

Tachnical Highlights
Tension/Compression Fatigue of SL,N,

Ceramlc materials at high temperature are known to exhibit asymmetric behavior
in fast fracture and craep under tension and compréassion. However, it or no information
is eurrently available conceming the influance of the asymmetric mechanical behavior on
eyclic fatigue life of ceramic materials subjected to different modes of leading. The
following tests ars intended to generate the information so that the tisk of a catastrophic
faillure can be minimized for ceramic components that may be sublected to some
deleterious Ioading conditions.

The naw slsctrohydraulic universal testing machine has been checked out and is
in operation. it is capable of testing an hourglass specimen with no buttenhead in the fully

reversed, tension/compression, cyclic fatigue mode. Results of several alignment tests
shaw that the bending strazs occurring in the gage section was high (=3%) when the load
grossed over from tension to compression and versus but decreased to ~-1.5% when &
specimen was loaded to approximately 30% of the fracture strength. The specimen is
heated by an induction coil with a tubutar SIC suscepter, 30 mm 0D x 20 mm 1D x 50 mm
long, centersd with tha gpecimen. it should ba noted that this heating configuration is
different from that uged in tension-tansgion fatigus testing of buttonhaad specimens due 1o
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tha limited space between the gripping heads. As a result, some dlfferences in test
temperature as well as temperature profile in the gage section may exist even though
control thermocouples for both heating systems Indicate the same values. An experimnaniat
gffort is currently undar way to investigate this problern.

Triangular wave forms, as shown in Fig. 1, with B {= minimum stress/maximum
stress) = 0.05 were used in tensionftension (1/T) fatigue tests, and that with Rt = -1 was
used in tensionfcompression (T/C}) fatigue tests. It should be noted that the T/T mode is
ogtivalont 1o cycling with an imposed mean stress as shown in Fig. 1. Since the same
sfressing tate was used in both cases and the compression cycle in T/C moda was
assumad to be equally delstericus in fatigue damage as the intermittent tension eycle, one
complete T/C cycle should be counted as two T/T cycles so that a comparison can also
ke made on the time basis as well.

Cyclic fatiqgue of GN-10 Si.N, at 1200°C - Three hourglass specimens, numbered HE-1
to -3, were tested in the T/C mode. Test results are plotted in Fig. 2. Since the fatigus
behavior in T/C was not known, the starting cyclic stress amplifude for each test was
selacted rather conservatively. Unfilled triangular symbols indicate the end of the starting
cyclic period at the iest condition indicated, Subsequently, the stress amplitade was
increased in steps of 15 MPa as each time the specimen was cycled for a block of 1.0 to
2.6 x 107 cycles, until fatigue failure occurred at the test condition indicated by the fillad
triangular symbols. The dashed line interconnecting & pair of unfilled and filled triangles,

also numbered to facilitate specimen identification, represents the intermitient cyclic fatigue
steps.

An hourglass specimen {HG-4}, made from the samae tile, was tested at 1200°C in
the TfT mode with an epplied stress of 380 MPa. The specimen failed after completing
23,757 cycles, as indicated in Fig. 2. A comparison shows that specimen HG-3 tested in
the T/C mode with the same stress amplitude significantly outperformed HG-4 tested in the
T/T mode by two orders of magnitude in cyclic life. Two T/T fatigue data points, shown in
Fin. 2 as fillad circles, obtained praviously for buttonhead spacimens made from a tite of
an earlier vintage, also indicate that cyeling in T/T mode is more detrimental to fatigue
resistance of GN-10 compared to that in T/C mode, '

Four buttonhead specimens, made from different tiles but of the same Jot as tha
hourglass specimens, were cycled in the T/T mode at various siress amplitudes of 360,
380, 400, and 420 MP=a with fatigus lives of 42287, 195056, 9793, and 7970, respectively.
The fatigue data are plotted in Fig. 2, using filled squares to differantiate from the filled
circles, All the T/T data are bracketed between the two curves, which were deigmmined

visually to approximate the lower bounds of T/C fatigue and T/T fatigue curves. The tensile
fast fracture was considered to have failed in a singte cycls; therefore, the data point was
plotted accordingly as 10%ycle. Overall, data appear to suppart the earlier finding, but
more data are needed befors the final conclusion can be made.

Cyclic fatigue of 5S5-44 Si,N, at 1200°C - Four hourglass-shaped specimens of GS-44 were
fatigued in the new TfC machine, three in T/C mode and one in T/T mode, The first
specimen was cycled initially with a stress amplitude of 200 MPa, which was Intentionally
selected [awer than 60% of the tensile strength, the procedure normally used 10 pick a
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starting stress amplitude in cyelic fatigue tests of new matarials. Subsequently, the strass
amplitude was stepped up intemmittertly in increments of 15 MPa as each time the
specimen was cyded for ~25 x 10° T/C cycles (equivalent 10 5 x 10° T/T cycles), until
failure occcurred under the maximum cyclic stress amplitude of 305 MPa with a total of
1.867 x 10° T/C cycles (or equal to 3.732 x 10° T/T cycles). Two tests followed, starting
with a stress amplituds of 290 MPa in each case. After completing a block of -4 x 10° T/C
cycles at 280 Mpa, the siress amplitude was raisad to 305 MPa. Howaver, both specimens
failled in less than 4200 cycles aiter the stress amplitude was raised. Data are plotted in
Fig. 3, using triangular symbols. Open triangles indicate the starting stress amplitude and
the number of cycles completed at the location indicated; filled triangles indicale ruptura
at the number of cycles indicated. The long series of open triiangles indlcstes the
infermittent cyclic lives at the stress amplitude indicated.

An hourglass specimen was fested in the T/T mode beginning with a siress
amplitude of 260 MPa as was dons in the T/C tests. After the specimen completed the first
10° cycles, the stress amplifude was raised to 305 MPa and eycled for 2 x 10° cycles
without failure; howaver, tha subsaquant increass to 320 MPa led to fatigue failure aiter
completing 9900 cyclas, Test results are depicted by filled and unfllled circles. Rssults of
the above four fests suggest that the mode of ¢yclic loading may play little or no significant

role in fatigue behavior of GS~44. This observation, based on the limitad information, is
inconsistent with what was cleervad eanler for GMN-10.

Three buttonhead specimens were tested on the T/T machine. Resulis are plotted
in Fig. 3 using filled square symbols. With the aid of the tenslle data being plotted as a
single cycls, an approximate fatigue curve can be estimated for the sake of this discussion.
This group of daia indicates that this matenial is less resistant to cyclic fatigue in T/T moade
compared to that in T/C mode, showing it to be in direct contradiction to the single T/T
data point cbtalned from the hourglass specimsn. If the test results are not biased due 1o
the difference in testing machines, as was tantatively concluded basad on tha results of
GN-10 tests, material variation s suspected to be the cause of the contradictery behavior
because the buttonhead and hourglass specimens were fabricsted from different tiles.,
Additional T/T fatigue tests on hourglass specimens are currently under way, and new
resulte may halp in resolving tha issue.

Tensile testin (33-44 Si.N, at elevated temperatures

Fiva specimens in the as-sintered condition and seven specimens in microwave-
annealed conditlon were tested in tension at elevated tiempsratures ranging from room
temperature to 1200°C. Test results are summarized in Table 1, and data are plotted in
Fig. 4. Modulus of rupture {MOR) data' (four-point} obtained at room temperature, 900,
and 1100°C are also platted in Fig. 4 for comparison.

Specirmens that had been misrowave annealad at temparatures below 1500° C were
found to have somewhat lower tensile strengths compared fo those of unannsaled
specimens. However, spacimens annealed at 16800°C had elevated-temperature tensile
strengths comparable te the unannealed specimens, suggesting that little or no significant
beneficial effects were gained by microwave heating. Correspondingly, previous MOR
tests” on GS-44 microwave annaaled at 1700 and 1800° C also showed no baneficial effects
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Table 1. Surmmary of tensile strengths of GS5-44 Si;N,

Microwsve annezled (MPa)

1400°CHO h

1500°Cfi0h

1600°CAO h

I 1200

e

378

[

AMedulus of rupture (four-point) data are obtained from ref, 1.
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on MOR strength when compared with the baseline data obtained for unannealad material.

However, the stressrtupture properties weare shown to have been improved for the post-
annealed GS-44 at 1600°C,

At room temperature, the tensile strength shown in Fig. 4 is about 40% below the
MOR strength. The difference decreases slowly to 30% at 900° G bui rather rapidly as test
temperature increases. No MOR data are available to confirm whather the trend will be
reversed or not at tampersturas above 1200°C. The correlation betwsen MOR strength
and tensile strength is obviously complex at high temperatures in the creep range.

Predictions of tensite fast fracture of Si;N, based on an in-house- developed
viscoplastic model

A preliminary study was made using the above stated model to predict tensila
stress/strain behavior and cyclic faligue life of GN-10 SN, at slevated temperatures, The
model was originally developed for describing the creep behavior and predicting creep-
rupture life of GN-10 Si;N,. Because of the flexibility in the state-variable approach to
account for the materlal history, the model can describe the viscoplastic deformation of the
material under general thermal-mechanical loading conditions and, in tum, predict the
cyelie fatigue lite.

Tensile behavior of GN-10 SiyN, at elevated tempearatures is simulated based onthe
madel shown in Fig. 5. According to the resutts shown in Fig. 5{a), the siress-strain
behavior at 1150°C ig not sensitive 1O stréssing rate, but viscoplastic behavior becomes
abvious as temperature increases [see Fig. 5{)]. Unfortunately, no GN-10 data of the kind
are available for comparison with simulations at this fime. However, the characteristic
features of the viscoplastic behavior have been illustrated for reported test resuits? of
NT-154 Si;N, tested in tension under various stressing rates (see Fig. 6). Spacimens made
by culkl-isostatically pressed processing are marked with a "CP" prafix, whereas a "PC"
prefix indicates slip-casting. The viscoplastic effect was not clearly illustraded for NT-154
until the temperature was higher than 1200°C. Tensile data for GN-10 will be gensrated
for comparison with the predictions.

Tensile-Rupture Testing of NT-154 Si;N, in Support of the ATTAP Program

Stress-rupture tests for the phase [l test program are near completion, with a total
of 29 tests completed o date. Three remaining specimens are to be tested. Test results
were periodically ransmitted to AllledSignal for reviewing and updating the database.

Creep testing of NT-154 Si;N,

Expenmental efforts continued on three long-term creep tests of NT-154 specimens.
All the specimens have been tested at 1250°C for periods ranging from 2.4 to 3.2 years.
Updated creep curves for the three tests (s8¢ Figs. 7 through 9} indicate creep rates have
been reasonably steady during the last 5000 h of testing. We are not aware of leng-term
creep tests having been reported with test durations in excess of 20,000 h on ceramic
materiale. In view of the current performance in creep rate, all three tests will probably
continug indefinitely. Since no such data have basn genaratad praviously, the information
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Adter the most recent power outage, the creep rate decreased to about 1 x 10™ s, The specimen has
accumulated a total of 21,000 h {or 2.4 years} of testing.
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will provide extremely valuable insight inte the behavior of this material, Hence, neo
decision has been made regarding the future direction of these tests.

Creep testing of GN-10 Si,M,

Two creep tests on GN-10 8{,N, being tested with applied stresses at the low-siress
end of the creep-rupture range {long-term tesis) are still in progress. Testing of GN-10 at
low temperatures and low applied stresses has been difficutt due to the unstable creep
behavior axhibited in Figs. 10 and 11. 1t is not known if the erratic behavior is real and
typical in low- temperatura/low-siress testing or attributed to signal drift of the mechanical
extensomeiers under ihe influence of ambient temperature variations. The latter has
tentatively been tuled out In view of good performance demonstrated by the others in the
Tamily of extensometers sharing the same master signal canditioning console. From the
long-term festing perspective, optical extengomeaters are more reliable as Mustrated in
Figs. 7 through &.

Cresp testing of 55-44 Si,N, in the as-sintered (or as-fabricated) and microwayg-gnnealed
canditlons

To axamine if microwave annealing was effective in enhancing the creap resistance
of GS-44 Si,N,, creep tests were performed at 1200°C on thres spacimens in the as-
sinterad condifion (spscimen numbers designated with a predix of "A5" and six microwave-
annealed specimens {with a prefix of "MA"), which were annealed in thres different heating
schedulas as indicated in Figs. 12 and 13. Resulis indicate that microwave annealing at
temperatures ahove 1400°C did not only fail to anhance the creep resistance but made tha
material lase resistant 1o creep. The situation was somewhat worse for creep tests at
100 MPa, as shown in Fig. 13, comparad 1o that for tests at 80 MPa, Afthough not shown
in Fig. 12, the crasp behavior of specimen AS-§ tested at 120 MPa (shown in Fig. 14) was
shown to be about the same as that of specimen MA15-7, indicating a significant
downgrading In load-carying capacity of about 50%. The creep behavior of tha as-sinterad
specimens was consistent, as shown in Fig. 14.

A discussion was held with Terry Tiegs conceming the negative anneallng effect
described in the above section and the lowering of tensile strength resulling from
microwave annealing. The causes of the nagative annealing effacts will not be known undil
K-ray diffraction analyses are completed. Tiegs suggested that we look info low-
temperature anngaling below 1400°C. Annealing by microwave has been completed for
a file subjected to a heating schedule of 1100 and 1200°G each for a period of 10 h. To
compare the sffect of furnace annealing, a fle was aged in a resistance furmacs at 1200°C
far a period of 100 h. Tengsile creep specimens are now being fabricated.

Fi nd Observation
Results of cyclic fatigue tests on GN-10 and 53-44 3§;N, ceramics ai 1200° C show

that cyclic {atigus in tensionfeompression mode may be less datrimental to the fatigus
tesistance of the matedals compared to that in tensionftension mede.




ORNL-DWG 53-10151R4

2500
T—-GN-10, 89367-1-3, 1150°C, 150 MPa
_E 2000
= —— Reloading occurred
z 1 : £7¢due to power failure
< £
E . A
o 1000 >
o B
T
i 500
Q)
2 yrg———-
1} \_
0 5000 10000 15000 20000

TIME (h)

Fig. 10, Creap curve of GN-10 Si,M, (specimen BR367-1-3) tested at 1150°C and 150 MPa. The dacrease
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Fig. 11. Creep curve of GN-10 Si;N, (specimen 89357-1-2} tested at 1200°C and 125 MPa. The creep
behavior became less predictable after compileting 10,000 h of testing. The specimen has accumulated
a fotal of 13,300 h (1.5 years) of testing 1o date.
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Status of Milestones

Completed exploratory creep tests with stress and temperature histories for NT-154
8i,N,, including long-term creep tests (»10,000 to 30,000 h) at elevated temperatures -

Milestone No. 321516, due on July 31, 1994,

Complatsd a draft raport covering results of exploratory cresp tests with strags and
tomperature historios for NT-154 SijN,, including long-term cresp tasts (>10,000 to
30,000 h} at elevated temperatures - Milagtons No, 321517, due on September 30, 1994,

Completed a preliminary study of high-temperature cyclic fatlgue damage of ceramic
materials using acoustic amission techniqua with waveguide - Milestone 321420, dua on
Septembar 30, 1994,

Publications

1. J. L bing, K. C. Liu, and C. R. Brinkman, "A phenomenclogical high-temperature
deformation and life prediction model for advanced silicon nitride ceramics," in the
proceadings of the Symposium on Durabllify and Damage Tolerance, ASME Winter
Annual Msaetfing, November 6-11, 1994, Chicago, lll., Book No, GO034Q, American
Soclety of Mechanical Engineers, New York

2. K C.Liu, C. Q. Stevens, C. A. Brinkman, K. L. Mare, J. D. Kiggang, Jr., and T. N. Tiegs,

"Enhancement of creep resistance of a sintered SLN, by microwave annealing,”
in the proceedings of the 5th International Symposium on Ceramic Materials and
Componeante far Engines, Shanghal, China, May 29 - June 1, 1994 (in press).

3. K C. Ly, C. Q. Stevens, T, R. Brinkman, K. L. Mora, J. D. Kiggans, Jr., and T, N, Tiegs,
"Enhancement of creep resistance of a sintered Si,N, by microwave annealing,” in the
proceedings of the Science and Technology Alliance Materials Conference 83,
North Carclina A & T State University, Greensboro, N.C., October 27-28, 1993
(in press),
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Life Prodiction Verification
A. A. Wereszezak, H. Cai, T, P. Kitkiand, and M. K. Ferber {ORNL)

Objective/Scope

There are three central goadls of the proposed research pregram. High-
temperature mechanical testing, micrastructural characterization of fallure
phenomena, and the modeling of high-termperature deformation in candidate
silicon nitttides are under investigation. The fundamental understanding of the
evolution of damage, and ultimately the kigh-temperature mechanical
performance and service life, is information that is crifical for progress toward
{he implementation ¢f structural ceramics as components In internal
combustion and automaotive gas turbine engines,

The systematic study of the high-temperaiure mechanical performance
of gilicon nitride is undertaken as a function of temperature and time. Two
temperature regimes will serve as an independent parameter, T = <1000°C
and T =>1000°C, which are desired gperating temperaiute ranges for
internal combustion and automotive gas turbine engines, respectively. Tensile
stress-rupture data will be generated by measuring fatigue life at a constant or
cyclic stress. The time-dependent deformation will also b¢ monitored during
testing so that the extent of hightemperature creep may be ascertainad.

The second goal is to characterize and understand the evolution and
role of damage mechanisms associated with high-temperature deformation in
silicon nitride. Tested specimens will be characterized using established
caramographic, s¢anning ¢lectron microscopy {SEM), transmission electron
microscopy {TEM), and non-destructive acoustic techniques. Microstructural
aspects of high-temperature failure will be examined and include:

1. extent of slow crack growth (SCG),

2. evolution of cavitation-induced damage and fracture,

3. {ransition between brittle erack extension and cavitation-
induced growth,

4. crack blunting, and

5. the evolution and role of oxidation-assisted damage.

As the third goal, the resulling stress-rupture data will be used to
examine the applicability of a generalized fatigue-life {SCGQ) and creep model,
Refinements will be implementsed o account for the damage mechanisms
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listed. Consequently, the data generated in this program will not only provide
a critically needed base for component utilization in Internal combustion and
autemaotive gas turbine engines, but afso faciftate the davelopment of a dasign
methodelogy for high-tempersature structural ceramics.

JTecholcal Proqress
I. Lifetime Prediction Verification (temperatures < 1000°C)

During the present reporting period, work was initiated to examine the
fatigue performance of a candidate struetural ceramic material for conventional
internal combustion engine components. Bend bars of a commaercially
available SiAION material (NT451, Saint-Gobain/Mortan Industrial Ceramics
Corp.) were obtzined and are being fatigue tested to address the verification of
existing life-prediction methodologies. This is a §-sialon with yitria additive as
gintering aid.1 The microstructura consigts of 0.6-um graing with an aspact ratio
of approximately six. There is 14 to 16% of glassy phase. Specimens are
being dynamically loaded (i.e., dynamic fatigue) to determine fatigue
parameters {(e.g., fatigue crack growth expanent) as a function of temperature.
Specimans were machined from the stems of failed SiAION valves.

SIAION ceramics were chosen because they &re a candidate intemal
combustion engine valve material. They are much more cost effective than
silicon nitrides because they can be fabricated by pressureless sintering like
traditional ceramics.2 Their abifity to be joined makes SIAION ceramics even
more attractive. The grain boundary phase is not too refractory above 1000°C,
so the mechanical performance degrades above this temperature; however, this
does not present a problem for applications where tha temperature is balow
1000°C, such a3 in intemal combustion engines.

The hardness of NT451 was determined using Vickers indentation on
polished surfaces according to H « 1.854P/d2, where P is indentation load and
d is the diagonal of the impression. The indentation loads ranged from 1 1o
B kg. The average value from 20 measurements was 14.2+ 0.3 GPa. The
elastic constants were measured using & resonant ukrasound spectroscopic
technique.® Specimens were rectangular parallelepipeds with & nominal size
of 3 x 4 x 5 mm. The first 25 resonant frequencies (500 to 1500 kHz) were

measured and used to fit the resonance model and compute the slastic
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constarts. A densily of 3.23 gfom® was used jn the calculation. The shear
modulus was calculated to be 116 GPa, the Young's modulus was 298 GPa,
and the Poisson's ratio was 0.28.

The fracture toughness was evaluated using the medified indentation
strength method. Three 5-kg Vickers indentatiorts were made at the prospective
tensile surface of each flexure bar. The bars ware {ested in four-point flexure to
obtain the indentation strength. The crack lengihs of the two surviving
indentations were measured in an optical microscope. The fracture toughness
ie given by T = {4y/3)o V¢, where y is the indentation crack geometrical
coefficient, &,,, is the indentation strength, and ¢, is the crack radius of the
surviving indentations. A controversy exists in the literature over what value
should be used for y.4 Because of this, the fracture toughness was computed
using the original indentation strength method, in which the fracture toughness
_is given by T = 0.59(E/H)¥8(c P1/3)3/4. With this, an average fracture
toughness of 5.9 MPaJym was obtained from six flexure specimens.

A brief survey of literature shows that very few studies have been done
on the Waeibull statistice and fatigue of SiAION ceramics,5 particularly at the
intermediate temparature range relevant 1o enging applications. During this
present reporting period, a dynamic fatigue curve was generated by testing at
stressing rates of 10°3, 102, 1071, 109, 101, and 10° MPa/s and determining the
flexure strength. For this purpose, a pre-production bateh of 40 archive flexura
specimens was obtained from R. L. Yecklsy of Norton Advanced Ceramics,

The results are shown in Fig. 1, where the data points and error bars
reprasant the average flexure strengths and standard deviations of four flexure

tests in four-point bending. With the exceplion of the data point at stress rate of
102 MPa/s, this set of data shows no statistically significant suscaptibility to
dynamic fatigue. Variation in the flexure strength distribution overshadows

any effect of the stress rate. The batch of the specimens consists of four
sub-batches. The flexure strangth versus the sub-hatch number was examined,
and no statistically significant dependence cn the sub-batch number was found.
Excluding the flexurs strength data at the stressing rate of 102 MPafs, qualitative
Waibull statistics of the NT451 SiIAION material were obtained, as shown in

Fig. 2, in which P; and oy are the failure probability and strength, respectively.
The Weibull modulus is 13, typical of conventional as-finished ceramics. The
Weibull plot has three distinctive sections, perhaps indicative of different flaw




310

ORNL-DWG 95-5898
8007 T I T T T
=
By
& 7007 %
> [ .
E’ i .
®  600f :
g ;
& .
} | | 1 ] ] } .
500
1073 102 107! 10° 10" 10°

Stress Rate (MPa/fs)

Fig. 1. Flexure strength of NT451 SIAION as a function of stress rate.
Tests were conducied in four-point flexure at 800°C in ambient air.
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Fig. 2. CQualitative Weibull fracture statistics of NT451 SIAION.
Tests were conducted at 800°C in air. The Weibull modulus was
cakulated 10 be 13.
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populations. Praliminary fractography examination using optical microscopy
shows the data at the lower end of the fiexure strength distribution are related to

large pores, as indicated in Fig. 3. The reader shoukd note that the material
was a pra-productien baich; it is expected that the current production batch has
narrower strength distiibufion.

if the SIAION is indeed very resistant to fatigue, then it would be even
more aitractive for applications such as engine components. Our present plan
is to obtain a single, current production batch of NT451 SiAION: to study the
Weibull statistics and fracture modes; and to examine fatigue (dynamic, static,
and cyclic) propertias and mechanisms in detail,

A test mairix plan was designed so that the number of specimens and
components needed for this preject could be readily determined and a sufficient
amount of material could be procured. In order to avoid batch-to-batch
processing inconsistencias, all the specimens and components for this effort will
be fabricated from the same batch of powder and additives and over the same
processing/fabrication duration.

Planned experiments will include fracture toughness measurements
and fast fracture strength tests in four-point flexure. Fracture modes will be

YPC-172

250 pmn

N E

FY

Fig. 3. The presence of iarge pores In NT451
SiAlON was consistenily associated with low
flexure strengths.
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examined along with the generation of flexure strength data. Fatigue
meachanisms and kinetics wili be studied via statie and dynamic fatigue tests in
four-point flexure. Fatigue testing will alse be conducted using rotating bending
fatigue testing at a frequancy of 100 Hz or greater. Tensile tasts will be
conducted to generate additional fast fracture and fatigue data and t¢ confirm or
compara the results from the flexure tests. Component confirmatory tests will be
conducted on intemal combustion engine valves alse made from NT451. Tests
will be carried out both at room temperature and at representative engine
temperatures. Approximataly 400 flexure bars, 46 rotating bending fatigue
shank specimens, 37 buitonhead tensile specimans, and 44 valves will be
requitad for tha test matrix ptan,

II. Lifetime Prediction Verfication {temperaiures » 1000°C)

The deleterious effects of "spotting” in NCX-5102 silicon nitride were
described in a previous bimonthly report.5 The nature of this spofting has been
further complicated by the identification of additional types of spots;” however,
the authors in the present study will refer to “spois® as those described in a
previous bimonthly.8 To further explore the nature of these spots and their

effects on high-temperature mechanicat performance, a comparison study has
been initizted in collaboration with Saint-Gobain/Morton Industrial Ceramles
Corporation, Northbore Research and Development Center (NRDG), Northboro,
Massachusetts, manufacturers of this maternial. The test matrix is described in
Table 1. A spotted and unspotted buttonhead tensile speciman will be tested at
each of the 10 conditions described for a total of 20 specimens. The chosen
temperaturas are those which gas turbine enging components may be
subjected to0. To determine whether or not oxidation ig causing the polarization
in mechanical performance between the spotted and unspotted NCX-5102, two
of the above conditions involve testing in the praesance of a low parfial pressure
of oxygen. It is hoped that this test matrix, supplemented with post-testing X-ray
diffraction, SEM, and TEM, will provide insight inte the failure phenomena
associated with the spotting in this material.

High-temperaiure tension-compression cyclic fatigua testing was initiated
on NCX-5102 silicon nitride during the present reporting period. The motive of

this effort is to determine & tensign/comprassion cyclic strass-lifetime map
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Table 1. Test matrix for NCX-5102 silicon nifride to bs completed in
collaboration with Saint-Gobain/Norton Industrial Caramics Corp.

Test Temp. Siress Whera to

Condition  Atmosphere type {f) (MPa} be tested
1 inert Stalic creep 1370 125 ORNL2

2 Inent Staflc creep 1370 140 ORNL

| 3 Air Static ereep | 1370 126 ORNL
4 Alr Stalic creep 1370 140 QRNL

5 Air Stalic creep 1400 125 NRDCP

G Alr Staiic areep 1450 80 to 100 NRDC

7 Air Stalic creep 1500 30 to 50 NRDC

3 Air Safic creep 1260 220 ORNL

g Air e of o ralaxation 1370 Varied ORNL
10 Air & or g relaxation 1280 Varied QRNL

A0RML = Cak Ridge National Laboratory, Oak Ridge, Tenn.
ENRDC = Saint-Gobain/Norton Industrial Ceramies Corporation, Notthboro
Research and Davelopment Center, Narthbare, Mass.

{i.e., 8<N curve} while characterizing fatigue and creep interactiong, the
avolution of fallure and its mechanisms, and grain boundary hardening
behavior. Spacimens were prepared with eight strain gages mounted on their
gage sections, four each to monitor axial and concentric bending. Banding was
reduced to lass than 5%, and then tension-compression cyclic testing was
initiated. The S-N relationship was unknown for this matarial at 1370°C. in
order ta gain insight, the first spacimen was loadad with an initial peak-to-peak
stress of £100 MPa at 1370°C using 2 1-Hz sinusocidal waveform. The motive
with this specimen was to periodically increase the peak to peak stress unti
fallure was produced. Once failure occurred, then another tension-compression
cyclic test was to be initiated using that same uliimate peak-to-peak stress that
caused fracture. For this first specimen, failure ultimately accurred at

3290 MPa, and the whols loading history is listed in Table 2. A second
tension-comprassion test was initiated at 1370°C with the same waveform at
+290 MPa. Failure occurred after 2018 cycles. A third test was initiated at
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Table 2. Summary of loading history of step-
stressed tension-compression cyclic fatigue

test at 1370°C on NCX-5102 silicon nitride
{failure cccurred at £290 MPa)

Stress Time
{MPa) No. of cycles {h)
+100 170701 47
+110 273587 76
£120 321616 89
+130 283164 79
1140 311256 89
150 260645 72
1160 341521 55
+170 265263 74
+180 343954 96
+180 255256 i
1200 259403 72
+210 356328 99
220 253334 70
1230 239139 04
1240 173250 485
*250 192777 54
1260 320985 89
1270 197301 55
+280 260132 72
1290 32054 11

280, but {ailure occurred after anly 81 cycles. A fourth test was initiated at
1250 MPa and is ongoing as of this writing. Fractography and microstructural
analysis are under way to explain the mode and reason of failure in tension-
compression cyclic fatigue at elevated temperatures.

The cresp exponents for tensile and compressive creep of many
structural ceramics have been shown to be different.82 Any creep that occurs
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during cyclic loading will be compiicated by the reverse loading and its
associated stress dependence. The tensile-compression cyclic performance of
NCX-5102 will be compared with that from previcus static and tensian-tension
cyclic tests at elevated temperatures generated as pait of this subtask. The
prediction of fifetime under the various loading histories is the goal.
Refinements to a generalized creep mode!1? that can take into account cyclic
loading and relaxation phenomenon are centinuing, and it is expected that
sufficient data for the various loading historles (static, tension-tension, and
aspeclally tension-compression cyclic) will provide proper Insight.

For the first tension-compression cyclic fatigue test, it appeared as
though the increase in the step-stressing may have resulted in hardening
behavior of the grain boundary phase and an increase in life; this behavior has
been observed during incremental tension-tension cyclic testing.11
Furthermare, cyclic loading (tension-tension) in general has been shown to be
associated with longer lifetimes when compared with analogous static
loading.12 The tensile-compresslon cyclic performance of NCX-5102 will ba
compared with that from pravious static and tension-tension eyelic fests at
elovated temperatures generated as part of this subtask.

Static tensile cresp testing of NCX-5102 silicon nitride in an argon environment
at 1370°C continued during the present reporting period. Preliminary results
show that this materizl creeps faster and has a shorter lifetime in argon than in
amhbient air, as shown in Fig. 4. This observation is consistent with findings
from a study almost 2C years old where the creap of a hot-pressed silicon nitride
was examinad and compared in air and helium gnvironments. 13 Comparisons
of greep histories are shown in Fig. 5. Compared with creep tesis in air, large
reductions in the creep rate were not observed with specimens tested in argon.
Tasting is continuing and fractegraphy and microstructural studies (SEM and
TEM) arg under way in an effort to explain the differences in cresp periormance,
The role of long-term axidation in ambient air creep is being sougis; &t is noted
that creep testing in an inent environmerni removes its effect on the high-
temperature mechanical lvading.
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Fig. 4. NCX-5102 has a faster minimum creep rate
in an inert environment than in air at 1370°C, while
the creep exponents in the twe enviropnments are
equivalent. Tests were conducted in tension on
buttonhead specimens.
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Fig. 3. Tensile creep historias of NCX-5102 tested
in ambient air and argon environmenis at 1370°C.
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Further comparisons of high-temperature mechanical petformance of
NCX-8102 in ambient air and inert environments included tensile dynamic
fatigue testing at 1370°C, Specimens tested in argon at 1370°C had lower g
to ¢ proportional imits and greater strains 1o failure than those tested in

ambiert air, as shown in Fig. 6. Tests are confinuing at slower stressing rates.
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Fig. 8. Tensile dynamic fatigue histories of NCX-5102
tested in ambient air and argen envircnments at
1370°C. Preliminary results show strength to be

decreasing with decreasing strassing rate.

Siatus of Milgstones

A specification for a servohydraulic testing system was submitted to
potential vendors for competitive bid. The servohydraulic test system will be
capable of performing high-temperature raverse cyclic loading of a tensile
specimen up 10 a frequency of 100 Hz. The system will be primarily used for
cyclic tensile testing of materials that are candidates for internal combustion and
gas twrbine engine compoenents. The choice from the competitive bidding
process will be made and awarded before the November 1994 milestone;
howevar, [nstallation will not likely occur until early 1995,
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An order has been placed for a rotating, bending fatigue maching. The

instrument is manufactured by Fatigue Dynamics, Walled Lake, Michigan, and
has capabilities of operating up to 1000°C at 10,000 rpm with a moiment of
300 in.-lb.

All other milestones are on schedule.

Communications/Visitors/Travel

A. A. Weraszczak, H. Cai, and M. K. Ferber gave presentations at the
#6th Annual Meeting and Exposition of the American Ceramic Society in
Indianapolis, Ind., April 24-27, 1994,

M. K. Ferber visited R. L. Yeckley of Salnt Gobain/Norton Industdal
Ceramics Corp. to discuss work on candidate NT451 SIAION material for
engine components, July 25-26, 1994

A. A. Wereszczak gave a presentation and submitted a supplementary
manuscript at the Plastic Deformation of Ceramics conference, held
August 7-12, 1994, at Snowbird, Utah. The article was entitled "Evolution of
Oxidation and Creep Damage Mechanisms in HIPed Silicon Nitride Materials.”

A. A. Wereszczak gave a presentation entitled "Creep and Oxidation
Effects in Silicon Nitride* at the Ceramic Technology Praject Quariery
Management Meeting, Washingion, D.C., September 8, 1994,

M. K. Farber traveled to AliedSignal Engines in Phoenix, Arizana, 1o
meaat with David Wu to discuss AlliedSignai’s life prediction program,
September 20-22, 1994,

Problems En g
Nona.
Eublications

An article entitled "Stress and Strain Ralaxation Behavior in HIPed
Silicon Nitrides™ by A. A. Wereszezak, T. P. Kirkland, and M. K. Ferber was
accepted for publication in J. Mater. Sci. Leif.
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An article entitled "Evolution ¢of Oxidation and Creep Damage

Mechanisms in HIPed Sificon Nitride Materials," will be submitted for
publication in the book Flastic Deformation of Ceramics, ed. R. Bradt, C. Brooks,
and J. Routbort, Plenum Press, iNew York.

Refetences

1.

7.

8.

R. L. Yeckley, persanal communication, 1994,

K. H. Jack, “Sialon Ceramics: Retrospect and Prospect,” in Mater, Res.
Soc. Symp. Proc. 287, 15-27 {(1993).

A. Miglion, J. L. Sarrao, W. M. Vigacher, T. M. Ball, M. Lei, Z. Fisk, and

R. G. Leisura, *“Rescnant Ultrasound Spactroscopic Technigues for
Measurement of the Elastic Moduli of Solids,” Physica B 188, 1-24
{1993},

L. M. Braun, S. J. Bennison, and B. BR. Lawn, “Objective Evaluation of
Shont-Crack Toughness-Curves Using Indentation Flaws: Case Study on
Alumina-Based Ceramics,” J. Am. Ceram. Soc. 75 [11], 3048-57 (1992).
R. R. Lee, B. E. Novich, G. Franks, D. Quellette, M. K. Ferber,

C. R. Hubbard, and K. More, “Meachanical Proparties and Microstructure
of Pressureless Sintered Duophase Sizlon,” pp. 459-67 in 4th
International Symposium on Ceramic Materials and Components for
Engines, ed. by R. Carlsson, T. Johansson, and L. Kahiman, Elseviar
Applied Science, London and New York, 1992,

A A Warészczak. M. K. Ferber, and T. P. Kirkland, "Rotor Data Base
Genaration,” pp. 65-73 in Ceramic Technology Project Bimonthly
Progress Report to DOE Office of Transpontation Technologies, August-
Septerber 1593 .

Personal communication with Stephen Lombardo, Senior Research
Engineer, Saint-Gobain/Norton Industrial Ceramics Corp., March 30, 1994,
M. K. Ferber, M. G. Jenking, and V. J. Tennery, *“Compariscn of Tension,
Cormpression, and Flexure Creep for Alumina and Silicon Nitride
Ceramics,” Ceram. Eng. Sci. Proc. 11 {7-8], 1028-45 {1980},

W. E. Luecke and S. M. Wiederhom, “Tension/Compression Creep
Asymmeiry in SiaNg,” Key Eng. Mater. 89-91, 587-22 (1994).




320

10. M. K, Ferber, A, A. Wereszezak, and C.-K. Lin, "Rotar Data Base
Generation,” pp. 54-56 in Ceramic Technology Project Bimonthly
Technical Progress Report to DOE Qffice of Transporiation Technologias,
Dacember 1992 - January 1993.

11. K. C. Liu and C. R. Brinkman, *Dynamic Tensile Cyclic Fatigue of SizNg,”
pp. 189-27 in Proceedings of the 25th Automotive Technology
Development Comiractors' Coordination Mealing, P-209, 1887.

12. C. -K, Lin, M. G, Jenking, and M, K. Ferber, "Cyclic Fatigus of Hot
Isostatically Pressad Silicon Nitride at Elevated Temperatures,” J. Mater.
Sei. 29, 3517-26 {1994).

13. R. Kossowsky, D. G. Miller, and E. S. Diaz, "Tensils and Creep Sirengths of
Hot-Pressed SialN4," J. Mater. Soi. 10, 883-97 (1975).




321

fhjective/Scope

The purpese of this research 1z to understand the roon temperature
end high temperature [= 1370°C {2500°F}] behavior of toughened ceramics as
tha basis for developing & life prediction methodology. A maj]or obg:ctiva
is to understand the relationship between microstructure and mechanical
behavior within the bounds of a2 limited mmber of materials, A second
major objactive is to determine the behavior as a function of time and
temperature. 3Specifically, the room temperature and elevated strength and
reliabilicy, the fracture toughness, slow crack growth and the creep
behavior will be determined for the as-manufactured material. The seme
properties will alszo be evaluated after long-tims expocure to various hiih
temperature isothermal and cyclie environments. These results will
provide Enput for parallel materials development and design methedolopy
programs, Resultant design codes will be vexrified.

Technicgl Highlighte

The objazctive of this study is to analyze cyclic fatigus of both
Griffich and as-indented flaw systems under sinusoidal loading conditions
ao that lifetime fradiction from one fatigue {static) condition te another
(eyelic) fs readily feasible fer either flaw szystem subjectad to stress
corroalon, TFor this purpose, the complete golution of the ratio of static
to cyclic fati.}%ue lives (h ratie) [1-3] was obtained numerically in
conjuncetion with the fatigue peremeter {n} and strass ratio (R-ratios) with
a particular emphasis on as-indented crack system. The solution was
comparad with experimental data obteined from static and c%ﬂ:lic fatigus
testing of both as-machined silicom nitride specimens at 1200°C and as-
indented alumina specimens in room-temperature distilled water. The major
assumptions made in this analysiz are that the waterial exhibits a flat R-
curve and that strass corrosion is a unique delayed failure mechanism.

I. ANALYSLS
In mﬂ:ﬂr cases slow crack growth of glass and ceramic materials umder
Mode I loading conditien iz described by the following empirical power-law
relation
= ﬂ = ﬁ o
i Al K.m] {1)

where ¥, a, and t ere crack velacity, crack site, and time, respectively,
A and n are the material fenvironment parameters. ¥; Iz the Mode I =trass
inteansity factor, and Eyc {5 the Hode I critical stress intensity factor
or fracture toughness of material with a flat B-zurve, Sinse both
Griffith (naturel) flaws and niercindentacion flawe produced & Vickers
eicrohardness indenter have been frequently used to cheracterize fatigue
behavier of brittle materfals [4-9)], heth of the flaw syatems ares
congidered here for snalysis.

(1) Griffich Flaws {Natural Flaws)
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Tha corresponding Mede 1 #tress intensity factor for this type of flaw
system i

1 (2>

whare ¥ 15 the crack geometyy factor, and o, iz the apflied remote Etress.
Substicucing Eq. (2} Into Eq. {l1) and solving the differencial equation
with some manipulations yields [10]

gue . gtd f[ﬂ,tt]]” de €)]

i
B

vhere §, is the degraded strength and 3, is the ipert strength defined as
3= (?!a ) with a, being a critical crack size with ne slow crack

growt & paramatar B iz axpreseed
2 K
B= ——_ (4)
AY:(n-2)

In static fatigue testing a constant applied stress, o,(t) = ¢, is
employed. Hoting that n = 10 for mest gless and ceranies, cne can derive
the following static fatipue eguation from Eq. (3) [10]

teg = B 5§70 ¢5)

?hara ty, 15 the time to failure in static fatigue. In deriving Eq. (5),
it was assumed that (5,/5,)" %= 0 since n = 10 for most glass and ceramics.

In eyelic fatrigue testing & tims-wvarying, periodic strege 1s applied
o, {E) = gy, £t} {6)

vheres &,,, is the naximwm;¥qﬂiad stress, and £{t) is a pariodic function
with a range of 0 = £(£) . Substituting Eq. (6) into Egq. {3) using n =
10, the time to fatlure In cyclic fatigue t, is obtained

tee = B ST° o, 1

by

L frfn:nﬂ dt 7}
t‘- A

For any periodic function with & constant mean and comstant amplitude, the
fallowing mathemetical relation holds

*

Ep
1 PR 1
+ {[f{m de = 2 _{[f[t]]" at ¢(8)

where 5 is the pericd or the inverse of frequency (1/f). Then, the cyclic
fatigue equation yields
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1

te = B 5T Oait

T

1 2 (%)
2 ! [£{£))2 dt

The ratio of static fatigue teo cyelic fatipgue 1ives, h, with a condition
of o in static equal to o, in cyelic (¢ = ag,,) can be obtained from Eq=.
(5) and (9)

E *
ke 8 =21 flrieyynde (10
e 1{[ ) )

with a condition of O < h = 1.

The sinusoidal loading iz the most common: and fp ular wave form used
in eyelie fatipue testing., The periodic funcrion (?-3 for the sinu=zoidal
wave (3pe Fig. 1) can be derive

£ey = BE 0 1K sinot (11)

where B i{s the stress (or load) ratio, defined ag R = o Jo . with 5y, and
o, hainf the minimm and maximum gpplied stresses, respactivalg. w is
the angular velocity. Hence, the h ratio for the sinusoidal wave becomes

o lfrl+R . 1-R
i 1[[ =2+ 28 sinae) 7 de (12}

Equation 12 can be solved elther analytically or numerfcally. The h ratio
for any other periodic leading conflgurations such as trapezeidsl,
triangular and squars wave forms can be solved analytically with &
straightforward procedure [1,11). Equation 12 was soclved enalyticall
using the zeries expanzien by Evanz and Fullex [1]. Their analytica
golution 13 expressed

nfe
n=§ ( n 1R 13 (128)a (133

(n-2k) 1 {k1)2" ~2(1+R}

APPLIED STRESS, o, (t)

Flgure 1. Simusoidal wave form used In cyclic fatigue testing.
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Equation {13) is still complicated to solve and valid only for integer
values of n. Therefore, . (12) must inevitably be solved numerically to
cover integer or real walues of n for a full range of R = D te 1.0,
although only limited data exits on h ratio effects [1,2].

Figure 2 shows the results of the numerical solution of h ractio as a
funetion of n for different R ratios from R = 0 to 1.0. In the figure log
h wzs plotted against log 1, and the =solid line=s represent the bast-fic
lines i)I' regression. e h ratio increases with decreasing n and
increasing B-ratio, and boscomes vnity at R -~ 1.0 (srtatic fatigune). Sinece
log h iz almost a linear funecion of log n with the cosfficients of
correlatcion of r .= 0.9966, it iz pessible to obtain an approximate (but
accurate) relation between log b and log n for a given B-ratic by using
the ragression anslysis

logh=0 logn+ B {14)
where o and B are the regressicom coefficlencs,

Table 1 shows the ragrassion coefficients of &« and & and r_,.'s thus

cbtained. Note that the coefficients of coxrreletion are almoe: cloze to
unity for R = 0 to 0.8, ¥For m = 10, the maximwm error sssociated in h
ratic, compared to the exact solutlen, was 1.0 % for R = 0 to 0.7 and 4.5
§ for B = 0.8 to 0.9, Therefora, this table gives a convenlent means to
deternmine the h ratio quickly and accurately for any givenm value of n,
gither integer or real. The complication of no gimple analytiecal solution
of Eq. (14) for real numbers can be alimineted with Eq. (14) and Table 1.
The h ratio 1is independent of fraguamy, ag can be mathematically

demcnatrated by manipulated of Eq. (12). .

2 ™TTT T T T T T
13 T

E=i.0

h RATIO

0.1 L
0.07 |

0.05 r GRIPFITH FLAWS
" (SINUSOIDAL WAVE)
0.03 L —

5 7 10 3 50 a0 200
FATIGUE PARAMETER, n

Figure 2. HNumerical solutionm of the h ratio as a funciion of fatigue
parameter (n) for different levels of R-tatie for Criffich flaw systems.
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Table 1. Regression cosfficient of h ratio (Eg. (l4))}
for Griffich flaw system

I:E R P £ | Sy
G.g -0 . 45334 - -9.2607 =1. 0000
0.1 -0, 4955 -0.2348 -1, 0000
.2 =0. 4974 =0, 2031 =1, Q000
0.3 =0, 5005 =0.1703 =1 . OO0
4.4 -0, 5049 -0.1282 -1.0000
2.3 -0 5112 0. 0765 -, 9995
0.6 =0, 5193 =0,0L1% =0.9998
0.7 -3, 5291 0. 075 +1, 9997
0.8 - 5333 0.1741 -0.9997
0.9 -0, 5138 0. 2417 -0, 9966

. 0.0000 0, PR} -

* Coafflclent of correlaclion.

{2} As-Indented Cracks

The dynamic and statle fatigue enalyses of as-indented cracks were
developed mumerically using Indentation fracture mechanics [4,3], Becauase
an additional term sppeered in the nat stress intensity factor, dua to
residual contact stress produced by elastic/plascic indentacion
deformation [12], &n analytical solution of cyclic fatigue for as-indented
crack system is not feasible aeither, The solution should be made via
numerical methods., To mininize having to specify several parameters, It
is convenient to use a normalization scheme, as previously wsed for

dynamic and static fatigue amalyses [4-6,13). With reference to the
previous studies, the normalized variable are Intreduced as follow:

X,

- —L

X Tre

J=a£r
» {15)

g = .?EE

On

e i

vhare B, J, o" and C* are, respectively, mormalized stress iIntensity
factor, normalized time, normalized maxioum epplied stresz and normalized
erack size, o and gaiare, respectively, the strength and critical crack
s1ze in the inert condition. Using rhese variables, the crack growth rate
of E7. (1) aml nat scrass intensity Ffactor are expressed as follows:

dc* a
5 ![K"]
x = 3oscrt s %c-'* (16

o, = [1‘-5-5 + -1-;—& sin{%hﬂ a*




326

Note that the normalized net strass intensity factor consists of two
tarms: the first by remots applied stress apd the second by residual
contact stress h,{zl. The diffarential eguation of Eg. (e} can be
solved mumerically usirg a fourth-order Runge-Rutia wethod. The initial
condition was €° =~ 0,3967 at J « { and the {nstabilit econditions ware K
- 1 and d&°/dC" > 0. The reason for the use of ¢" = 0.3967 as an initial
orack size 18 that an as-indented crack grows 2,52 times its initlal crack
size until instabillty via stable crack growth {not slow ecrack growth} due
to the additional iving force by residual contact stress 4,12].
However, the soluti was found to be insensitive to the initlal crack
sizes in a range of ¢ < 1.00, as also noted previously [4).

The solution was initiated to determine the normalized time to failure
¢(J.) as a Eunction of normalized maximum applied stress for the selacted
valjues of n = 5-160, This procedure was continued for the whole range of
strase ratios from R = ¢.1 to 1.0, Sinece the solutiom was I{ndependent of
frequency (f) as far as way/A = 2xf, any particular wvalues of way/h
satisfying wa /A > 2z conld be chosen. A value of wa /A = 100 wa3 used in
this analysis. The details regarding the influence of frequency on time
to failure will be discussed in a later section.

Figure 3 shows & typical example of the normalized time to fallure as
a Function of normslized maximum applied stress obtained for three
different R-ratips of R =1.0, 0.5 and 0.1. Fatigue suscagtibilit}'
increases with increasing R-ratio, yielding a maximum at R = 1.0 {static
fatigue). HNote that regardless of E-ratio the curves converge to o = 1.0
in ich the inert strength with no slow crack growth is attalined.
Similar to the static fatigue analysis [5], the slops In Fig. 3 1is not
representative of a ‘true’ fatigue parameter of m, due to the effect of
residual contact stress. The slope In Fig. 3, which is called ‘apparent’

fatigue parameter (n'), was found to have the followinmg relacions

10* : g
AS—iHDENTED

_ 107 | cRacks 40 eo
o

13
g' 0 o _
E 0® .
. n

107 = n=f -
= e
= 30° L .
[
2 10 } .
=
= 10" % ]
2 -4 | cveuc rancue
Q 107 | (SMUSOIDAL WaVE} -

=1 | —E=1.0{5TATE)

10 F - B=05 -

102 —R=i.1 1 _ | '

0.1 0.1 95 07 1

NORMALIZED MAX APPLIED STRESS. &

Figucs 3. Typleal am;les of numerically obtaimed normaliged fatigue
time (J,) as a functlon of normalized maximun applied stress {¢') for three
different R-ratios of R = 0.1, 0.5 and 1.0 for as-indented flaw systenm,
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n=1233%7n" -07568 forR=1.0

n=12340u' -0.7740 for R = 0.5
n=1.33%1n"-0,7723 for R - 0.1

with v . = 1.0000 for all the three cases. Therefore, the sbove results
can be approximated with a reasonable accuracy as follows

n=a3n - 2/3 {17)

which reduces to the ralationship inm static fatigua of as-indaented cracks
[5]. 'This indicates that the relationship between the true (n} and
apparent (n') farigue parameters 1s independent of R ratio, elther statie
ox cyelic. In fact, statie fatl is nothing more tham one particular
case (R = 1.0) of the generalized cyclic fatigue solurions (Eg. (14})}.

The effect of frequency on time to fallure can be seen in Fig. 4 with
different n, ¢ and K. For the given R, n and ¢, the normalized time to
failure 1s independent of fregquency, conslstent with the case of Griffich
flaw system,

Based on the results as shown in Fig. 3, h ratios for a given R can be
determined for each m using the relation of h = Ty /Jp. (= £/t )}, wharae
Jyy and J,  arsa the normalized time to failure in static and cyclic
fﬁtigue, respectively. A value of h ratic for a given n was dererminad by
averaging the individual h ratfios obtained at a total of thres to savan
{depending on n values) differsnt normslized maximum applied stresses.
This Tepeated for other values of n and then R, It was found that the
erTor in the h ratio thus obtalned was negligibly small, considering the
coefficients of variation im h ratio were less than 0.2 &,

4

10 - r
- =50
5 Regy 2=0F
=
é s R=05
= 107 | i
% nfzu '
=} R=0.1 L;;;;:
g 107 f =
3 R——-ﬁ.ﬁ
= AS—INDENTED CRACKS

(SINUSDIDAL YAVE)
1 UT [ 1 [
10° 0! 10 10°

NORMALIZED FREQUENCY, uuﬂ/A

Pigurs 4. Effect of normalized fallure time (J,) un normalized frequency
(wa,/a) for different combinations af B, n ané o for as-indenced flaw
system,
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Figure 5 shows a summary of the h ratio as a functicn of n for
differant levels of R-ratios from R = 0.1 to R = 1.0, where log h was
plotted against log n in the same scheme az shown for Griffith flaw system
(Plg. 2). Tha sxcellent curve fit allows ome to obtaln a relationship
batwsen log h and log © by using a linear regresalon analysis based on Eq.
(14), The results of the regressibn mlysfs for a, B and T, 8re shown
in Table 2. The coefflcients of correlation are 21l close to unity a:megl:
for R = 0.9, with a maximum error of about &4 % at R = 0.9 for n = 10,
compared to the exact solution, so that Eq. (14) together with Table 2
provides an accurate sclution of the h ratio for an as-indented crack
system. Hasnce, lifstime prediction from one fatigue loadi condition to
another can be easily made using either Table 1 for Griffith flaw system
or Table 2 for as-indented cracﬁ systen.

{3) Evaluation of Fatipgue Parzmefers
(a) GCriffirh Flews

The fatligue parsmeter n c¢an be determinad from the slope of fatlgue
data when log {time to failure) Iz plotted as & function of log (maximum
applied stress) for either static or cyelic fatipue (zee Egs. (5) and
{9)). Frmg Bgs. (4) and (5}, the fatigue paramatar A in static fatlgue is
determined

1
= %Sf’f:-l—. (18)

R=1.D

b RATIO

0.05 | A5-INDENTED CRACKS
" (SINUSOIDAL WAVE)
D‘ﬂa PRI | P L o T |
s 7 10 3 S0 100 200

FATIGUE PARAMETER. n

Figure 5. HNumerical solutisn of the h ratic as a function of fatiguse
parameter (n) for different levels of R-ratio for as-indented flaw systen,
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Table 2. Regression coefficients of h ratieo (Eq. (14))
for as-indented flaw system

I " a [ | O
H g1 <0, 4856 -0,192% -0, 99594
“ 6.9 -0.4885 -0.1617 -0, 9999
0.3 -0.,4325 -0.1240 .0, 5999
I o 0,457 -0, 0604 -1, 0000
0.3 -0, 5049 -0, 0268 0. 9999
0.6 -6 5196 09383 -1}, 9559
0.7 -0.5158 0.1172 -0, 9999
| o -0.5173 0. 2075 -0.9989
_ o.9 -0.4743 0,293 -0.9511
1 1.0 0,0000 00000

+ Copffizie¢nt ¢Ff corralscion.

whare i, is the intercept of static fatigue data, expressed In teo™ = X,.
The fatigua arameter A in cyclic fatlpue 1s <btsaived from Eqs.ﬂzﬁj, %
and {1D) as follows:

A= ﬁgfﬂfiﬁ (19}

whera ). iIs the Intercept of cyclic fatigue dats, expressed in tpe",.. =
A,. Thé value of h canphe d&t};mimd uzing from Eq. (14) together With

Table 1.

{b} As-Indented Cracks
The *true' fati parameter n for both stetic and cyclic fatigune can
be deteymined from Eq. (17) once the fapparent’ fatifua parameter n' is

determined from the slope of fatigue data. The fatigue parameter A in
static fatigue was determined previously [5]

X
A= c-f—;}:r ==-:‘a,1—1, {20}
&

where ', 1s the intercept of static fatiiua data, expressed Iin t,o® =
Aty. Since the following relation for as-indented flaw systam holés

Tee B Ao A

whera A’. is the intexcept of cyclie f&ti%?a data in t ﬂ“'-lh'ué Henca,
B @

from Eqs. (20} and (21}, the parameter & in cyclie faéigug tained
i
X 1
A= ) 2g%a 1 99
l:-z? L A (22}

which iz analogous to EE. {19) for Griffith flaw system. The value of h
can he determined from Eq. (14} together with Table 2.
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IT. EIPERIMENT

Static and cyclic fatigue testing of sillcon nitride E&hnt-prensad. HCX
34, Norton) flexure beam specimenz {with CGriffith aw stem) was
conducted in ambient alr at 1200°C. The detailed testing procedure is
found elsawhare [L4]. Briefly, the innexr and ocuter spans of the $5iC¢ four-
point bend fixture wers 10 »m and 30 pm, raspectively. Tha nominal
dimensicns of the test gpecimens were 3 mm by 7 mm by 35 mm, respectively,
in haight, width, and length. Stress levels applied in the static fatigue
tests were 250 to 500 MPa. Cyclic fatiguwe test gpecipens wars
simsoidally loaded with the maximum applled stress range from 304 to 300
MPa using a stress ratic of R = 0.5 at a frequency of £ = § Hz. Each test
specimen was preloaded with 20 N to maintain good aligmment relative to
e test Fixture during heating to the test temperature.

Static and cyclic Fatigue tests of as-indented alumina flexure (Y96 wt
%, ALSIMAG 614, General Electrical Ceramics) beam specinens were carried
out Lo room-temperature distilled water uszing a four-point bapd fixture
with 6.05 mm-inner and 19.05 mm-outer spans. The dimensions of the test
specimens were 4 mm by 3 mm by 25 mm, respectively, in helght, width, amd
length, The center {5 mm-side) of each specimen was indented in air for
about 20 5 using a Vickars microhardness indenter (Zwisk, -medel 3212,
Germany} with an Indentation load of 49 H. Static fatigus test specimens
were loaded with constant stress levels of 95 to 133 NPa. Cyclic fatigue
test s%aeimans were subjected to sinuscidal loading with a sfress ratio of
R=10.5at f=5Hz. The meximm applied stress range in eyelic fatigue
was 100 to 130 MPa.

111. BESULTS ANLD DISCUSSION

The results of the statie and eyelic fatigue testing at 1200°C for the
gilicon nitride specimens are shown In Fig. &-a, whara each sclid line
represents the best-fit line based on the appropriote fatigue equation,
The decrease in time to fajlure with inereasing applied stress, which
represents fatigue susceptibilit{, was evident for both test conditioms.
Foxr a glven applled stress, fatigue susceptibility is higher in static
fatipgue than in gyczlia Eztigue, as reflected from Fig. (2). The fatipgue

aramester ¢t was found to be n = 18,5 + 2.8 and 20.8 3.5, Tespectively,
or stagle and eyelic fatlpue, The results of the stetic apnd eyelie
fatigua tasting of the as-indentad %96 wit alumina spacimens in room-
temperature distilled water ars depicted 1n Fig. 6-b. {Conslstent with the
results shown in Fig. 6, fatigus is a Little more susceptible in static
loading than in oyelice loading within the experimental range used. The
'agparent' fatipus parameter was cbtaired from the dsata to be n* = 32,92
T 5,01 and 35.37 & 4.79, respectively, for static and cyclic fatigue.

The prediction of cyclic fatﬁfue from static fatigue data for Griffith
flaws can be made using Egz. (10) and (14) together with Takle 1. The
best-fit static fatigue curve for the HCX 34 silicon nitride specimens was
obtalned to be

log ty, = -18.52 log o + 51,3172

where the units of £, and o are in szeconds and MPa, respectively. The
cﬂrrasgpnding L ratio can be obtained from Eg. {14} in conjunctiomn with
Table for n = 18.52 and R = 0.5, which gives a value of b = 0.1886&.
Therefore, from Eq. (10) the predicted cyelic fatipue life is

log £, = log t,, ~ log h
- 20855 og 5.+ 52,0416




33l

NCX 34 Sisb{‘
a
10’ | {12007C0)

TIME TC FAILURE, t[s]
&
T

10° | ]
z
10 4 cyclic T
| O stalic
10 ]
19° ; — (a)
100 300 500 00 1000
MiX APFLIED STRESS, am[HPa]
107 —— —
& 1 6% ALUMDNA
10 r {as—indented; .|
RT water})
5
E 107 Statie Cyelic -
- n'=2329 n'=35.4
o 10° F i
5
= 10° | J
[
e 0® | _
) 4 cyelle Bé
E 10 - O atatic -
o
10° | n
Tﬂ-i . . — . {h}
S0 8O FOBRQOOO 200 300

MAX APPLIED STRESS, a__ [MPa]

Figure &. #esults of static and cyclic fatigue testing obrained from the
two materials; (a) HCX 34 silicon nitride flexure specimens tested at

1200°C {14]: (b) as-indented alumina [lexure speclmens tested In room-
temperature distilled water,
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In the same way, the tpre&ictiun for the as-indented alumina specimens
can be made. The best-fit gstatle faripue equetion for the as-indented
alumina specimens was determined to be

log &g = -32.92 log o + 71,5612

Using the n'-n relation of Eq. (17), a true fatigue parameter of n = 43,23
was cbtainad, With the values of n = 43,23 apd B = U.5, the correspondin
h ratio ecan be determined using Eq. (14) with Table 2, to give a valua o
h = 0,1404. Hence, the predicted cyclic fatigue life is

log tg = -32.92 log ag,, + 72.4142

The prediction thusz made are shown in Fig. 7, where the eyelic fatigue
darts obtajned from the experiments are included for comparisen. The
prediction underescimates somswhat the actual cyclic fatigue data for the
silicon nitride specimens with Griffith flaws; wheress, it overestimates
for the alumins epacimens with az-indented cracks. However, considerin
the small manber of test specimens used in this sxperimenc, the overal
agreemsnt szcems to be reasonable. In particular, the djifference in
fatigue parameter (n) between static {n = 18.3) znd cyclic (n = 20.8) for
the silicon nitride specimens and between gtatic (n = 43,23} and cyclic (n
= 4&.4%3) for the as-indented alumina specimens is very =sns)i, thus

implying that stresas coxresion is a common, governing failure mechanism in
both statie and ayclie fatigue of sach material,

It has baen reported that for certein ceramic materials mechanisms
such as damage accumulation and/or cyclic synergisms can be active in
cyclic fati%Pﬂ, resulting in mwore fatligue susceptibllity in cyclic than in
static leading [8,15-18]. If additional failure mechanisms or synexgies
stich as dsmags accumilation, eyolic affacts, andfor crasp at elevatad
temperatures are invelved simultaneously in ?gclic fatigue, then the
analyzis given in this paper may not be valid. HNotwithstanding, the
analysis stlll provides some clues to plopoint the prevalling l.ilfsa.v::[lur&
mechanism asseciated with failure. 1In viev of the reascnable sgreement
hatwasn the static and cgulic fatigua data shown here, it can ba stated
that fatigue parsmeters for these materfial systems csn be obtained using
either static or eyelic fatigue testing. Io terms of testing sconomy,
howavar, static fatigue ia preferred becauss of the much high testing
costs associated with eyeclie fatigus testing.

As mentloned bafore, the analytical solution of the h ratio for other
loading functions such as traperoidsel, trisangular and =quare wave forms
can be ecasily obtained for the Griffich 1%%..aumr system because of its
mathematical simplicity [1,11]. However, the conventionsl numexical
golution for these loading functions may not be simple for as-indented
crack system since the functions, wunlike the sinusoidal wave, are not
continuous but discontinuwous in netuvre. In this case, sach discontinuous
periodie function should be comverted into a continuous periodic funetiom
23 that the numerical solution becomes feasible (see Eq. (16)). This wlll
be dons by using the Fourier analysis frem which & discontinuous function
can be approximated inte a continvous funetiom. This should be a future
area of study.
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IV. GONCLUSLOND

The ratio of statie to cyelie facigue lives, h ratio, was obtained
numerlcally for both Griffith and as-indented flaw systems subjected to
sinuraidal loading eonditions, The h ratio decreaszes with fineredsing n
and decreasing R-ratio. Uﬁin{ this solution of the h ratio, lifecime
prediction from static to cyclic fatigue was mada based on static and
¢§¢13¢ fatipgue data obtained from both silicon nitride (Griffith £laws) at
1200 and as-indentad alumina specimens in room-temperaturs distilled
water. Beasonable agresemsnt was observed betwean the analysis aml
experimental data, thus supporting the walidity of the =olution.
Therafore, the solution provides a simple, Ick lifetime prediction
methodology from one fatigue condition to -another for both Griffith and
as-ind;ntad flaw systams whose governing fallure mechanism is stress-
corrasion.

REFERENCES

1. 4. ¢, Evans and E. B. Fuller, "Crack Propagaticn in Ceramic Matarials
under Cyelie Loading Conditions,” MNetall. Frans., 5[1] 27-33 (1974).

2. T. Fawakubo and K. Komeya, "Static and Gyeclic Fatipgue Behavior of a

Sinterad Silicon Nitride at Room Temperature, " iIbid, 70[6] 400-405
(1987).
3. C.-K. J. Lin and D, F. Socis, "Static and Cyclie Fatigue of Alumina at

High Tamparaturas,” J. Am, Caram. Soc., 74[7] 1511-18 {1991}.

4, B. R, Lawn, D. B. Marshall, 6. R. aAnstis, and T. P, Dabbs, "Fatigus
Analysis of Brittle Materials Using Indeptation Flaws, Part 1. CGeneral
Theory,™ J. Hater. Sci., 16 2846-2854 (198%}.

5. E., R, Fuiler, B. R, Lawn, and R. F, Cook, "Theory of Fatipgue for
Brittla Flaws Originating from Rasidual Stress Concentraktions, " J. Am.
Coram. Sos., BG[2] 214-21 {1983).

&, 5. E. Ghoi, J, E, Ritter, and K, Jakus, "Failure of Glass wich
Subthreshold Flaws, " ibid, 73[2] Z68-F& (1990).

7. 5. Lathabai, Y.-W. Mai, and B, R. Lavn, "Cyelie Fatigue Echavicr of an
Aluaina Geramic with Crack-Resiztance Characteristics, " J. Am. Ceram.

Soc., 72 1760-63 (1989).

B, 5, Horibe and R, Hirahara, "Cyclic Fatigue of Ceramic Haterials:
Enfluencse of Crack Path and Fatigue Mechanisms,® dcta Metall. Mater.,

32[6] 1309-1317 (1991).

9. B. B. Dauskardt, R. R. Jemas, J. R. Porter, and B. 0. Ritchle, "Cwvelic
Fatiguz-Crack Growth in 5i€¢ Whisker-Feinforced Alumins Ceramic Composite:
Long- and Small-Crack Behavior,* J. Am. feram. Soc., 75[&] 759-71 (1992).

10. a} J. E. Ritcer, P. B. Oates, E. R. Fullaer, and 5. M. Wiederhorn,
"Praof Testing of Ceramicsz, Part 1 Expariment," J. Mater. Sci., 13[9]

2275-81 (1980).
b) E. E. Fullar, 5. M. Wiederthern, J. E. Ritter, and P. B. Qates,
*Proof Testing of Ceramics, Part 2 Theory," ibid, 15[#} 2082-55 {1980).

11. J. A. Salem and S. R, Chol, Bimonthly Progress Report, Apriljuaz
1994, Ceramic Technology Project, Oak Ridge HNational Laboratery, Oa




335

Ridge, TH (19294).

12. B. R. Lawan, &. G, Evans, and b, B, Marshall, "Elastic/Plastic
Indentacion Damage in Ceramies: The Median/Radial Crazek System,” J. Am.

Ceam. Soc., 63 [9-10] 574-81 (1980).

13. 5. R. Ghol and J. 4. Salem, “Effect of Preloading on Dvnamic Fatlgue
Strength of Class and Ceramfcs at Ambient Temperature,® submitted to J.

Am, Caram. Sec., {1994},

14, a) 8, R, Choi, J. A Salem, and J., L, Palko, "Compariszon of Tension
and Flexurs tco Determine Fetigus Life Prediction Parametsrs at Eleveted
Temperatures,"” pp. 2B-111 in Life Prediction Methodologles and Data for
Ceramic Materiasis, ASTM STP 1201, €., B. Briokman and 5, F,. Duffy Eds.,
ASTM, Philadalphia {1994},

b} 5. B. Choli, J. A, Salem, N. Wemeth, 2nd J. P. Gyekenyesi,
*Elevated Temperature Slow Crack Growth of S1licon Nitride Undsr amic,
Statle, and Cyclic Flexural Loading,” Ceram. Eng. Sci. Proc., 15{5] 597-

604 (1994).

15, I, A. ¥rohn ard 0. P. H. Hasselman, "Static and Cyeclic thigue
Bahavior of 4 Polycrystalliome Alumina," J. Am. Ceram. Soc., 55{4&] 208-211

{1972}.

16, L. Ewart end 8. Suresh, *Crack Prngagatiun in Ceramice under Cyclie
Loads," J. Mater. Sci. Lett., 22[4] L1E73-92 (1987).

17, H. J. Reece, F. Guiu, and M. F. R. Sammur, "Cyclic PFatigue Crack
Propapgation in Alumina Under Direct Tansion-Comprassion Loading,®™ J. Am.

Caram. Soc., TI[Z] 348-5% (1989).

18. R. H. Dauskardc, DI. B. Marzhall, and E. 0. Ritchie, "Cyclic Fatigue-
Crack Prﬁfa tion In esia-Parrially-Stabilized Zirconia Ceramics,®
ibid, T3[4] 893.903 (1990),

E l"ﬂ Eus ﬂg Hg Last:anes

Milestonses are on tims.

Compunication /Visits Travel

Problems Epcountered
Availabflity of in situ coughenad Si,N,’s is limited.

Publicationg

1. 8. R. Choi and J. A. 5alem, "Cresp Behavior of Silicon Ritrlde
Evaluated by Deformation furvature and Neutrazl Axie Shift Daterminations,®
pp. 285-293 in Silicon Based Scructural Ceramics, Ceramic Transaction, Vol

42, American Caramic Society (1994).

2. V. Tikare, V. Sanders, and S, R. Chel, "Processing and Testing of High
Toughnezs Silicon Nitride Geramies," pp. 267-275, ihid.




336

Lif Prediction Methodology
D. W (AltiedSignal Engines)

Objectives/Scope

AlliedSignal Engines has defined a program that builds on ihe progress made in Phase 1 of the Lifs
Prdiction Methodology for Ceramic Components of Advanced Heat Engines program. This Phase II
program will develop the methodology required tp adequately predict the useful life of ceramic components
used in advanced hezt engines. Phase I will concemimae on pradictive methodolegy for time- and cycle-
dependent failure modes, as well as proof esting and nondestructive ¢valuation (NDE) methodology that
will enhance component reliability through screening of ow-sirength components,

The life prediciion methodologies developed will be generic and hence will be applicable to ceramic
compnents that operate under known femperature and stress conditons.

The technical effort has been organized ino six objective-oriented tasks, as follows:

Material Baseline

Compressive Creep Methodology
Flaw Growth Methodology
Cyclic Fadgue Methadology
Proof Test Mathodology

NDE Reliability Methodology

;o

The planned test matrix i$ showm n Table 1.

Integration of the methodologies will be undertaken through continued development of the stadstical
and risk integration computer codes previously developed during the Phase I program.

Progress made under the Phase II objectives during the Apeil through September, 1924 reporting
period is described in the following sections.
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TABLE 1. CERAMIC LIFE PREDICTION PHASE TEST MATRIX.

Test Temperabares, F
BT | 1300 t 2140 I i) I L) E 2400 | 254 | B
Test Obrjective Teat Descripton Mo. of
Bageting Fesory MIL-B (Longitvdine Machlped) 30 10 1b — - - 10
Tenzile FF (Langitudinal Machined) - - bl ] 19 10
Tansle SR {Longitudingl Mackn) -- - 10 e s 1% -
10 10
I

F

- - -

Texsiha SR (Transversa Mochinad] -
Tensle SE (As-Frocersed) -
Flexure MIL-B (Ax-Procested) il
Fleare Spin Disk Cot-Lp 109 - .- - - - - -
Modeh Seactimnen (Rvmachined) 10

Axial (Longiludinal Machined) - - a - g 3 3 -
Flaw Grawth Flerura - - 5 ] 5 X . n-

Crellc Faligoe Tenslie R = O {Longitadinal Machined) -- 16 - 16 -- s - s
Tensite B - 0 {Lomgitudinal Machined),
G-Eecond Hold

.- == 140 s

- -

- - - r - - +r

- .- - -~ an - -y

Camprustive
Creep

- & - ] - . .e +a

Tensle R = -1 {Langltudinal Machined) -- 10 10 - - . 10
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Hoa-Proof Tastad (Rate 2)
MNan-Fropoetiosal Loading
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Raund Platg (As-Frocessed)
NDE POD Symare Prate (Muchined)
' Square Plute [Ar-Procesced)
GTCPES AP Stators (Machined)
GTCIES APU Stasors (A s-Procwstud)
FF = Fast Fractars. MIDE = Nondestruciive Evaluathon. POD = Frobabllicy of Delectlon,

1
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RT/HT = Proof tesilng at BT Fellowed by Mghtemperaturs (HT) chrength test.
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1 Materigl Baseline

This task includes activities for:

a. Procurement of NT1 54 silicon nitride specimens from Noron Advanced Ceramics in East Granby,
Comnecticat

. Specimen testing to determtine the baseline material properties and establish a comparison with
specimens used in Fhase I

c. Specimen testing 1o detenine the strength and Tife charactzristics of as-processed surfaces

d. Specimen testing 10 complete the information acquired during Phase I dealing with surface
conditon and Rueface srength issues.

Care has been taken & ensure that the ceramic specimen materigl propeities obtained in Phasc IT
would be similar to those obtained in Phase I, This included relining the ball mill used for the ceramic
powder with the same type of rubber a5 that used in Fhase I.

Under activity 1{a), 2 powder contamination problem was discovered dering powder qualification,
An excessive number of faflures in the flexure test bars were attributable to inclusions (as reponed in the
June-Juty bimonthly progress report). Fractography showed that the inclusions contained carbon, probably
from the ball mill liner, and discrete iron particles. The inclusions are similar in composition to those found
during Fhase I, but are larger in size and higher in the frequency of occuzance.

Powder reconditioning trials ware defined, to determine the best method to eliminate the large
inclusions, The reconditioning processes being evaluated include:

1. Dry magnetic separation

2. Dry magnefic separation: -+ S00C oxidation reatment
3. Wet magnetic separation

4, Wet Magnetic separation + 600C oxidation treatment.
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The magnetic separation processes employ magnetic fields as high as five tmes those used in
the baseline process, and are intended to compietely separate the iron-bearing inclusions. The
oxidation treatment is intended 1o bum off any carbon found with the inclusions,

The powder reconditioning trials are nearing completion. Trial specimen mechanical testing
will foliow, o determine the efficacy of the reconditioning processes. The acceptance criteria for the
reconditeoned powder are based primarily on the proof festing requiremenis, explained further in
Section 5.

2, Compressive Creep Methodolopy

This task includes pencration of compressive creep data w support development of a
compressive creep rate model. The data and medel will complement the tensile creep data and model

penerated during Phase 1.

The compressive creep test specimens have been machined from the buttonhead remains of
the fast fracture tensile test specimens wsed during Phase 1. The specimens are cylindrical, 5 mem in
diameter and 10 mm in Jength. The specimens have been sent to the Oak Ridge National Laboratory
High Temperature Materials Laboratory (ORNL-HTML) (Qak Ridge, Tennessee) for verification of
compatibility with the compressive creep test apparants.

3. Flaw Growth Methodology

This task includes generation of exp]lc:it crack growth rate data and comparing the data to
crack growth parameters derived from stress ruphure (ests.

Professor R, Danskardt of Stanford University Ras been contmacted o perform the crack
growth fests. The testing and analyses will be accomplished in three phases:

Phase 1 - Literature survey to identify potential testing technigues

Phase II - Preliminary experiments to optimize experimental techniques
Phase 11T - Core program o penerate desired data.

Test variables include temperature, mode mixity (Mode I and mixed Mode 1 and II), crack
size (long vs. icherent crack), and environment {air and migogen). Limited cyclic lesis will also be
conducted to determine the effects of cyclic leading.
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4. Cyolic Fatizue Methodology

The objectve of this task is 10 develop a life prediction model for ceramic components subjected to
cyelic loading, The effects of [oading variables (stregs ratio [R] and hold time) will be assessed using
tensile test specimens. The effects of surface condition (longitedinal machined, ransverse machined, and
as-dengified) will be assessed with flexure test specimens, Specimen/component size effects will be
determined by comparison of the tensile and flexure 2st results from longindinally-machined specimens.

A critical question is wiether cyclic farigue in ceramic componenis involves crack propagation from
inherent defects in the marerial or whether it is a nucleaton and propagation process. Crack growth
kehavior can be derived from fast fracture test data {which provides 2 measare of inherene defect
distribution} and cyclic fatigue wst resudts, if crack growth from inherent defects is assumed. This behavior
can be compared @ the explicitly obézined cyclic fadgue crack growth rate data, as described in Section 3.

5. Eroof Testing Methedology

The gbjective of this task is 10 develop the methodology 1o assess the effects of proof testing on the
reliability of ceramic components for surface defects. As part of the objective, the shear sensitivity of the
machining flaws in NT'154 will be defermined.

The proof testing test matrix is very sensitive to the powder comtamination problem described in
Section 1, since the tests will be conducted in the Aexural mode. Excessive faitures from inclusions would
render the data analysis very difficelt. As part of the powder reconditioning effort, a method & desermine
the acceptznce criteria {in terms of allowabde inclusion failures from flexure bazs) for the reconditioned
powder was defined.

Given that the surface and volume strength parameters are known for a given material, the matio of

the surface to volume flaws is calculated as follows. The survival probability for a system with two
competing failurz modes is given by:

$(x) = 5{x)5,(x) )
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The probability of failure is given by:

Flx)=1-5(x)5,(x) [2)

The probability density function for this system is obwained by differcntiating Equation [2} to obtain:

Flx)=A(x)5(x) + §(x) H{x) (3]

The first term in the right-hand side of Equation [3] repeesents the joint probability density of &
specimen failing from the first mode and at strength x, and similardy, for the second mode, in the s=cond
term of the equation. Hence, the probabilicy of failure from the first mode at or below strength x, is given
by the integral from zero to x, and the proportion of total faitares in 2 population i5 given by the integral

fiom zero to infinity:

B, ()= [ £(x)s 0 [
B {X)= [ A(x)S, (x)dx 2
mx)=-"i'ft’:‘;——~—§1m[—fm[ﬂi]ﬂ] @

sz{x}=cxp[—11vz[-:—]q] m
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my -l L
)= I‘—"}Eﬁi—“m[—fm[ = ) ]m[—fzva[éﬂa ®)

Equation [8). does not have a closed-form solution for m, 5 ! Therefore, the equation must be
solved numerically.

Equation {8]. represents the proportion of failures for Failure Mode 1 that will fail in a population.
If all specimens were tested 1o failure, X goes to infindty.

In the case of proof tesding of a specimen population, only a proportion of the witole population
wili fzil. Hence, the proportion of the population that fails due to Failure Mode 1 is given by the ratio of the
number of failures of Mode 1 that can fail in the proof test w the total number of specimens that can fail in
the proof test, which is:

[ A28, (x)ax

™
FlA®S G+ S0

rafio =

Where: ithe different i=rms are given by Equadons [6). and [7]. with the corresponding changes for the
given Failure Mode.

The abave equations were trled with the datz abtalned duting Phase [ The results show excellent
apreement with the Phase I daws. Table 2 summarizes the resuhs of the sample calcnlations.
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TABLE 2. SAMPLE FAILURE PROBABILITY CALCULATION SUMMARY.
{COMPARISON WITH PHASE 1 DATA).

Phase Percent Percent Percent MIL-B
I Sp m Volume Failures | Surface Failures Volume Failures

Test

Data | Vol | Susf | Vol | Surf | Actual] Predicted | Actual | Predicted | Actual | Predicted

MIL-E| 67 | 104 ]| 8.0} 8.1 ] I5 14.8 30 31 3 3

10THOT-T

§.  NDEReliability

The objective of this task is quantify the probability of detection (POD) of surface faws in
ceramics for variows nondestructive ¢valuation {(NDE) techniques, such that NDE can be fully
integrated into life predicdon methodology for ceramic components. The objective will be
accomplished throngh a ¢comprehensive reliability study.

Dr. A. Berens of the University of Dayton Research Institute (UDRI) in Daywon, Ohio has
been contracted 1o provide consultation regarding the design of the reliability study, as well as
statistical analysis tools for detesmining POD.

A procedure for documenting the defect population in the reliability study specimens was

established and delivered to Noron Advanced Cerantles, This procedure will by used by the Norton

personnel at their Nonthboro, Massaclmseus facility to document the naturally-occurring defect
populations in the reliability specimens prior to delivery fo AlliedSignal Engines. Surface defects in
the reliabitity specimens will be classified in accordance with American Society for Testing and

Materials Specification ASTM F109 definitions using magnified visual inspection.  Additional defect
characterization will be performed by AlliedSignal Engines wpon receipt of the specimens.

A PC Windows-based relatfonal database has been created to catalog the defects in the
specimens. ‘The database facilitates gasy input and retrieval of specimen information.
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3.3 ENVIRONMENTAL EFFECTS

Environmental Effects in Toughened Ceramics*

G. A. Graves, Jr. (University of Dayton)

Objective/scope

Since December 1984, the University of Dayton has baen involved in a five-
phase project to investigate the effects of environment ¢n the machanical behavior of
commercially available ceramics being censidered for heat engine applications. In the
first phase of this project, the effects of environment on the mechanical behavior of
transformation-toughened ZrQ, ceramics wers investigated. In the second phase, two
SigN4 ceramics {GTE PY6 and Norton/TRW XL144) and one SiC ceramic (Hexoloy
SA) ware evaluated. In the third phase, the tensile, flaxural, and fatigue strength of
three SiC and six SizN, ceramics were evaluated at temperatures ranging from 20 to
1400°C. Microstructure, chemistry, and physical properties were also investigated.
In the fourth phase, the flexural strength and fatigue behavior of two additional SigNy
caramics (Kyocara SN-260 and Garrett GN-10) were investigatad. tn addition, the
fatigue behavior of one SizN, ceramic {Noron/TRW NT-154) was studied. In phase
five, three newly developed SiC and five newly developed SizN, ceramics are
planned. In addition, the effects of different machining processas on the mechanical
behavior of selected SiC/SigN, ceramics will be studied.

During the past six manths the project, a study to investigata the sffects of
various machining treatments on the flexural strength of Morton International {MI) SIC
was corapleted. |n addition, the evaluation of an Allied Signal, Ceramic Componenis
Division, AS-800 material was initiated.

Yechnical progress

Dwring this semiannual reporting period several limited siudies were carried out
on various heat engine candidate materials. The detayed or canceled delivery of
specimens from suppliers has resulted in delays of the evaluation of materials
salected for high-temperature strength and physical property characierization, and
the planned effects of various machining techniques on strangth study. Dow Coming
recently informed UDRI personnel that they were discontinuing production of their
BSIC and, tharefore, they would not be delivering the specimans previously agreed
upon. In addition, Kyocera is developing a new material presently designated as
SN-X. They have requested that LUDRI characterize this material instead of their
SN253 and UDRI has agreed. The dalivery of SN-X is expected in December 1994,
A revised delivery schedule and test matrices are shown in Tables 1 through 4,
Discussions have recently been hsld with Cummins Engine, Norton Advanced
Ceramics, and Ceradyne Comoration representatives in an efiort to obtain additional
materials for study in the program. All three companies have agreed to work with
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UDRI and fumish material they are interested in for heat engine applications. A formal
test plan and delivery schadule with thege companies will be developed and submitted
to the ORNL program manager during the Oct/Nov 94 bimonthly repotting period.

Table 1. Milestone 331417 Status of Specimens Promisad and Received

Supplier Material Flexurs Due Date Tensile= | DueDate | Machined | Bue Date
Bars Blanks MOR
Allied Signal AS5-800 1034 L4 10494
Kyocera SN-253 20 12794 40 12/94 165 H15-30/94
Carborundum | Hexoloy SA-X 125 Received. 60 delayed
0104
Totals 145 240 145

Table 2. Milestone 331417 Planned Future Physical Property Measuremants

Physical Properties
Intended Use for E o Hip K,
Candidate Caramics H-1350°C 20-1350%C HC WFC LGC 1500°C
Tutbine Engine Components
Kyocera SM-253, Sizhla 5 5

*Number of specimens.
E = elastic maodubug

€ - thermal éxpansion
H/p = hardnass/dansity
Rie = fracture toughness

Table 3. Milastone 331417 Planned Flexural Strength and Stress Rupture Measurements

Img;:;“;’ﬂ::”"d‘m Flexural Strength Measurements Stress Ruptere

Temperatge: L 1250°C 135050 1350°C

Losding Rate; | 4x107 | 4x10% | 4x10° | 4x103 [ 42102 [ 4x10° 12af | 23cf

Turbine Engine Components

APLUs Carhomindum
Haxoloy SA-X 30 20 10 20 10

Automnotive Turbines
Kyocara SN 5iaN¢ 5 3

*Number of specimens.
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Table 4. Milestone 331417 Planned Tensile Stress Ruptura and Cyclic Fatigue Measurements

Intended Use for Tensile Stress Ruplure Cyclic Fatigue

Candidate Ceramics F0°C 1P 1200°C 1300°C 1350°C 1000 C 1300°C
Piston Engine Compoaenis

Msierial B
Allied Signal AS-800 10™ g 10 1)
Turkine Engine Componehls

AFUs
Carborundum Hexoloy 3A-X 1% 10 i 5
ive Tarbi

Kyocera SNX, Sizla 3 3

*Number of specimens.

A tension-compression cyclic fatigue study at room temperature was initiated
for Norton NT-152 silicon nitride specimen. Due ta the lack of experience in operating
the Instron tension-comprassion aystem, considerable effort was expended while
becoming familiar with Tts operation. A strain gaged specimen was used to monitor the
alignment procedure to ensura that pure tension-comprassion loading was achisved
(less than 3% bhending). After proper spacimean alignment was achievad, ths Instron
1361 test machine controls were adjusted to obtain a sawtooth loading curve to
attain the desired tension-compressive stress of 350 MPa (50 ksi). This stress was
approximately 50% of the fast-fracture average tensile strength of NT-154 at room

temperature. The specimen was tested for 450 x 10° cycles {approximately 100 hours}

without faflure, and the test was then terminated. Furher testing on this and additional
spacimens was planned at elevated temperatures. During this test it was discovered
that the present design of the Instron Short Furnace would not accommodate the
Instron tensicn-compression fixture. A specially-designed fumacs is being built by
Instren 1o accommodats the tension-compression test fixture for operation at elevated
temperatures. When delivered, tension-compression tests will be run on the NT-154
and other more recently developed materials.

In addition to the T/AC redesign, a naw Ingiron 1362 testing machine has been
ordered for use in the program. |t will have 8500 plus electronics package with a
"piggybacked" series 9 data acquisition system. The new machine will have a much
higher stifiness load frame giving us an improved capability, especially at the higher
loading rates reqquired for dynamic fatigue. |n addition, the older instron 1361 and the
two benchiop Instron 1122 machines will have a state-of-the-art electranic control{s)
that will be interfaced with the same computer controls as the 1362 testing machine.
The upgrading of the machines presently in the laboratory was completed on 30
September 1994, making them available for use as the new materials are delivered.
The cost to UDRI for the new machine and edsctronic control upgrades is
approximatsly $255,000.

Tensile stress rupture studies were performed on Kyocera SN-253 buttonhead
spacimeng. Eight specimens were tested at 1350°C under loading conditions that
provide stresses that were 67, 58, and 50 percent of the average tensile strength of
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the material at this temperature. The resulis shown in Table 5 indicate that the applied
tensile stress on this material, for long duration use at 1350°C, would have io be kept
well under 50% of the fast-fracture tensile strength. The surface-lnmated failures

indicate slow crack growth, probably aided by oxidation.

Tabie 5. Tensile Stress Rupiure Results of Kyocera SN-253

Specimen Test Stress Percent of Fast Time to Failure Fracture
Number {MPa) Fracture Strength (hrs) Crigin
4] 289 47 a7 Surface
42 px i 67 1.2 Surface
43 5 58 6.4 Surface
44 5 58 4.5 Surfare
45 216 50 14.9 Surfoce
46 216 50 .1 Surface
47 216 1) 217 Suriace
43 216 ) 409 Surface
Note:

Test Temperature: [350°C (2462°F)
Test Fixture: Instron Super Grips

Test Atmosphers: Air

Racantly the improved material was delivered to UDRI, Carborundum’s
Hexoloy SA-Xy. The bulk material will be sent to Chand Kare Technical Ceramics for
machining to obtain the required number of specimens {Table 1), The tests listad in
Tables 2 through 4 will then be peformed when machining is completed for each
group of specimens {material type, specimen type}.

In addifion to the material charactenzation, numerous viewgraphs were
prepared for Dr. M. Ferber, ORNL, for a presentation in Detroit, MI, which took place
in June 1984. The viewgraphs summarized material properly data obtainad for the
program over the past gight years, the typas of tests and equipment used, and the
program goals and objectives.

The bassline machining effects study on Morton Intermational chemical vapor
deposited silicon carbide {CVD 5iC) was completed. The CVD SiC material was
machined at Chand Kare Technical Geramics, Inc. (CK) where they used six different
sets of machining parameters (Table 6) to prepara flexurs test specimens (type B).
The specimens were then tested to failure at room temperature to determine if
strength was affected by the various machining parameters. The flexural strength
results are also shown in Table 6. The fractured material was then examined by
Raman microprobe spectroscopy. Previous work at UDR! has shown that relatively
minor surface disturbances (strain) caused by machining or residual stress can be
detectad by this tachnique as Raman ling broadening or splitting. Although not a
heat engine candidate material, the CVD SiC was chosen as the baseline material
because of its consistent pore-free microstructure and high-purity making it very




sansitive to the Raman technique. In addition, it had been extensively characterized

at UDRI in a previous study.
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Table 6. Flexural Strength Machining Effects Study (Baseline Material - CVD SiC)

Tast Group Removal Aate!| Total Amount | Average Flexural
per Pass Femoved/Sid Strength Test Conditions No.
Grinding MPa, Sid. Dev. | Crosshead Spaed |Ternp. [SPecimens
Wheel Type mim (in) roum () {Ksi, St. Dev.) mm's {IMinim) | (°C) | Tested
2 Morton SD150 | 0.005 (0.0002) | 0.025{0.001) | 352, 29 (51, 4.3) 0.04 {0.1) 20 10
R75B92E-1/4 340, 23 (49, 3.3) |  0.0004 {D.001) 20 5
Z Narton S0 220 | 0.005 {00002} | 0.20 {0.008) | 363, 23 {56, 3.4) 0.04 {0.1) 20 10
R7SBYYE-1/4 360, 15 (54, 2.1) | 0.0004 (0.001) | 20 5
2 Geperal Dia. | 0.0025 {0.0001} 0.025 {0.001) | 254, 17 (66, 2.5) 0.04 {0.1) 20 10
CEDENN R75e-1/4 422, 52 (§1,7.6) | 0.0004 (0.001) | 20 5
25 Narton SD 800 | 0.0025 (0.0001)| 0.025 {0.001) | 289, 32 (56, 4.6) 0.04 (0.1) 20 10
AS0-1/32 432, 24 (63, 3.4) | 0.0004 (0.001) 20 5
28 Nonon SD 800 | 0.0025 {0.0009Y 0.025 (0.001) | 478, 52 (69, 7.6) 0.04 {0.1) 20 10
RA75E55-15 438,91 (64, 13.2)| 0.0004 {0.001) 20 5
27 Marton D 3% méc | 0.0025 (0.0001} 0.025 {0.001) | 297, 65 (43, 9.5) 0.04 {0.1) 20 10
A758-1/4 37, 48{48.8,6.9 00004 (0.001) | 20 &

1All spacitmens were ground in the langiudinal direction.

Based on these praliminary results, a mora comprahensive Raman spectroscopy
study was initiated on specimens from the Chand Kare machining study. Pieces of
fractured flexure specimeans were selacted from each of the: six different groups of
machined specimens for Raman microprobe spectroscopy analysis. Each spetimen has
been examined by scanning across the surface placed in tension during the four-point
bend test and down the sidss of the specimen.

A wide variety of data were taken on the CVD SiC specimens identified as
SMG-93-2-gg-nn. The gg specification identifies the group and the nn value gives the
specimen number in that group. The data presented berein represent the six finish

grinding groups plus two of the groups after being etched. The etching remaves the

damaged surface layer and exposes the relatively unstrained bulk material. Group 23
was purposely chosen for one of these etched series because It had the highest lavel

of strain dug to the large number of passes with a rolatively coarse grit. Group 27 was
chosen because it was the least strained of the six groups. The stchex! specimens
oravided solid evidence for the sensitivity and reliability of the Raman measurements
and clearty identified a reasonable baseline for ranking the six finish grinding groups.

These data were acquired using a new dioda-laser pumped, doubled Nd:YAG
laser. This laser provides 50 mW of highly stable CW power at 530.8 nm. lthasa
bandwidth of less than 2 MHz. To put that in perspective, the laser frequency is

5.6 x 108 MHz. This very narrow line width was responsible for increasing the signal
level by more than five relative io a laser used previously. This allows for the acquigition
of high-quality data in a relatively short time. Moreover, the system rasolution was
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limitad only by the detection system, that is, the spectrometer reselution and the CCD
arrgy defector pixel size. The conditlons for ihese measuraments amounted 1o an
effective systern bandwidth of about 0.6 cnrl. Three data points per cm-1 were
recorded which permits the detection of very small changes in the widths of the
Raman linas, typically less than 0.1 ¢mri. This claim is supported by the small
standard deviations for the data from the etched specimens.

The laser probe spot size on the specimen was a line ~2 pm X 20 pum.
{Considerable care was taken to prevent any laser-induced darnage to the specimen
during the measurements. Examples of the spectra are shown in Figures 1 through 3.
The measurement time for a typical spectrum was 5 to 10 minutes, The datahas a

high signal-to-noise ratio that allows very precise measurements of the full width at half
maximurn (FWHM), typically akout 19%. This made it possible to detect very small
changes in the widih of the line due to the local residual surface siress. This is clearly
ilustrated by the two plots for specimens 26-2 (Figure 1) and 23-8 (Figure 2). Basically,
the residual surface stress results from mechanical working of the material due to
machining or polishing. These processes typically distort the crystallina lattice in the
surface grains (i.e., infroduce local strain) which effectively lowers the Q-factor of the
lattice vibrations. This loss was recorded as broadening of the line, namely, as an
increase in the FWHM. Theeretically, the shape of a Raman line for a good single
crystalline specimen follows the Lorentzian function that is characterized by a sharp
peak and slowly-decaying wings.

A good example of a minimally-disturbed ling is the specimen shown for
specimen 26-2 (Figure 1). These data were taken on the ond of the specimen that
was only cut by a diamond saw. The fit to the Lorentzian function is quite good with
an uncertainty of <19% for the resulting FWHM value. In the data analyses, the
amplitude, position, background, and FWHM were fit using a nonlinear regression
pracedure.

The effect of machining on the width is illustrated by the spactrum for specimen
23-9 (Figure 2). This specimen was submilted to 40 passes of the grinding wheel
producing a considerable broadening of the line. Notice also that the fit is degraded.
The observed spectra are essentially sums of contributions from the volumes of
individual grains summed over several grains. Thesa coniributions would be expected 1o
be essentially random, that is, normally distributed. When the disturbance Is large, the
line shape would then tend toward the Gaussian functiotal form with a blunt peak and
faster-decaying wings. The spectrum for specimen 23-8 shows this posiulated behavior,

Besides sangitivity to residual surface stress, the Raman spectrum of SiC can
also reveal the presence of bulk stress. Because of the high symmetry of the lattice
(cubic), the TO line is two-fold degenerate; that is, it is made up of two lattice vibrations
that have the same vibration frequency in the pure single crystal ferm of tha material.

If the lattice symmetry of the grains in a local area of the specimen were strongly
distorted during growth of the material, this would fower the laftice symmetry in that
region. Thig could cauge the TO line to gplit since the two-fold degeneracy can be
supported enly in lattices of high symmetry. The degree of splitting is some measure of
the bulk stress; this splitting was obsarved in some earlier specimens of cubic CVD SiC
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possibly dus to layering during growth. In the 10 specimens of this study, splitting was
observed on one edge of one end of every specimen. An example of this spiltting is the
spectrum for specimen 27-9 (Figurs 3). Some studies of this splitting were mads as a
function of position to batter characterize these data; however, the positions of the
specimens in the original slab of material were not known, More information about the
fabrication history of the specimens is required to interpret the resuits of these studies.
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Figure 3. Raman Transverse-Opfical Line of GVD SiC, Specimen SMG-93-2-27-9,
Splitting Due to Bulk Strags Near One Side of the Specimen,

The most revealing results of these studies are presentad in the bar graph
(Figure 4) on which the mean values of the Raman line FWHM taken over all 12
spsecimens are plotied. Each speciman was scanned at 10 positions in a line spaced
at five micron intervals on the tension side at approximately the same ralative location.
there wereg two specimens {or each group. The 20 values of FWHM from these scans
for aach group wera averaged and a standard deviation calculated. These mean
values for the five groups are plotted as a bar graph with the standard deviation values
included as error bars. The bars are plotted from left to right in the order of increasing
fineness of the grinding wheel grit. Excapt for group 23, the mean values of FWHM fall
as the grit size decreases as would be anticipated from the discussion in the above
paragraphs. Group 23 is a special case bacause of the much larger number of passes
used on these gpecimens. The 40 passes of the grinding wheel compared to the five
and 10 passes used on the other groups cleary produced large residual strass in the
specimen of this group. Some degres of corrslation between the Raman line
broadening and the strength variations can be seen by comparing Figures 4 and 5.




352

Tﬁ 4-0

€ I

L,

E |

= 3.9 F T

Lt | 1

z

- T

|

S 1k I T

E 3.0+ } | T

o i 1 I

| i 1 .

Lit @ - 2 - T T

4 =§ E.% EE 5 W 2 = =_.§ -

g HES e el S dE| I gl (E%

7] 25‘%2 il -'§-§ =8| £ 8 | 8

= s 2 (8 s 2 < ol |8 &

o | | =» s 7 s © 39 gg E;

3 I

g 20
er 22  Gra3 Gr 26 o 29 G 26 Gr27 Grz3 or 27
sD1sa  SU320 00600  SDED0  ASDAG0 [ 3/8 mic. ECHED  ETCHED

Figure 4. Helative Residual Surface Streas Due t¢ Finish Grinding of CVD SiC.,

0 -
Em-
E‘ L
Z 0l
: ol B
N |
N
E:m- \
100 o
\
B
A N

I Crowshasd Spa: 40 0w
GESST Coxapchuie Spdidr 421 OrSmmia

4]
H

Figure 5. Flexural Strangth Machining Effects Study.

t ilest

Toal Group

Milestone 331416 has been completed.

Milestone 331417 is in progress,

-] 26 7y




353

34 FRACTURE MECHANICS

High Temperature in Unfaxial Tension
J. Sankar, A. D. Keller, and J. Neogi {North Carolina A&T State University)
Objective/Scone

The objective of this research is to test and evaluate the long-term
mechanical reliability of a sintered and HIPed Si,N, at temperatures upto
1300°C. The emphasis of this effort in the currept year is to perform pure tensile
and creep tast on G544 (Si;N,ceramic) and below 1000°C creep test on GTE-
PYS (HIPed S3i,N, ceramic). The effort also includes microstructuralf
microchemical analysis of the fracture surfaces using scanning electron

microscopy (SEM), transmission electron microscopy (TEM} and energy
disperslve spectral analysis (EDS).

Technical Highlights
During this reporting period the following tasks were carried out:

1. Procurement of machined GS44 tensile bars from Chand Associates, Inc.,
Worcaster, MA 01603, 28 samples were received so far.

2. Pure tensile tast ware conducted on G544 at room temperature.
3. Creep tests are being performed on GS44 at 1100C at 80MPa and 100MPa.

4, Crasp tests are also being performad on GTE-PYES at various stress levels at
temperature below 1000-C.

8. Band fixture with 1600-C capability is being designed with Applied Test
System, Inc., Butler, PA 16003.

Test Results and Discussions

Tensile tasts were performed at room temperature. A siressing rate of ~ 50
MPafsec {equivalent 1o a aross head speed of 0.004 cmisec) was used in all the
tests. The tensile tests were essentially conducted to compare the GS44 SigN,
ceramic {Figure 1} with, préviously tested SiN, ceramic GTE-PYE and GTE
SNW-1000. Table 1 lists the room temperature tensile sfrength of the three Si,N,

ceramic under consideration.
Figure 2 compares the rcom temperature tensile strength of the three material
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under consideration. it can be observed that at room temperature, the GS44 is

stronger than both PY6 and SNW-1000. The G544 tensile specimens failad from
both surface and volume flaws which was similar to eadier studies by Sankar et
al. (1993, 1994} on sintered ard HIPad SiyN,. Studies showed that at room

temperature, the tensile specimens failed mostly from radial grind marks in the
gage section produced by machining (Figure 3).

References
Sankar, J., Necgi, J., Necqi, 5., Dixie, M. T. and Vaidyanathan, R., "Thamal

and Loading Effects on Mechanical Properties of a Hot Isostatically Pressed
Si,MN,,” accepted for publication in ASME Transactions.

Sankar, J., Krishnaraj, 5., Vaidyanathan, R., and K;alkar, A. D., 1993, "Elevatad
temperature behavior of sintered silicon nitride under pure tension, creep and fa-
tigue,” Life prediction methodologies and data for ceramic malenals, ASTM STP
1201, C. R. Brinkman and S. F, Duify, eds., American Society for Testing Materi-
als, Philadelphia, PA {in press).

Status of Milestones

On schedule

CommunicationsfMsitors/Travel

None

Problems Encountered

Mane
Fublication= and Presentations

Sankar, J., Neogi, J., Neogi, S., Dixie, M. T. and Vaidyanathan, K., “Thermal
and Loading Effects on Mechanical Properties of a Hot Isostatically Pressed
Si,N,," accepted for publication in ASME Transactions. {paper presented at the
Intermational Gas Turbine and Aero engine Congress and Exposition, at The
Hague, Netherlands, June 13-16, 1884).

Research sponsored by the L. 8. Department of Energy under prime coniract
DE-ACO5-840R21400 with the Martin Marietta Energy Systems, Inc., subcantract
19X-88867C.
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Table 1. Room temperature tensile strength

Material Average Room Temperature
Tensile Strength
{MPa)
G544 631
GTE-PY6 621
GTE SNW-1000 492
i-l - 1524 — L
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Figure 1. G544 tensile specimen geometry
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Figure 2. Comparison of room temperature tensile strength measurements for
(a) G544, (b) PYE, (c) SNW-1000. (All tests were conducted at N C A&T SU),
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Figure 3. Tensile {ested specimen at room temperature; Typical surface-flaw-
initiated failure.
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FLEENREE Ol LS - k- bl i
5. M. Wiedezhorn, R« F. Krause, Jr., W.E. Luecke and J.D. French
{Hational Institute of Standarde and Technology)

Objastive/Boope:

This prajact ia concernad with the development of test squipment and
procaduras to Jdatarmina the ténaile etrength and creep reaistance of
teramie matarials at slevated temparatures. Incxpensive techniques for
measiuring tha creap bahavicer and strength of struactural ceramice have kbeen
davaelopad and are being uvead to charactarize the mechanical bpehavior of
these materials. The ultimate goal of thae projact ia to help develop a
data bage and a teot methodology Eor the atructural daklgn of heat sngines
far vehioular applicaticna.

Tachnical Highlighta:

During the past s5ix wonths we have focuased afforts on test
developmant £for flat dogbone apecimen designe, In this regard we
invastigated the importance of pin friction to strength and creep data at
alavated camparatunred. Rednlte of this study will improve test technigques
usded to collast data on flat doghona type spaécimens. In addition to the
#tudies of fricticen, a new, emaller deghone specimen was developsd for
experimantal blllets which roegquire specimone ac gmall as 30 i in length.
Finally, an analysie of data collected earlisr on HT154 was obtained in
terms of two diffsrent ptress functions to provide a better empirical fit

£o creep rupture data.

*

Beaglits and DHascuggion:

Bffect of lubrication and annsaling on creep — W& have now completed
our lubrication and annealing studies on PY6 and NT154. Earlier studies
had shown that lubricaticn strongly affected the elastic bshavior of
tendlle teet apescimEns at room temperature. Strain gavge messuramepts on
tenglle test specimens indicated a flexural strain of as much as 40% to
90% of the total tensile strain under tenaile stressass of 100 MPe, figure
1. Thie flexurse Stress could be grestly reduced by lubricating the
loading pins with pareffin, ographite foil, or teflon. All three
lubricanta reduced the flexural strailn to about 3% to 6« of the total
tensile strain, resulting in much better alignment during the tensile
test. Aha a congegquence of thie finding, it waa decided to lubricate all
loading pine with paraffin prior to tha tensils testing of dogbone
specimane, Spacimand were then partially loaded to set the aligoment of
the specimene prior to heating to elevated temperature. Ad@ there are no
external forceqd on the load trajin durlng leading, it was assomed that
spacimane would retain their alignment ap they were heated to the test
temperaturé. This procedure is now adopted ams standard practice for all
specimens tested at NIST.

Alignment at room temperature dooe not, unfortunately, guarantee
alignment at elevated tsmperature wvhen creep ie ocourring. To invantigate
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Effect of Lubrication on Bending

70

Hona Nane Tedlan Graphite Psaraflin
4, 3.97 3.97 3497

Test Condition

Importance of lubrication to the téensile strese in pin-loaded bteot
gpecimend. The numbers on the absciges giva the diameter of the pin

used to apply the load. The teflon and the graphite were applied in
the form of folle;y the paraZfin was applied as a liguid.
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the affect of room temperature aligmment on temperature teating, specimens
ware orept &t elevated temperatures both with and withoot paraffin
lubrication. Some epecimens were snnealed pricr to testing, others were
testgd in the unannealed state. Teats were conducted on 13 HT1S4
specimene and 15 PY6 specime=na. NT154 specimena were annsaled at 1404 °C
for 700 h; PYE epecimens at 1350 "Q for 020 h. 3 mtatistical analysls
of varlance was carried out on the raeulis using the methed descriked by
John Handel (The §Statiatical Analysis of Exparimental Data, Dover
Publications) in his discuwapion of structured data. The analysis was
conducted for both the time-to-fajilure, and the meximum creep zate data.
Fepulte are as follows: a) NT154 spacimens indicate no significant affect
of annealing on creep bahavior (p<0.9); b} HNT154 epecimens indicate a low
probabllity for sn effect of lubrication on creap rate or fallure time,
suggesting that lubrication is not important to creep hehavior {0.9<p<0.%5
for failupe time, 0.8«<p<l.9 for creep rate); c¢) PYE specimena suggeat no
elgnificant effect of lubricaticn on creep rate (p<0.9); 4} PY6 apecimens
indicate a strono effect of annsaling on creep rate (0.95<p<0.9%). In
contraat to the results at room temperature, lubrication doea not aesem to
play an important role at creep temperaturss. The misalignment that
canmes high mtressses st room temparsture are pomeibly ralaxed by pin
sliding at elevated tewperatures. Investigations to clarify this finding
will ba purgued during the soming year on two new types of HIST apacinans.

Small apecimen development - Currently NIST uwaes three specimen
geomatrerica {30 mm, 50 om and 7% m overall langth) for tenaile creep and
cragp-rupdnra tagting, Each has its ovee under apecific rangea of teat
conditions. Thesa desjgne have not, howaver baan optimirzed, which limita
thair usefulness for testing Dpurposes. The NIST 30 mn tensile creep
gspecimen is being developad to provide cresp ami cresp rupturs information
on specimens taken from actusel component®= ueed at elevated temperatures,
Tha amall 30 mm Speciman will enable the engineer to ewvaluats total
ramaining life in componenta that have been used for extensive periods.
The existing specimen design developed at NIST is limited to low tast
loads, as hwead and pin Failuras oorar at high loads. An alasticity
analyeis hae been condusted on this type of specimen in collaboraticn with
Dr. T.=-J. Chuang of NIST and Dr. Z. Wang, Guast Worker from Shanghai
China. The decision was made to have a specimen with = gacge sactjon 1.5
mm by 2 mm, and an overall lsngth of 30 mm. Thie spacimen has a gaugm
l=ngth of 8 mm, which was congidered to be the minimal leagth for atrain
meagurements by laser axtsneometry. With these boundary conditions, the
gpecimen shown in figure 2 was developed. Por a kkresa in the gauge
maction of 250 MPa., the maximum sktrass in the helag ia 375.8 MPa; tha
maxisum grress in the neck is 281.1 MPa., This spaciman will probably not
ba useful as a strangth spacimen becausa of the high streases in the

holes. It should, however, ke of value for &etablishing the creep and

creep rupture behavior at elevated temparaturss, hecause lowar loads are
usualiy used for this purposse. & partial analysis of the specimen for
other gecmetries is given in figure 2.

Analysis of Tensile Creep Data - The “pteady state" creep rate of
silicon nitride in ten=ion ls wewally sxpressed in texms of & temperature
modified Norton equation {a power law function in stress):
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1. Holes and gauge length share the same center line, +/- 0.01mm (+/- 0.0005").
2. Hole tolerance ; -0.0125mm, +0.025mm (-0.00057, +0.001").

3, All cther tolerances +/- 0.025mm (+/- 0.001"),

4. Al longitudinal serfaces 0.0002mm (8 miceoinch) tms finish.,

"

2. Standard creep test specimen - dogbone design, 30 mm length.
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MAMIMUM STRESS ON SPECIMEN
Appiied Stress = 250 Gauge area = 2.0 mm x 1.5 mm

L = 30 mm D=35mm
{GL) {A) {L1) L
Gaugs MNeck Hala Fiange Shasses

Length, min Radus  Location Widlh  Mavimum  Neck Head
70 4.0 4.0 7.0 3533 2726 2061
70 4.0 4.0 8.0 3184 2121 2079
7.0 40 45 7.0 usE /722 172.7
7.0 4.0 4.5 9.0 zs 2724 164.5
7.0 4.0 5.0 7.4 as2a ez 134.8
7.0 4.0 540 a0 "nzo o 1344
70 50 4.0 1.0 369.7 %K E 2314
70 50 4.0 2.0 315 265.8 208.9
7.0 50 4.0 110 2040 7659 1808
7.0 5.0 a5 7.0 366.0 2653 176.0
7.0 5.0 4.5 9.0 258 2655 166.5
7.0 60 45 11.0 2048 265.8 1522
8.0 an 4.0 7.0 and.? 2818 2058
ah 30 4.5 1.0 4re 2813 1736
a0 a0 5.0 1.0 356.1 280.6 1359
a0 40 40 7.0 3736 IR 2329
a.n 40 4.4 240 34 2724 2094
8.0 40 45 1.0 7.3 2ne 1708
e 4.0 4.5 2.0 329.5 2720 1610
B.n 50 4.0 7.0 as5a 2652 2391
a.Q 5.0 40 .0 ' 26854 2109
8.0 5.0 4.0 110 ane.& 2655 193.0
8.0 20 4.0 7.0 arsa 281.1 2339
9.0 3.0 4.5 1.0 aria 2005 1811
R 4.0 4.0 7.0 401.5 b B 2411
a0 4.0 41 9.0 354 ra ) 2114

a. Analysis of geometry for 30 mm tensile test epecimen.
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& = Ao™exp(-AHIRT) ¥

where By, 1 and AHy are conetante of the fit. n is the stress exponent of
the creep rate, whereas AHy ie an apparent activation energy for creap.
When plotted in thig manner, data on Siliecon nitride oftan shows a
dietinct curvature, suggesting that soms other function of satrasm might be
more appropriate to repreaant the creep behavior of this class of
materials,

An alternate reprasentation of cresp data in terms of stress is a
hyperbolic sine function rather than a powsr law function:

¢ = A,sinh{c-Q/RT)exp(-A-HRT) (2)

where Ay, @ and AH; are constants of the fit. 0 ia the apparent activation
valume for the creep process; wheresas Ay s an apparent activation snergy
for creeap. This sagquation can ba derived from reaction rats thesory. For
example, if it ig assumed that the flow of the amcrphous phase botwmen
graing of gilicon nitride controls the creep procese, then i shonld
represent the activation volume for the deformation of the glaesa, while AHp

represents the activation energy for the flow of the glasa.

Cresp dahba sollscted on a grade of pilicon nitride containing 4
wght. % yttria ap a sintering aid was fitted to eguations 1 and 2 by first
linearizing these equations and then applying the method of least sguares.
The apparent activation energies for the data were 1069 kJ/mol from the
Horton equaticn and 1302 kIfmel for the hyperbelic kine equation, figure
4. These values of AB lis within the range usually reportad for the more
madern grades of silicen nitride. The high value of AH im beliaved o bs
duye Lo the sum of the activation snergy for glaps deformaticn, and the
enecgy of aolubtion of eilicon nitride in the amorphous houndary layer.
The difference of value between the two fite iz poobably not sigalflicant.
The scatter in the data is slightly amaller for the fit of eguatieon 2 to
the creep data. Thus, the scatter along the oxdinate in the data is
approeximately 0.5 for egquation 2, and 0.9 for sgquation 1, i.e. the scatter
aeamd to be about twice aa large for eguation 1.

A comparison of the stress dependence of equations I and 2 is given
in figure 5. The etraus expenant, n, for sguation X, 3.57, io gimilar to
valuee of this parameter reported on other grades of =ilicon nitride.
comparing the individual data with the least eguares line, data points
from the lowest stresges or the highest mtrecoese ssam to msatter from che
least equares f£it. This type cof ecatter has been cbssrved in other
tanslile mtrecos exparimantes on gilicen nitride, Sometimes the high =traass
portion of the data 1= ignored in obtaining the valua of n. The usa of a
hyperbolic eine function appears to eliminate most of the emcatter ocbasrvad
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A comparison of fit: Temperature Hodified Norton Egquation (equaticn
1) versus Ryperbolic Sine Equation {equatien 2). Temperature fit:
{a) Worton Bguation; (b) Hyperbolic Sine Eguatien.
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in the power law fit. The activation volums determined £xom thie £it, 589
cofonl, la, howavear, conaiderably largar than that expected from a uwnit
atep in glass deformatien. Tha molar volume of glask ie abouk 25 cc/mol,
end one would expect the activation velume for glass deformation to be a
froaction of this value., Hever-the-lesa, it is worth noting that similsr
values of the activation volume are obtained on glase tested in the
nenlinear viseous region. Untll this phenomenon is undexatood, the uag of
efuation 2 to fit creep data should be considersd cnly ae an smpirical fit
to the creep data.
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3.5 NONDESTRUCTIVE EVALUATION DEVELOPMENT

Nondestructive Characterization
D. J. McGuire (Oak Ridge National Laboratory)

Obieotive/S

The purpose of this program is to conduct nondestructive evaluation (NDE)
development directed at identifying approaches for quantitative determination of
conditions {including both properties and flaws) in cexamics that affect the structural
performance. Those materials that have been seriously considered for application in
advanced heat engines are all brittle matecials whose fracture is affecied by structural
features whose dimensions are on the order of the dimensions of their microstructure.
This wnek seeks to characterize those features using high-frequency nltrasomics and
radiography to detect, size, and kocate critical Aaws and {0 measure nondestructively the
elastic properties of the host material.

Technical Progress

Ultrasonics - W. A. Simpson, Jr.

We continued to explore uses of the new high-frequency (0.1- te 2-GHz) acoustic
microseope.  We previously presented images of seratch-induced cracking in both silicon
nitride! and silicon carbide.? One of the more intriguing aspects of these images is the
presence of "banding,” i.e., altemmating light and dark bands which generally parallel the
scratch but which, in the vicinity of the induced cracks, tend to “stream” away from the
crack in a manner that suggests a stress pattern. The acoustic microscope, in the upper

portion of the staied frequency range, is known to be capable of revealing residual stress
patterns.

We have now obtained some preliminary surface prefilometry results on the silicon
nitride sample which, surprisingly, do reveal surface upset amounting, in the extreme case,
to almost 3 pm at the edges of the scratches. Unfortunately, the exact locaticn on the
sample at which these results were obtained it not known; hence, it is not possible to
compare the profilometry and the acoustic results directly. In addition, the surface
profiles do not intersect any of the scratch-induced cracks, and it is the profile in this
vicinity which is of pnimary interest. We have asked for a two-dimensional surface

profilometry analysis, but we have not yet received the results.

Even in the event that the profilometry trace is included in the area depicted in the
acoustic microscope images, it is dilficult 1o reconcile the results. There are two primary
causes (other than stress or changes in the local elastic properties of the sample) of
changes in the image contrast in the acoustic microscope. One of these is the response of
the instrument to c¢hanges in the acoustic lens-to-sample separation. Because of the
presence of an ¢lastic surface wave in images generated by the acoustic microscope, the
quasimonochromatic nature of the radiation leads to interference between this surface
wave and the wave directly reflected {rom the specimen surface. This, in tum, means that



367

the contrast of a perfectly plane-refiecting surface will vary from light to dark as the lens-
to-sample distance is varied. Indeed, the periodicity of the contrast with distance can be
used to obtain the surface wave velocity of the sample; this response is konown a5 the

V{(z) response.

Although the vaniation in contrast with distance is not the simple half-wavelength
relationship familiar from optics (i.e., the contrast does not go from maximum to minimum
when the lens-to-sample distance is varied by a half wavelength), it is not difficuls to show
that the perodicity is given by

. A
Az 2{1 - cosb,) '

where A is the acoustic wavelength in the liquid coupling medium (usuvally water), 8 is the
Rayleigh angle for the sample, and Az is the varation in lens-to-sample distance necessary
to give a fill 2x change in the contrast. Note that becawse the wave traverses the distance
twice in reflection mode, the phase change is twice that for a one-pass path change.

This equation shows that, neglecting the Rayleigh angle term (i, cosfiy = 0), the
conteast would vary from minimum to maximum and back again as the lens-to-sample
distance changed by a half wavelength, as intuition suggests. Because of the Rayleigh
angle term, however, the distance must vary by a greater amount to yield the same 2x
phase change,

Applying these resulis to the acoustic images, the observed contrast changes do not
agree with the resulis of surface profilometry, nor is it likely that they would agree at any
point if the surface upset is relatively uniform along the scratch. Until we obtain more
complete surface profilometry results, it is difficult to assign the observed parallel
"bandinp” to surface upset.

A second facter respomsible for producing parallel banding in acoustic images of
cracks and scratches is diffraction of the surface wave from the edges of the crack, The
periodicity of this banding, however, does follow a simple half-wavelength path change
relationship with the salient wavelength being that of the surface wave. In both silicon
nitride and silicon carbide, this wavelength is about 6 pm at 1 GHz, and this figure is also
in disagreement with the measured value in the acowstic imape,

Finally, the "streaming” of the contrast around a crack tip and the refatively large
arca over which the contrast is constant—es well as the shape of that arca—still suggests
that the cause of the observed contrast is stress. 'We are hopeful that the two-dinscasional
surface profilometey will provide some resolution of this important question, but we still
arc inclined to believe that the observed patterns are due to stress.

We also obtained, earlier, an acoustic image of cracking produced by diamond
pyramid indentation of silicon nitride. Unfortunately, the sample surface was in the as-
fabricated comdition, which means that the signal produced by grinding marks all but
obscured that from the small cracks produced by indentation at the 1-GHz frequency used
in obtaining the image. The sample was subsequently polished, revealing the cracks shown
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in the acoustic image. This process also tended to reduce the signal from the cracks (at
least when the micrascope was focused on the surface) because of smearing of the sample
surface. 'We have now produced a second sample, obtained by polishing the surface before
indentation. The results, obtained at 1.2 GHz, were much better than those obtained
previously. The more prominent cracks did not, in general, radiate from the center of the
asaociated vertax but, rather, began well away from the sharp corner.

Subsurface images of these cracks show very strongly the banding described earlier
produced by the diffraction of sueface waves from the crack opening. The periodicity of

these bands agrees very well with the calculated spacing based on the surface wave
veelaclty of silicon ndtride.

During the course of this reporting pariod, we obtained an independent, indivect
confirmation of the imaging of the stress fields around seratch-induced eracking in
polished silicon nitride. An independent group, working with scratch-induced cracking in
glass, has observed virtvally identical results with the acoustic microscope. In that study,
the naturc of the contrast variations was identified using both polarized light and
scanning electron acoustic microscopy (SEAM) and definitively proven to be stress fields
surrounding the cracks. Ii is therefore virteally certain that the same patierns detected by
us in silicon nitride are attributable to stress as well. The utility of this observation is that
the stress distribution on ceramic surfaces may be viewed directly, rapidly, and with a
resolution of I=ss than a micron at the highest frequency. Ne other technique, aside from
SEAM, which is basically a complementary acoustic techoique, can, to our knowledge,
piovide this information as rapidly and with such resolution.

We have also reexamined a few laser-drilled holes in silicon nitride which were
pieviously used to quantify the detection limits of our alder, lower-frequency (100-MHz)
ceramjc inspection system. The smallest of these holes was stated to be 10 pm in
diameter, amd using extremely careful gating technigues and maximumn contrast
enhancement, this standard was marginally detectable.®* With the high-frequency system,
however, the hole is not only detectable with exireme ease, but material melted by the
laser beam may be seen lining the edge of the entry point. Figure 1 shows an image at
[ GHz (balf the maximum operating frequency) and a magnification of 1250x of the hale.
The very noticeable horizontal linear features are grinding marks (the surface was in an
as-fabricated condition), and aumercus voids and pits in the 1- to 2-pm range may be
seen. In the original data, melt debris could be seen entirely surrousding the hole,
but the fine detail may not reproduce well here. Most notable here is the imaging of
numerous subsurface voids, detected by the acoustic surface wave, which cannot be seen
in the opikal images (not shown here).

We have also received a request to evaloate thin films (~10 pm) of aluomina on a
titarniinm substrate., These films are polycrystalling, non-oriented films having an optically
smooth surface. The concern is for cracking in the flm. Examiniag one such flm
acoustically at 1 GHz, it was immediately obvious that there were several surface scratches
present. Recognizing that such defects might give rise to cracking, we examined the area
adjacent to one of these scratches very carefully and did indeed find several extremely fine
cracks. Figure 2 shows the scratch and surrounding area at relatively low power (250x).
The scratch is evident; the ctack produced by the seratch can be seen faintly to the left of
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Fig. 1. Ulirasonic image at 1 GHz of a 10-pm laser-drilled hole in
stlicon nitride,

Fig. 2. Acoustic image at 1 GHz of a scratch and subseqoent crack
in an alumina film.
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the scratch and in the lower half of the figure. The mottled areas scattered throughout
the imape may be variations ie the local film acoustic properties or variations im the flm-
to-substrate bond (this particular film is about one surface acoustic wavelength thick;
hence, the quality of the bond should affect the resulting image).

Figure 3 shows the crack at considerably higher power (1250x). The crack is readily
secn, and the dark pointlike indications scattered around the image are small pores in the
coaiing. The intesference fringe patterns adjacent to the crack amd surrounding each pore
occur at multiples of half the acoustic surface wavelength (-6 pm at 1 GHz), and both
surface and subsurface pores are imaged. Several other cracks were found acoustically,
indicating that high-frequency acoustic microscopy is an excellent tool for detecting and
characterizing cracks in thin ceramic films and coatings.

In producing these coatings, it is not uncommon (o find small regions that are
entirely disbonded. Because the alumina is virtvally transparent in such thin layers,
this condition has been noted optically from the resulting color fringes produced by
integference in the layer. The films examined thus far did not possess such regions of

Fig. 3. Detailed acoustic image at 1 GHz of a crack in an alumina film.
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disbonding, but the film manufacturer is interested in evalurting the capability of acoustic
microscopy for detecting this condition as well. Several more coatings are being produced
for examinatton.

‘We continue to examine the nonlinear behavior of ceramics as a likely tool for
detecting and quantifying damage in monolithic and compesite ceramics, In measuring the
acomstic nonlinearity of materials, two approaches are possible. In the first, the second-
and higher-order dependence of ltrasonic velocity on the sample poplinearity may be
measured. This rexjuires detecting very small changes in the velocity. In the second
appeoach, the acoustic nonlinearity causes a portion of the incident energy to be
converted into the second and higher harmonics of the fundamental driving frequency, and
this harmonic content is then detected and quantified. We have adopted the second of
these two approaches, primarily because it is more closely related to techniques which we
have already developed or pionesred and because it does not require interrogating the
sample while under load. As we have mentioned previously, however, barmonic
generation and detection require the wse of high levels of wlirasonic excitation because the
second harmonic cantent, while it is extremely sensitive to the state of fatigue (presence
of microcracking) in monolithic systems and the degree of fiber-matrix bonding in
composites, is still a very small quantity. This has necessitated the purchase of appropriate
hardware for high-level excitation of high-Q, tuned transducers, and we have now received
the high-power toneburst hardware necessary to conduet studies of the nonlinear behavior
of ceramics. Previously, we have been limited o 4 power output of no more than 100 W
(200 V p-p), sufficlent to detect acoustic nonlinearity in materials which exhibit a high
degree of anharmonicity but inadequaie o establish changes with accumulated damage in
the ceramics we have examined thus far. Using a 50-ohm resistive load, we have already
measured a power output of 3600 W (1200 V p-p) with the new hardware. Since the
acoustic nonlinearity increases quadratically with driving amphitude (voltage), the new
hardware should increase the harmonic content by a factor of 36.

‘We have also specified the remainder of a system necessaty to establish a viable
procedure for measuring the nonlinearity of steuctural ceramics. An appropriate digital
oscilloscope For acquiring data in a form suitable for computer analysis and a stepped,
high-power attenvator remain to be purchased. Digital acquisition and storage of data are
mandatory because we have already developed the software and procedurss for extracting
harmonic content for a two-transdncer, 2] trapsmit/recejve frequency rabio technique.

We have also acquired undamped (high-Q) transducer elemeats for a 5-MHz transmit,
10-MHz receive mn.ﬁgumt:lun. Since the harmonic generation ako increases quadmtlcalljr
with frequency, there is reason for going to still higher frequencies in monolithic ceramics,
but the lower frequency will be more useful in some composites, for which the attenuation

increases eapidly with frequency.

We have complkeied preliminaty studies on the clastic nonlinearity behavior of
structural ceramics. Using only the low-power system described above, we have succeeded
in producing a weak nonlinear response in several materials. The results were sufficiently
encouraging to warrant further development of the technique, and the new hardware
should provide sufficient power to excite measurable nonlinearity in ceramics. Several
researchers have shown that the nonlinearity parameter of metaks and composites is ap
extremely sensitive indicator of the presence of damage, second phases, precipitates, and
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the degree of bonding between fiber and matrix in pumerous fiber-reinforced composites.
The reasons for this correlation are unrelated to the specific material, and hence, the
monitoring of elastic nonlinearity to quantify global damage should be equally applicable
to both monolithic and composite ceramics.

Computed Tomography (CT) - B. E. Foster

An experimental exhaust manifold was received for CT evalvation. The sample bad
an ianer cylinder of ceramic with a wall that was approximately 8 mm thick. This cylicler
was wrapped with a compliant lager of some material unknown to us and then cast with an
outer layer of aluminum that was about 10 mm thick. Figures 4 through 6 show 2 single
CT slice st three different positions through the sample. In Fig, 4, the voids in the
compliant layer are quite obvious, as well as porosity in the aleminum with diameters
ranging from 0.1 to 0.6 mm. Note the crack-like indication in the ceramic at the 1 o’clock
position. In Fig. 5, a crack-like indication is also noted at the 1 o'clock position, as well as
even larger voids in the compliant layer. The porosity in the aluminum is more numerous
up to I mm diasm. In Fig. 6, there were no crack-like or linear indications noted in the
ceramic. However, the large voids in the compliant [ayer are still obvious, and the
porasity in the zluminum is up to 1.3 mn diam.

YP19787

Fig. 4. CT slice (0.5 mm thick) of the exhanst manifold 25 mm
from the bottom end.
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Fig. 5. CT slice (0.5 mm thick) of the exhaust manifold 77 mm
from either end.

YP19785

Fig. 6. CT slice {0.5 mm thick) of the exhaust manifold 129 mm
from bottom end.
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In addition, an all-ceramic conductive glow plug with enbanced clectrical connection
was received for evaluation. Figure 7 is a CT slice throngh the loag axis of the glow plug,
The left two-thirds of the image are not ceramic and will not be further described. The
ceramic is the rod-shaped material in the right one-third of the image. Note the vertical
datk line toward the left end of the rod. Another CT slice was made diametrically
throngh that area and js sheem in Fip. 8. Note the crack-like indication extending both
tight and left from the central hole in the ceramic. The rather bright ring in the image is
the braze between the coramic and metal material.

Scientific Measurement Systems, Inc. (3MS), has developed an area detector
assembly for attachment to the existing 101B+ computed-tomography systerss that permits
spatial resolution | the range of 25 to 50 um. The area detector agsembly can be added
to the present computed-tomography system with orly minor changes to the primary
collimaeor of the X-ray beam and a connecting software package. The upgrade can
significantly fmprove the spatial resolution and reduce manpower requirements as well as
provide better quality images. The major advantages of the vpgrade to the existing CT
system are noted to include:

1. oarder-of-magmitude speedups in data acquisitsion time with slice thicknessss as small
#& 20 pm;

Z at leasﬂ}'ﬂactor of two improvement in spatiz! resoltition;

3. complete compatibility of data, cormmand files, and et interfaces with the present
System; and ’

4. full sharing of hardware peripherals between the units and easy mterchange
betwsen detectors.

The disadvantage was the limitation of sample size to about 48 mm for this very high
resolution.

B. E. Foster waveled to SMS in early July 1994 to evaluate the performance of the
arca detector ona specific samples. The samples included: ceramic turbine blade, silicon
nitride tensile specimen, line pair phantom, a ceramic glow plug, and a spaik plug
insulator. These samples bad previowsly beep scanned with the 101B+ CT system at
ORNL.

The area detector at SMS was a laboratory prototype which was difficult to use
because it was somewhat unstable and optimum focussing and alignment were
problematical. However, several excellent images were obtained, and a good evaluation
of the capabilitics was assessed.

Referring once again io Fig. 7, which is a CT slice through the long axis of the
ceramic glow plug vsing the 101B+ system, note the vertical dark line toward the left end
of the rod. Many other CT slices had been made diametrically through that area without
very much success in defining the nature of that dark line or band.  One such diametzal
CT slice (made with the 101B+) was shown in Fig. 8. One of the arca detector scans is
shown in Fig. 9. The banding is clearly defined and may well be a density gradient without
cracking.




Fig. 7. CT slice (0.25 mm thick) of the ceramic glow piug through the long axis.
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Fig. 8. CT slice (0.25 mm thick) of the ceramic glow plug through the diameter.
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Fig. 9. CT slice (0.25 mm thick) of the ceramic glow plug through
the diameter with the area detector.

On the surface of the tensile sample, there were grey-tolored splotches that were
several millimeters in diameter. The images made with the 101B+ system did not show
any discontinuities in those areas. However, the area detector images showed density
variations and can be seen in Fig. 10.
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Fig. 10. CT slice (20 ym thick) of the ceramic tensile specimen through the diameter with
the area detector.

The spark plug insulator had a tiny pinhole through the wall which had been cavsed
by the plug manufacturer during a high-voltage test. This particular pinhole had aot been
successfully defined wilk the 101B+ system. Figure 11 shows one image mede of that
plug using the area detector. Note the crisp definition of the pinhole in the wall at the
6 o'clack position.

The images of the line pair phantom were also very crisp and sharp. The mages Erom
the ceramic turbine blade were quite disappointing. Stable alignmment just wag not
achieved, and circular artifacts in the reconstructed images were unacceptable. Even
filtering failed to significantly reduce the interference circles.

After return 0 ORNL, with further review of the jmages and discussions with
program management, the decision was made to initiate procurement of the area detector
assembly. The anticipated installation and acceptance testing is planned for carly
Cctober 1994,
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Fig. 11. CT slice (20 s thick) of the cetamic spark plug insulator
through the pinhole with the arca detector.
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Milestones

Milestone 351107 was completed on schedule.
Publications

None.
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X-I3 rapitic imaaiog — W. A, Ellingson, E. A. Sivers,
D L chllt:r-nlu.':ay.ur tArqnnne National Laburatary] in cooperation with
J. P. Pollinger and H. C. Yeh [AltiedSignal Ceramic Componants)

Objective/Scopa

The objectives of the Phase 1l work of this project are to (1} utilize 3-D X-ray
micro-computed tomoagraphy techniques 1o study density distributions in composite
grean-state (as cast) prassure slip-cast Acvanced Turbing Technology Application
Program [ATTAP) rotors and {2} corealate destruclive density analysis {to be concucted

by AlliedSignal Caramic Components) of the ag-cast ATTAP rotors with the 3-D
microtlomography density data,

Igchnical Highflohts

ATTAP Rotor Denslty Sndies
introduction
Initial resulls indicale that mulliscan, three-dimansional X-ray CT (3D-XRCT) ¢can be usad
successiully to Image large ATTAP turblne rotors for the purpose of determining density
variations and identifying anomales. This process, which Images a large rofar by
stanning partial sections sequentialy, effectively optimizes signal-to-noise and sireiches
the dynamic range of tha scanner by maximizing X-ray flux through reglors of similar
thicknessas.

Rata Collection

Figure 1 illustrates the geometry of the ANL 3D-XRCT system as used for nwiltiscan data
collection. The equipment is the same as that used for ordinary 3D-XRACT because it i
necagsary only to rotate and translate the turntzble during the acquisition. Two-
dimenslonal interpolation is used Lo combine individual data setls into a cormnposite image.

Daia Frocessing

Figure 2 illustrates the fiow of data in multiscan processing. Figure 2a shows the sieps
used to calibrate the scanner for normal data acquisition. Because the area detector is
animage intensifier {tl), the initial iwo-dimensional {2-D} image exhibits spatial distortion.
Thiz distortion 18 rermaved by scanning an object having & pregiss, uniform distrilbution of
small, dense sphares and building a tabls 1o interpolate a correspondingly uniform
image. Itis also nacessary to determing the sample (pixel) spacing, the djslanoe from the
X-ray sourcs o the object, and the projection of the axis of the turntable upen the I

Figure 2b shows the steps used in initial data acquisition.  The source-to-abject distance,
plxal size, and width of the object to be scanned determine the number of scans that must
be taken and the position of the wmiable during each scan. In addition w0 each of tha
individual scans, an unatienuated exposura (air scan), and a background roise scan
{dark current) are required for source-strength calioration. As a rasuit of light scatiering
{veiling glare) within the I, there will be a low-fraquency oifset on each image that must
be removed before processing.  This Is measured by parfarming gach scan twice: once
in the ncemal way and onca with intervening lead strips that are thick enough te stop all
direct X-rays. The signals under the lead sirips represent veiling glare, and a low-order
curve can be fit to these readings to estimate them, Because it is necessary o take the
natural logarithm of X-ray attenuation reangs, any offset (such as veiling glare) that is
not rermoved will ¢ause a nenlinearity that results In radial denaity artifacts.




382

Figura 2¢ shows the primary steps used in data processing and reconstruction. The air
scan arnd dark current are used o normalize the X-ray source distribution, and the natural
logarithm of the data is computed. Partidl scans ¢an then bo combined to praduce a
compasite muitiscan. It has been found that an imprecise measurement of the source-
to-object (STO) distance can result in column misalignment in the composite scan. To
refine the gstvnate of STO, a multiscan data acquisition of twd metal pins separated by
the diameter of the object is alss made. Overlapping regions of this multiscan ars
crpss-comaiated o determing the amount of migalignment, and a new estimate of STO is
generatad for use in data corbination. Fimally, a single-material beam-hardening
calibration is performed. Because matarial X.ray attenuation is anergy-dapandent and
the X-ray source contains a digtribution of energles, transmitted X-ray intensity will not be
directly proportional to the product of the material density times the thickness penetrated.
Compensalion can ba made by scanning known thicknesses of the material and building
a ¢alibration table ta linsarize readings. Monlinearitias in the data due to beam
hardening atse causa radial density anomealies and straaks between dense objects in
rgconsiructed images. Belore image recanstruction, a smoathing filter Is apglied to
compensate for nonuniformity between detector elements in the CCD camara,

Hesults

Seovoral multiscan data sets of the first ATTAP rotor have bean taken and sgme initial
images have been reconstructed. These images demonstrate the suitability of 3D-XRCT
for the axamination of ATTAP rpfors and identlfy steps for fisther improvemeant. Tha
objective is to map density variations within 1he rotors nondesiructively to assist
AliiedSignal in maintaining quality control. The first of two spacially made rotors is being
imagad in each of five 2-mimn-thick slices to map X-fay attenuation valuas, which are
proportional o density. Whean imaging ks completad, the motor will be diced intg
2-mm-sguare secllons, and densliy vaiues will be computed for comparison.

For reference, Fig. 3 Is a sketch of the first rotor, illustrating four of the five cross-sectional
planes o k¢ imaged. A slice will alsp be takan halfway down the 4.1-cm-diameter neck.
Figura 4 ig a digital radfograph of the midsaction of this rotor, which illusirates the relalive
density values, Figure 5a shows a preliminary 913 x 913, single-scan, 3D-XRCT
raconstructed cross section through the neck of the otor and illusirates tha presence of
radial density variations. (Hese, white rapresenis the danser regions and black
rapresents air.y Figure Sbis a line plot through the center of this slice. This shows that
the centser af the rotor nack is more dense than the edges.

Initially, three-scan data collection was used to Image the LS, 3L/S and 45 rotor
sections. Figure 6 is a sinogram {line peofile as a function of angle) of the plang from the
4145 region. Figure 7a & a 757 x 757 mulfiscan reconstruction of the 8-cm-glameter 4L5
region, and Fig. 7b is an enlargement of the bottom of this image. {Here, black
represents the more dense regions and white represents air)  The image shows radial
density fluctuations, being less dense in the center and more dense at the edges, Aling
pradile through the center of the recanstruction, identified in Fig. Ba, i3 given in Fig. 8b.

This image is also of sufficient quality that high-contrast voids, cracks, or inclusions would
be seen if present. lis primary deficiencies are a high leval of statistical noise caused by
the extreme attenuation of the X-ray beam and some residual velling-glare scatter. A
simulated beam-hardening correction was parformed successtully on the data, as
evdenced by the absence of "wagon whesl spokes™ batween the rotor blades. Primarily
because of the high jevel of noige, it was decided to retake the data using five-scan gata
collection to improve the signal fiux to the densa center of the rotr. Ptans currently
undarway 10 improve processing are detailad befow.,
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foize

The advantage of multis¢-an dala collection kor the ATTAP rotors is the abllity o usa
longer data-desllection times to image thicker regions. Three separale scans were used
to image the 4L/5 region, but the attenuation range in the inner ragion was too graat to
abtain good statislics. Five scans are being collected in the next data set to parmit longer
integration times thvough the center.

Beam Hardening

Beam-hardening calibration data taken from radiographs of a  SisNg step wedge have
not basn procassed yet. ingtead, initial reconstructions were made with a set of
simulated beam-hardening data using a representative 150 kVp X-ray “spectrum™ and
compiled charts of the X-ray masg-attenualion coefficlents of SigN4. This corraction was
suctassiul in preveniing streaks between the rotor biades and severe "cupping” in the
image, but an exparimantal cotrection maga from ihe step wedge may be even better and
will be evatiated.

i has been delenmned that ti're htamﬂy of the X-ray source strength vasies, both during
lonyg data acquisition periods and betwean subsequent scans. This doas not cause a
problem In ordinary myltiscan data coflection becauss alr readings In the outer scans are
comparad to nomalize intensity during one scan and overlapping ragions in adjacent
scans are scaled to match.  However, at pragent, tha source intensity is not monitared in
the lead blocker files used to compute veiling-glare/scatier profiles bacause the lead
strips are mounted on a plastie shaet. Although the plastic sheet is thin, the parcaniage

by which it changes the transmitted signal-varies wilh the hardness of the X-ray baam,
This will be remedied by hanging the lead striips on a kame so0 that signal strength can ba
compared through Identical path lengting in kad blocker scans and unobsiructad scans.

Accurate veiling-glare correction is essential because in scans of dense objects, veiling
glare can be several hundred percent of the true signal. Figure 8 shows the raw data
{zofid line}, raw data with lead blackers (solid line with "dips"), the fit velling-glare curve
{dashed line), and the veiling-glare-comected data (bokd line) for the center 2can of the
multiscan data set used o reconstnuct Fig. 7. Because sourca intensity Muctuation was
not comacted in this processing, the megnitude of the scatter profile was slightly diffarang
in same views, causing a mismatch that is evident at the right edge of ona line plot from
the multiscan composita data set shown in Fig. 10. Both the loft and right adges shoukd
ba zero, and the ¢levated right edge causes a low-densaily ring arlifact to surround tha
core of tha reconstructad rotar image.

Conclugiong
In viewr of ihe preliminary nature of the pregent images, it i recommanded that the
destructive evaluation of the ATTAP rotor be detayad for 1-2 months watil the best 30-

XRCT Images can be gbtained. tnitial images suffer predominately from statistical nolse
and X-ray flux verlabifity. Steps that are being taken to increase data collection times
through the densest part of the retor and maasure the varability of the soureée in lead-
biocker scang can be expected to Improve image quatity substantially.

The overall quality of multiscan 3D-XRCT images is very goad. In a comparisan between
the images of an 8 in.-diameter Ala0O3 combustor knar made on the ANL 3D-XRCT using
fivee mulliscans arnd those made on 3 2-D medical system, the 3-0 images ware found to
have comparable density resolution and atmost twice the spatial resolution. Due to
beam-hardening correction and veiling-glare corraction an ANL muliiscan data, the lavel
of imaga antifacts was also comparable.
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Status of Milestones

Work is proceeding according to schadule, with the exception that déstructive analysis of
the first rodor should be pastponed until 3D-XRCT analysls is completed.

3.5.15.10

35151

351512

35.1.5.13
35.15.14

3.5.1.5.15

35.15.16

35.1.517

MILESTONE SCHEDULE

Obtain region-of-interast image
of large SlaMg rotoes as-cast

Camplete tabrication of calibration
wadges.

Completa 3-D X-ray CT images of
calibeatich wedges.

Complets fabrication of first rator.

Complete 3-D X-ray CT study of
first rotor with destruclive analysis,

Complete fabwication of second rotor.
Complate 3-D X-ray CT study of
Second rotar with destructive analysis.
Submit repart on correlation

between X-ray CT data and deskuctive
analysis.

(8.5.1.5)

DATE DUE
12115/92

2128794

5/20/94

Fa1/94
9/30/94

10/31/94

4/30/95

930/95

REV DATE
Completed

Compietad
Completed

Comgletad
Delayed
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Fig.t. Sketch llusirating geometry of mulflscan data acquisition.
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DATA COLLECTION FOR MULTIRLE-SCAN COMBINATION
WITH SCATTER & BEAKM HARDENING CORRECTIONS

FPROGRAMS LSED

Take 10241024 1-view
scan of BA phantom

¥

ALY IF SOURCE,
I, ANDOR CAMERA, Take 10241024 1 Haw
HAVE BEEN MOVED. of blank phantsm
AU ONCE FOR EACH b
N MAGNIFICATION ¥

Generate digtortion-correcton e FLATBE.FOR
inpax file

¥ LOCEFOR
Generata distorion tabla | FITB.FOR
& pun on BE zcan o check EXTRA.FCA
INTERP.FOR
]
¥
Taka 2 grid scans
Taka 1 wiro sesn
¥

Digtorton-osd | e (NTERP.FOR
Lrinds and wire

¥

Lizo grid ecans Yo determine
ET0, 5x.5y, Lool, Lrow

¥

Uza wire scan o obein | e pETALLFOR
_centercofumnand

|

Fig. 2a. Diagram of calibration procedwes for 30-XRACT.

<« GRIDFOR
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PHOGRAMS LUSED
l MOVEXY.FOR
Darammine MSCAN, numier of scans i Eka, e Xy /

pasilions otthe benble, AX, AY |, and the nikl
angular erientatizng for aach sean, Thax andy
incrarments {inchas) and angukir nttemants [degraas)
betwean scans are siorad in SCANRFOS. The incramanis
nandad 1o relum Lo tha crigin ars slored in RESET.POS.
The He OFF.DAT cantaina the (xy) cocdinates {rches)
and inia anglas {radiang] usad by CORAM.EDR.

¥

Tales NSCAN zcans with hanitabls

at degigraied posftians. Lisa tha
rumber of viewa appropitats o the
usual scan Mamoter. if the object is
denza, the xeany should bo ropaated
with lead biockens batamen the saurcs
and tha object. Also, take NSCAN
Soans of tha two-wite ghantam,

¥

Take qne neal A scan hendng
approsimately £3 viaws, with
and without sesqiar blackora

!

Fit curves to Pb Blackar scons and

subirs:t from NICAN objact scans .<_MT'F R
and alr scan. BUBSCAT.FOR

Y

Distorion-comect NSCAN | . INTERPFOR
ohjact scana, HSCAN two-
wha scana, and oir scan.

¥

Fig. 2b, Diagram of stepa used in inillal data acquigilion.
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PROGRAMS 2ED

Subirac average dark curent from
HSCAN seans and air sean, parfamn [£——— PRES FOR
ak cafbration, andg taka togs.

I

S ———

: To make sure tal OFF.DAT ks cumant,
run MOVEXY.FOR again. Then, generata | 1. MOVEXY.FOR
campogie data flle of wo-nire scang. i CORRM.FOR

2Wire m ¥

Cross comelate smograms of overlap
regkins adjacent i cantar scan to — iXYCORELFOR
detammine colunin shifls In 2-wie scans

¥

Estirate navw valus for ST0 to
ramave cahumim ritsafipnnant. <

r STOEST.FCR

v

using new value of 5TQ.

Run CORRM.FOR on objact data

€—— CORRM.FOR

v

{POLYGEN.FOH)

Beam hardening camection.le’  —_ por T FOR

¥

POLY.FOR

Fun ring-free correction le———— ANGFAE.FOR

¥

FRaconstruct data

e—————— ANLFELDK.FOR

Fig. 2c. Diagram ofprimary steps used in data processing and reconstruction.
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ATTAP ROTOR DIAGRAM -+s02371

41 mm

! f!
simpliried sketeh of
ATTAP rotor
{blades not shawn)
we aropose taking data
80 mm at four axial posicions
L/5,2L45,3L75, and
4L75
& mm
el
130mm ¥ *
4 mm
) f Y
q
—axlal position |
. -
=—zaxla} posiion 2
f‘-”' / L=66 mm
~—axlal position 3
AL/
T —axizl positlon 4
| \_/\__ t
| 127 ram .[

Fig. 3. Skelch llustrating slice planas i ba imaged ATTAP rator,
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Fig. 4. Digital radiograph of ATTAP rotor inorientation of Fig. 3.
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Fig. 5a. 913 x 913, single-scan, 3D-XRCT reconstruction of 4.1-cm-diameter region
halfiway down neck of ATTAP rotor. Beam-hardening and veiling-glare
cormactions wera net parformed gn these data.

{Here, black repcresents high density and white represents air.}
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Fig. 5b. Line profila through centar of the image of 4. 1-cri-diameter rotar neck

shown in Fig. 5a.
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Fig. 8. Sinogram of multiscan line prajection through 40/5 plane of
ATTAP rofor as a function of view arigle.
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Fig. 8a. Horizontal line ilentifies line profile taken through certer of reconsiruction of
4115 section of ATTAP furbine rotor. (Again note detection of masking tapse used to
establish origntation.)
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LIHE PROFILE THRUUGH & oF
SION4 NE ROTOR AT 3
LEVEL {(DIAMETER 8.15 CM)

0.8 0.025 PIXELS

VIEW

Fig. &b. Line profile taken through center of raconstruction of 4L/5 section
] wre of firgt ATTAP turbing rotor.




Fig. 8. Superposition at ong view angle of ling profilas of canter portion of ATTAP rator
{salid), same profile with intervening lead blockars (sofid with “dips"), fit profle of velling-
gtare scatter {dashed), and veiiing-glare-corrected profile (bold).

VIEW 4 OF RUTCOMP.EAT
EQ 4L/6 ROTOR SLKCE
54 TAPES W, W AND X
.0

3.0

2.0

10

9.0
O
VIEW

Fig. 10. Line profile at single view angle of mulliscan data combination.
Bath right and left edges shoukd be zero.




39%

ofic fie aqing - S\.. Dieckman, 5. Ahuia,
0. G ﬂmatata a‘uﬂ Flmlls andw A. Ellingson, Argonne National
Laboratory;” Materials and Ceramics Division, Oak Ridge National
Labaratory

Objectiva/Scape

The purposa of this work is o evaluate the potential of NMA imaging 1 impact the
davalopment and process contrgl of near-net-shape get-cast ceramic composites, The
spedific objectives of this work ase to determine the utility of NMR imaging for: (1) -D
mapping of polymerization homogeneity, {2} real-time i imaging of the polymerization
process, (3) nondestructive evaluation of wids and flaws in the resultant components,
and (4} measwrement of physical propertics such as degree of polymerization, viscosliy,
and specimen strength via corralation of these propedies with measurable NMR
paramaters (T4, Tqp, and T2}, This work will be performed in conjunction with Dr.
Qgbemi O, Dma.tete of the Materlals and Caramics Division at Oak Ridga Mational
Laboratory.

Tachnical Highlights

1H nuclear magnetic resonance specira have been evolved during pelymerization of a
pramix of soluble reactive mathacrylamide (monomer) and N, N-methylene
bisacrylemide {cross-inking molecules). The premix was polymerized by acding

ammanium persulfate (initiator) and Tetramethyl-ethylene-diaming {accelerator) to form
long-chain, cross-linked palymers. The fime-varying spin-lattice relaxation imes Ty
during the polymarization has bean studied at 25 and 35°C, and the varistion of specira
and T1 with respert to 1he extant of polymerization has been determined. To verlly
homogeneous polymerization, multidimensional NMA imaging was utilized for in-gitu
monitoring of the process. The intensities from 1he Images were modsled and the
corraspandence shows a direct extraction of T1 data from the images. A Tecmag NMRA Kit
Il and Lbra data acquisition sysiem interacting with a CXP-100 speciromster and a
Magcintosh Quadra 350 computer was used. NMR images of the spatial distibution of the
standard MAM-MBAM (13.3 wi.% methacrylamide, 1.6 wt.% N,N-malhylens
bisacrylamide and 85.0 wt.% H20) copolymer premix with the initiatar at a magnstic field
glrangth of 2.35 T were obtained via an in-house built probe tuned to the proton
resonance frequency of 100.13 MHz, The standard inversion recovery NMR pulse
technique was employed for measurement of T1.  An analysls of the fmages has been
conducted to retate the signal Intensity to T1 and the spin-spin retaxation time, T2, NMR
specira were studied as a function of the extent of MAA-MBAA polymerization,

The samples wero praparad using the soluble reactive acrylamida (monomery and M, W'
methylena bisacndamide {cross-linking molecules), and the premix was made with water
as the sclvent. The initiator 10% AP and the accelerator TEMED weye then added lo
begin the polymerization of the monomers, which formed long chain, cross-linked
polymars. For high rasoluiion, 5 mm NMR sampie tubes were used: far low resolution,
the solution was transferred to a 15 mm, cylindrical, fiat-hottomed tube and quickly placed
in the prabe for spectroscopy experiments. For low-resolution imaging experiments, it
Was necessary to obtain a comresponding confrast batween the polymenized and the
nonpolymerized specimen. For this reason, the sample geomedry shown in Fig. 1 was
sueh that MAA-MBAA without the indtiator was placed in a small inner fube (5 mm In dig)
that was immersed in a larger-diameter {15 mm) tube that contained polymerizing MAA-
MBAA {with the initfator). The tima of tha inifial measurement was recorded, and careful
monitering of the palymerization was conducted with respect (o time. Times were
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subsaquenily recordad at the end of an axparimant and at the beginning of the next
somputer-controfaed oxpeariment.

A varialion of the spin-laltice relaxation rates of the components as a function of reaction
extent is also expected. TH NMR studies of T1 were conducted on the individual
standard MAA-MBAA copulymer premix at a maghetdic field strength of 7.1 T. Spectra
ware acquired with D20 as the solvent at 25°C to suppress the cbservable solvent
resonance. The standard Iversion recovery NMR pulse techniqus was employed far
thase studies. A stack piot of the resuliant spacira for the copolymer premix Is presantad
in Fiy. 2. Varigtions in relaxation times are indicated by the rate of recovery from the
inversion pulsa. Studies suggest that as tha reaction acours, T1 becomes tonger.

- i
i ::"E——-——- Inlaying specinven tube
s
MAA-MBAA copatymer mix L_-RF Coll Assembly Holder
=== Glags apccimen
MAA-MBAA copolymer mix
with inftlater

[T Gradient calla

Fig. 1. Sample configuration and probe assembly used in imaging experiments

Fig. 2. Low-resolution TH NMR specira evolved with time during palymerization process
of MAA-MBAA due to AP and TEMED at 35°C. Time is in min.

NMR speciroscopy and Imaging procedures ware performed at 25 and 35°C 1o determing
the variation in T4's and whether the polymerization is homogeneous. Flgure 2, obtained
by low-resolution NMR spectrometry, shows the alfect of polymerization on the intensity of
the peaks with respect to time at the end of the inversion recovery sequence. t may be
noted that the unchanged peak is that of the sotvent, water, although T1 of the solvent
varied as the polymerzabion evolved. Also, the polymerizing peak encompasses sevaral
peaks that are not visible because of low-reselution analysls.

Figure 3 indicates the variation of relaxation time during polymerization, derlved from
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inversion recovery sequence rasults for the wo peaks recorded at 25 and 35°C. High
valuas of T4, existing at the onsat of polymarzation in Fig. 3, indicata vary siow
refaxation. The measuremenis of T1 reveal the effect of polymerization on methyl group,
side ¢hain, and main chaln motions. T measuraments can be used to daterming
changes In molecular molion caused by polymerization. In Fig. 3, the value of T4
decreases In accordanca with the camrslation time of the tocal motions that condribute to
the relaxation. T incréases with temperature and decreases during polymerization.
This indicates that tha polymarization of MAA-MBAA with AP as the initiator and TEMED
as the accelerator was move rapid at higher temperatures than at lowar temperatures.

—e— Peak 2 (25°C
—i—— Paak 1 (35°C

e, |l

 { —o—Peak1 zsﬂcl

0 50 100 150 200 250 300
Time {min}

Fig, 3. Variation of spin-lattice relaxation time T with time during polymerization of MAA-
MBAAat 25 and 35°C.

NMR imaging was conducted on MAA-MBAA preparad in solvent waler. During imaging,
the obtalned NMR signal was largely dus to HzO present in the premix and overwnelmed
the signal due to other canstituants fn the preméx. The standard inversion recovery NMR
pults techriue, employed for the measurement of T4, utilized a 180° pulse, Tlkawed by
a fims geday t, than another B6° pulse (180°-t-90°-zequirs). Flgure 4 shows a sequence
of 2-D 1H NMR images of the MAA-MBAA polymerization reaction with time, All images
show the concentration gradient In the specimen. Figure 4{a) shows a 2-D 1H image of
the MAA-MBAA copolymer premix at 0.0 5. Hera, potymerization has not begun because
the initiator and the accelerator have not begun acting on the copolymer premix. During
the process, at any temperature, no polymarizing frant was cbserved with imaging
technigues, and palymer gels formed hormogenecusly throughaut the salution &8s seen in
the images in Fig. 4. The sequence of images shows that because ¢f the polymerization,
the relaxation cocurred mote rapigly in the polymerizing MAA-MBAA (i.e., In the outer
tuba} while the relaxation in the inner tube remained constant. Because the images are
individually scaled inintensity, it appoars that the image intensity of the inner juba
decreases. The vanation of intensity has baan indicated in Flg. 5 by a plot {=olid ling) ot
the intensity ratie {outside intensity/inside intensity, l{/p) v&. time as the patymarization
gcourrad., :




Fig. 4. 2-0 TH NMR images at imes from 0 10 139 min of standard MAA-MBAA
polymearization reaction with initiator: () 0s, (b} 26 N, (&) 45 min, (d) 84 min (e} 83 min
(f) 162 min {g) 120 min (h) 139 min)

—
I
.p: -
aas iy

101
—r

0.9 [ :

Y SO S SR SR i

4.7 El i X 1 L Lo l. i -‘la":l-tﬂ-:-h den bl iE

0 50 100 1540 200
Time  (min}

Fig. 5. Solid ling is experimental plot of rati of intensities of polymerizing MAA-MBAA
{11)to uninitiated MAA-MBAA {lg} va. time derived from images in Fiy. 7. Dashed line is
theoratical pkat of amage intensity acoording 19 Eq. 4.

The inensity variation corespords to that reswuiting from a simple spherical domain with
an exterior sink. For the material to be inhomageneous, the magnetization or intensity
decay can be expeciad o be a composits sum of two exponentials. The intensity-vs-tima
plot far the MAA-MBAA system exhibils a curvature that strongly indicates an
inhomogeneous system. Bacause the applled fisld Mg is larger than the dipolar field, the
shape of the decay of this spin-atfice relaxation depends on tha smal-scale morphology
of the Inhomogeneifies. For spin diffuslon inte a sink,

2
M{:}-.rmn—z [x[%] +Tl] } (1)

.l-l.

where & i3 the atomic radius and K is a omaalization consgtant.

Because the magnetization is divecly ralated to the spin-scho intensity, it is possible to
cortolate the intensity obtained from the images 1o the magnetization. Considering that
the fast invarsion recovery pulso sequence was employed to determine T4, the paak
intensity as a function of time t can be written as
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M= M {1+aM LM {2)

whare Mg is a normalization congtanl, D is the defay time, T1 is the spin-lattice relaxation
timg, and the total Sslay time is the sum of the individual delays. More accuratoly, the
intensity variation can be verified by using the Inversian recovary sequence and the
variation In the spin-lattice and the spin-spin relaxation fimes as a basis for calcutation of
the image intensities in each voxel. For the standard invarsion recovery NMR pulse
technique amployed ta measure Ty, the imzges were analyzed © relate the gignal
intensity to T1 and the spin-spin retaxation time T2. The signal intensity is

o g1 (1472261 | T 4T Wi (g)

where the recovery process is inspected with a 50° pulse appled at ims T) foltowing the
inversion and tigt i the otal racovery time. Taking T2 ==,

5 mlze"'” 1 -llpe'r‘” ' +e"‘""r'] (4)

This ralationship shows the codepandancy af Ty with the Intensity of the abtainad
images. The dashed line in Flg. 5 is the piot of the Intensity vs. ime according ta Eq. 4 for
corresponding values of T1. The decreass in intensity corresponds with the Images
shown In Fig. 4 and thea Intensity varfatfon (solid #ne) shown Ir Fig. 5. The theoratical fit
according 10 Eq. 4 breaks down with further passage of time because of the assumption
Tz == I. Because this assumption Is valld only for high values of T2 and therefore high
values of Ty, a better fit can be obfained if T2 is considered In the fitung anatysis.
Bacause this paper Is restricted o variation of T1, the T2 values were not determined
axperimentally, Mevertheless, the abave anatysis demonstrates the capablliies and
varylng Information that can be obtaingd with NMR imaging techriques. Equation 3 can
ba used to eaparately verify the spin-spin raiaxation iimes Tp if the intengities of the
imzges and Tq ara known.

In the future, T2 values will be determined and the fitling analysis recomputed 10
understand the differences between Eqs. 3 and 4. Additional studies are being
conducted on the MAA-MBAA system as a function of reaction extent and temparature,
and as a tunction of the conceniration of indnadual reactants. This infoemation is
expected to provide detafls on molecular corrglation times, sample viscosity, and reaction
kinatics. Also, the nonaguedus organks gel systems that involve the addition of solid
particles to the copolymar premix of MAA-MBAA will be imaged and the concentration
diferences will be analyzed to undarztand how the main quantity of comanomers
becornes invoived in the polymerization process.

Slalus of Milestones
Milestones ara on schedula.

nl i
Nong.
Problems Encountered
Increased number of usors on the ystern have limited the amaount of time available on
the NMR system In the Chemistry Building. A new NMR and imaging system has amived

at the Energy Technology Division and will be complately functional by the end of
November.
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MILESTONE SCHEDULE (3.5.1.6)

Spectroscopy and Imaging of Gel-Cast Ceramic Components:

Complete speciroscopic studles of two gel systems.
Compleiad 111503

Perform indtial imaging studies an specimens

composed of 1he most appropriate gel systam.
Complatad 4715/94

Completa roal-time imaging studies of the
gelation process on specimens compased of tha
mast appropeata gel system. Completed 9/15/94

Raport the conclusions of imaging studies of
as-cast, prefired, and fired companents. 2730195

Submit topical report on application of NMAR
1o gel-cast ceramic processing. 5/15/95
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4.0 TECHNOLOGY TRANSFER
4.1 TECHNOLOGY TRANSFER
4,1.1 Technology Teansfer

1100 ra
D. R. Johnson (Qak Ridge National Laboratory)

Technology transfer in the Ceramic Technelogy Project is accomplished
by a number of mechanisms including the following:

Trade Shows - A portable display describing the program has been built
and has been used at numerous national and internaticnal trade shows and
technical meetings.

Newslatter - A Ceramic Technology Newsletter is published regularly
and sent to & large distribution.

Reaports - Semiannual technical reports, which include contributions by
all participants in the program, are publiched and sent to a large distribution.
Informal bimonthly management and technical reports are distributed 1o the
participants in the program. Open-literature reports are required of all regsarch
and development participants.

Direct Assistanca - Direct assistance is provided to subcontractors in the
program via access to unique characterization and testing facilities at the
Oak Ridge National Laboratory.

Workshops - Topical workshops are held on subjects of vital concern to
the ceramics community.

International Cooperation - This program is actively involved in and
supporiive of the cooperative work being done by researchers in West
Germany, Sweden, the United States, Japan, and, most recently, Belgium
under an agreement with the Intarnational Energy Agency. This effort is
ultimately aimed at development of intermnational standards and includes
physical, morphological, and micro-structural characterization of caramic
powders and danse ceramic bodies, and mechanical characterization of
dense ceramics.
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1EA ANNEX I Management
V. J. Tennery (Oak Ridge National Laboratory)

Chbjactive/scope

The purpose of this task is to organize, assist, and facilitate international research
cooperation on the characterization of advanced structural ceramic materials. A major
ohjective of this research is the evolution of measurement standards. This tagk, which
Iz managed in the United States by ORNL, now Includes a formal IEA Annex agreement
identified as Annex Il between the Unlted States, Germany, Sweden, and Japan. The
original annex included four subtasks: {1) information exchange, (2) ceramic powder
characterization, (3) ceramic chemical and physical characterization, and (4} ceramic
mechanlcal property measurements. In the United States, a total of 13 Industrial and
govarnment laboratories have participated and contributed their resources 1o thig
research. The research in Subtasks 2, 3, and 4 is now complsts, During CY 1990,
agreements were reached for Japan to join the Annex, and for ressarch in two new
subtasks 1o be inftiated. These included Subtask 5, Tensile and Flaxural Properties of
Ceramics, and Subtask 6, Advanced Ceramic Powder Characterization. The research in
Subtasks & and 6 is now complete, and the reporis have been distributed. In 1983,
Belgium applled for membership in Annex I, and in 1994, the Executive Committss voted
in favor of Belgium's membership. In addition, the Executive Committee has applied
for an extansion of Annex Il fo June 30, 1557, and this along with Belgium’s membership
has been subwmitted to the IEA in Pars, France, for final approval. Two new tasks,
Subtask 7, on Geramic Machining, and Sulbstask 8, on Ceramic Powder Charactenzation,
weré praposed in lale FY 1883 and have now been accepted by all member countries;
resaarch Is presently ongoing.

Tha next Executive Commities meeting wilf ba held on October 21, 1984, In Mol, Belgium,
in conjunction with the Ceramic Malrix Compesites Conferenge, October 18-20, 1934, In
Maons, Belgium,

Technical Highli
Subtask 7, Machining Elfacts on Strength of Structural Ceramics

Minutes from the Subtask 7, IEA Annex [, Working Group Meeting held in Indianapolis,
Indlana, on April 25, 1834, were sent to the intemational padiclpants. Thomas Hallstein,
Germany, could not attend (he supplied information from Qermany by fax). Tha mesting
agenda covered the following poimts: machining, flexure testing, straln gaging,
Iractography, blllst exchange, specimen exchangs, reporting, and ime schedule.

Pr. Mizuno described the need for performing a fractography round robin® in the first
phasze of Subtask 7, in order {o provide researchers in each country with a common
refarence for the later fractography work in this task. The plan presentad by Dr. Mizuno
included Japan, Sweden, and the United States, each mounting 10 fractured specimens
on a scanning eleciron microscopy {(SEM) mourt and with each participating country,
Inciuding Germany and Belglum, performing fractagraphy on the same spacimens In .
The fractography round-robin exerclse was initisted, and the exercise Is continuing.
Thea LIS, sllicon nitride (G5-44} specimens for the fractography analysis were mounted,
and fractography was performed at ORNL. The specimen was then forwarded to Swaden




408

onJune 17, 1994, Japan sent their specimen holder with 10 fractured specimens of SN-1
silicon niride mounied on it 10 the United Stales (June 28, 1884). Fractographic

analysis was performed at ORNL, and the specimens were forwardad to Swaden on
July 8, 1994, Sweden will, in turn, forward both of these specimen sets to Germany.
Japan forwarded the Swedish set of 10 fractured AC Cerama hot-isotatically pressed
{HIPed) silicon nitride specimens mounted on an SEM holder {September 12, 1994).
Fractography of this spacimen set is presently ongoing at ORNL. Japan Fine Geramics
Centor {JFCC) forwarded their resuits from the study of the U.S. fractography set
{Geptember 19, 1524), The resulis of the fractography study and other results will be
compered at the upcoming technical meeting in Belgium {October 21, 1994). Twe billets
of AC Cerama AB sllicon nitride and machining instructions were received in the
United States from Sweden an June 23, 1994,

United States
Suitagk 7

A summary of the results of the strength measurements of the five silicon nitrides
evaluated for use was sent to the U.S. participants (April 4, 1884).

Work on the stafistical experimental design for the Phage | machining parametar
shudy on the instrumented grinder to be performed at the High Temperature Mataniails
Laboratory (HTML) was inifisled. Importart independent and dependent variables have
been identified, and a central composile design was selected. This design altows
analysis of both main effects and interactions between the factors pius providing
replication. Resuits from this work will form the basis for the specimen grinding fo be
done in the HTML by the U.S. parficipating teams. This is the first large-scale central
composite design 1o be used for gilicon niride machining as far as we are aware.

Fourteen bilets of GS-44 sllicon nitride were received at ORNL on June 8, 1594, from
AlliedSignal Ceramic Components. Final shipment of the G5-44 billets was received at
ORNL on Septeraber 15, 1884, Upon receipt, the killets were inspected, measuraed, and
photegraphed, Preliminary machining of the billets was injtiated immediately; the top and
bottom surfaces weare trued by machining. Each billet was sliced into four quanars with
approximate dimensions of 60 x 90 x 3.5 mm, and the slicad central surface was ground,
From each quarter billet, 20 flexure specimens are being machined, with the experimental
surfacs being cross machined for the flexure geomeltry before the specimens are sliced
info flexure bars. In this manner, consistent measurements of the grinding forces for the
tensile surfaces can be obtained for the experimental surfaca. The experimental surfacas
of the 17 experimental runs in the statistical dasign have been complsted. Data from the
machining procass have been collected, and a preliminary anslysis of nomal force data
has been mitiated. Afer the expermnental suraces were machined, each quarter blllet
was sliced into approximatety 4-mm-wide flexure bars. After slicing, the flaxure bars were
machinad longitudinally on the sides to bring the size of the bars to within the tolerances
of the ASTM 1161 standard. Lastly, the fiexure bars were chamfered according to ASTM
1161. All machining in these stages has been perkxmed on the instrumerted HARIG
Grinder in the HTML. Presently, 20% of the flexure bars in the 17 experimental runs
{a total of 340 specimans) are complets.
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The main variables of the experimanis are diamond grit size, grinding wheel rim speed,
and depth of cut  The design required these to be usad at three levels. The layout has
one replicate, Le., sels of 20 flexure bars will be manufactured first, the results
analyzed, and then the entire matrix will be rapeated to produce a set of 10 flaxure bare
such that there will ba 30 flexawe bhaws measured &t each condition {needed far higher
certainty in the Weibull m). DOuring the experiment, the machining forces, acoustic
emigsion, and spindle horsepowsr are confinuously measured. After machining, the
surfaca roughness and the room-temperature flexure strength and Waibull parameters are
estimated using mepdmum likelihood estimation methods. Comrelation is then made
betwesn the machining parameters and the mechanical properties.

Several other machining parameters are monitorad but kept constant throughout the
experimoent (table spesd, coclard flow, and coclant type). The grinding wheels are,
with the exception for the gt size, all of the same type, lLe., the diamond type
(DN, high friakikity), resin bond ({type R), and a diamond concentration of 100. Seaveral
of the whesals have been truad such that their OD varies less than + 0.004 mm arcund the
circumference. The table speed has been optimizad and will be kept constant at about
200 mm/s. Grinding of the first set of exparimental surfaces is under way.

The competad flexure bars have been labeled and thelr dimensions measured and
racorded. Four specimens in each completed set have been measured for surface
roughness on the Hodenstock Laser Proflometer. When all flexure bars (340) are
completad, the sets will be fractured in a fully randomized set. A sldy of the
accuracy of the Rodenstock Laser Profilometer has been completed. Roughness
standards were used to cakbrate the Instrument, and also analysis of machined and
indented surfaces was performed. The resulis show that the Rodensiock proflometer
producas a good representation of the machined surface at a vedical scale of a few
micrometors to several micrometers.

Two flexure bars have been sent fo HiTec Corporation far application of strain gages
{September 22, 1994). Ten strain gages will be applied to each, and these specimens
will ba used to check the alignment of the flexure fixture before, during, and after
flaxure strength measurements of each set, similar to what was dons in Subtask S.

A technical working group meeting is scheduled 10 be held at the time of the Executive
Commitiee meeting in Belgium on October 21, 1584.

Subtask 8, Ceramic: Powder Characierization

Major responsibility for this subtask in the United States is at the National Instituie of
Standards and Technology (NIST), and a detailed report of progress on this subtask s
provided In the section of this report submitied by NIST.

The primary activiies during this period were prepanng samples and conducting a
L.S. paricipants meeting. By the end of May 1994, alf six powders o be studied In
this subtask had been received. Four out of the six powdets have been homagenized
in & cone blender. Each powder is a primary ot of 26 kg. From the primary Iot, 1-kg
samples have been prepared. The remaining powders will be prepared at a later siage.
Some of the 1-kg samples were further divided. Thig task Is about 80% complete for two
of the four powders. In addition, we have tested a spray drying procedure for alumina
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powder. The procedure and concentration of the binders was developed at NIST. Al
six powders have gone through homogenizallon, and large samples have been prepared.
Further sub-division of these samples to 50 g has been completed for three powders. In
addition, we have conducted studies to evaluate binder compositions for some of these
powders. Based on these studies, @ common composition has been developed for all
powders except aluminurn nitride. This composition of the binder is not the best, or
opiimum, for all powders. Howeavar, our pwrpose is to be abla to produce homogensous
distribution of the known composition of binder components and to producse relatively
good quallly (nearly spherical, low amount of aggiomerates, relatively high flowability,
ate.) of the agglomerates. Spray drving of alumina, silicon nitride SNT, silicon nltride GP,
silicon carbide, and zirconia powders was complated at NIRC Inc. in Columbia, Maryland.
Most of the remaining activity in this area is on subdividing the powders for samples
preparation. We are working diligently to meet the November 1824 target for mailing the
samples to paricipants.

The U.S. participants of Subtask 8 mst at NIST during May 18-19, 1934, to review and
finalize procedures for analysis of powders. The padicipants had recaived from NIST a
package of procedures which were developad at NIST and submitied by participants In
the five countrides. In most cases, we had wvery few choices 0 select procedures;
howsaver, the major task was to clarify the available procedures and develop quastions
for tachnical leadars to address. In addition, we studied the participation list for sach
procedure and ensured that a minimum laval of participation exists for sach. As a rasult,

we had 1o request that some of the parficipants accept additional analyses. Afier the
review of these procedures by the technical leaders in June 1994, the participants will
have a sacond chancs to provide input during August and September. A mesting of the
tachnical leaders was held at NIST on June 6 and 7, 1994, Drs, George Nietfeld,
M. Naito, R. Pomnpe, and R, Gillison atlended the meeting. The purpose of this meeting
was 10 review proceduras and decide on one pracedurs for each measurement method.
Consensus was reached on all procedures, though a number of them lacked details.
Ona of the current activiies at NIST has been to address the remalning detalls. We
are conlinuing our efforts to test each procadure and identily sources of error. A
draft varsion (No. 3) ["Compilation of Pracedures -Primary and Secondary Properties
of Ceramic Powders,” [EA Annex 2, Subiask 8, Version 3 (DRAFT) by Subhas G. Malghan,
NIST; Contributors: L.-S. H. Lum, NIST; R. Pompe, SCi, Sweden; M. Naito, JFCC, Japan;
Gi. Nietfeld, HC Starck, Germany; and J. Erauw, VITO, Belgium; August 1, 1994} of the
procedurs cormpilation was sent to all participants to obtain their comments. The
compilation containg approximately 20 new procedures for secondary properties of
powders and 10 revised procedures for primary properties of powders. The paricipanits
in Japan held a meeting to consclidate thelr input, and consolidated review was sent te
Dr. Naite, Japan's Technical Leader for Subdask 8. Responses have also been received
froem other participants In the United States, Germany, and Belgium. Currently, we are
incorparating thesa comments in the procedures. A meeating of the technical leaders is
scheduled in conjunction with that of the IEA Executive Committes in Belgium. The
fachnical leaders will roview the procedures and develop comments to be addressed ai
NIST. Therefore, a final review of the procedures is planned at NIST in November 1994.

Status of Milsstones - Milsstone 411516 (complete machining of $pecimens was changed
from June 30, 1954, to October 31, 1894 - due to recelving the billets from the vendor
late). Also, Milestone 411517 has been changed to March 1, 1995, since the previous
itein has caused the schedule to change. Other milastones are on schedule,
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Communications/Visits/Travel - V. J. Tennary and Kiistin Breder altendesd & working group
meeting for the international participants held in conjunction with the American Ceramic
Saclety 96th Annual Meefing, April 24-28, 1984, Indianapolis, Indiana, io discuss
Sublask 7.

Publicaflons and Pregentations - None.
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Charanterization of Cergmic Potiders
5. G. Malghan and L.-&. Lunm
(Hational Institute of Standards and Technology)

Ubjective / /Sco

Ceramics have been succeasfully employad in engine: on a
demonstration basis. The successful manufacture and use of ceramics in
advanced engines depends on the develapment of reliable materislzs that
will withezand high, rapidly varying tharmal stress loade. Improvamant
in the characterization of ceramic starting powders ig a ceritical factor
in achieving reliable ceramiec materials for engine applications. The
production and utilization of such powders regquire characterization
metheds and property standards for quality assurance.

The objectives of the NIST program are: (1) to assist with the
divisiomt and disztribution of ceramic starting powders for an
intermaticonal round-robin on powder characterization; ({2) to provide
reliable data on  physical {dimensional), chemicsl and phasa
characteristies of powders; and (3) fo conduct statistiecal sszessment,
analysis and modeling of round-robin data. This program is direeted
toward a critical assesement of powder characterization methodology and
toward establishment of a basia for the evaluation of fine powder
precursers for ceramic processing, This work will examine and compare
by a variety of statistical means the varicus measurement methodologies
eppleved in the round-rekin and the correlaricnz among che varicus
parameters and characteristics evaluated. The results of the round-
rebin are expected to provide the basis for identifying measurements for
which Standard Baference Materials are needad and to provide property
and statistical data vhich will serve the development of Internationally
accepted standards,

Technical FProgress

The primary activicties during chiszs period were preparation of
samples and procedures, and holding meetings co [inalize procedures.
Four cut of the siz powders have been homegenized in a cone blender.
Each powder has a primary lot of 25.0 kg. Freom the primary loc, 1.0 kg
samples were prepared, Some of the 1.00 %g samples were further
divided. This cask is aboutr S0¥ complete.

One of the tasks is to distribute spray diied powders for
preparation of green bodies and testing of procedures for green body
svaluation, However, we would like as complete as possible Information

on the contents of the spray dried powders. Where possible, we will
obtain commarcially available powders. In certain eases, it is not
possibla to obtain infermation such as the type and concantration of
eintering 2ids and binders, In such cases, we have decided to prepare
spray dried powders with known type and concentration of binders. To
accomplish this task, we have developed a system containing a
polyethylene aleohel binder and a pelyvinyl glyeol lubricant. This
system was tested for its suitability to produce spray dried powders
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having a particle size discribution of ds, in the range of 50
micrometers. The gpray drying of powders was conducted at a contract
laboratoxry.

In edditicn, we have conducted gstudies to evaluate bindar
compositions for some of these powders. Basad on these studiss, a
commen composlrion has been developed for a)) powders saxcept aluminum
nitride. Thiz compositlon of the bindar is not Che best or optimm for
all powders. However, our purposes iz te be able te produce hemogeneous
distribution of the known compogition of bindar componentsz, and produce
relatively pood quality (nearly spherical, low amount of hard
agglomerates, ralatively high Flowabilicy, ate.) of agglomeraces. Spray
drying of alumina, silicon nitride SNT, gilicon nitride GP, and silicon
carbide powders was carried out at NIRO Inec. in Columbia, Maryland. 4
batch of spray dried alupinum nitride powder has been provide by Dow
Chemical Company. This powder hes been spray dried In non-aquacus
medium to prevent oxidation.

The samples preparation process iz continuing at a rapid pace. At
present, 50.0 g sanples of non-spray dried aluminza, silicon mityide SNT,
silicon nitride GP, and silicon carbide have been prepared. The sanples
from aluminum nitride and zirconia will be completed in the next two
weeks, The sprey drying of all powders except zirconia and eluminum
nitride was only 2.0 kg from a 10.0 kg hatch. This quantitcy is less
than that needed for completion of the task. In addition, the zirconia
powder could met Le spray dried because the comtractor ran out cf time
and work had to disscontributed to accommodate prior commitments of the
spray drying facility. Therefore, currently wa are trying to purchase
additional SHT sillcon nitrlde powder and spray dzy both powders in the
next few weeka,

The US participants of Subtask 8 met at NIST during May 18-19, 1994
to review and finslize procedures for analysis of powders.  The
participants had received frem KIST a package of procedures which were
developed at NIST and submitted by participants in the five countries,
In mest cases, we had very few cholces to select procedures; howaver,
the major task was teo clarify the available procedurez and develop
gquestions for technical leaders to address. In addition, we siudied the
participaticon list fer each procedure and aszsured that a minimun level
of participation exists for each. As a result, we had te request some
ol the participants to accapt additional analysis. After the raview of
these procedures by the technical leaders in Jume, the participants had
a second chance to provide input during Auguet and September,

A neeting of the technical leaders was held at NIST on June 6 snd
7. Drs. George Hietfeld, M. Haita, R. Poampe, snd E. Gillison attendad
the meating., The purpose of this meeting wWa=x to reviaw procadures and
decide on ona porcedure for each measurement methed. CGonsensus waks
reacked on 211 proceduras, though a rmmber of them lacked detzils, One
of the major activities at NIST has been to address the remaining
details. Ue ecomtinued our efforts to test aach procedure and identify
gources of srror. The impreved procaduras ware zent to participants in
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all five countries to szeek their input. At the next meeting of che
technical leaders on Qetober 17, 1994 in Belgium, these inputs will be
reviewed and the final set of procedures will be prepared,

& draft wversion 2 of che procedure compilaticn wasz sent co
participants 1n Aupust for their review. We received comments from a
significant number of parcfcipants. & number of these comments were
related to requesting for additional informatiom on the proposed steps
in the procedures. The responses to these comments amd additiomal
improvements to the procedures are being incorporated. 4 revised
version 4 of the procedure compilation was prepared for distribution to
the participants, A meeting of the technical leaders iz scheduled in
Belgium on CGetober 20th to review these procedures and provide final

comments,

AT the ASTHM meetivg fn Montreal, Ganada in June, the statux of draft
standards under G-28.03 Powders Characterization sub-committee was
reviewed. One procedure on speclflic surface area has passed the final
soclety ballot, rthe second draft en centrifugal sedimentatlon has passed
the main committes ballet, The ramaining two--one on gravity
sedimentation for particle size distribution and the second on surface
2raa by physzical adsorpiion of gas--required additienal Improvements.
Subsequent to the meeting, reavisions were made and resvbnitted for
subcompittee ballot, We expect these to pass the fimal scciety ballot
this year. That should bring the total to four standards adoptad by
ASTH,

In addirion, we will start drafting other procedures from the IEA
Subtask 6 coppllacion for submisslon to ASTH.

Statux o estonas
On target.

Publicati P .

Variances in the Measurement of Ceramic Fowder Properties, R. G, Munro,
$. G. Malphen and S. M., Hsu, accepted by NIST Journal of BRasaarch,
Aupust 1994,

c {oar] Visi

Hone
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Coremic Mechanjcsl Proparty Test Method Development
Ceoxge D. {uinn
{Hational Institute of Standards and Tachnelepy)

Obigctive/Scope

This task is to develop mechanical test method standards in support of the
Ceramic Technelogy Projact and Advanced Turbine Fachnolegy Applicaticns Programs.
Test method devalopment should meat the needs of the DOE engine commmity but
should alse consider the ganeral USA structural ceramies community as well as
foreipgn laboratories and companies. Emphasis will be placed on the needs of the
DOE community,

Dreft recommendations Eor practices or precedures shall be develeped bazed
uponn the needz identified above and circulated within the DOE ceramicz hest
engine comunity £or review end medification. Round-robins will be conducted as
necessary, but shall be well-foeussed, limited in scope and not interfere with
engeing TEA round-robins, Procedures developed in this program will be advanced
for fipnal standardizationm by ASTH ox by the U.5. Army as possible MIL STD's.

Terhnical i = d Reaul

Earlier work in chis project has contributed to the following completed
standards:

1, AATH = 1199-53%1 “Pynamic Youpg'a Hodulua, Sheesr Modulus, and Feizzons Ratle for Advencad Carsmica By
Bente Ramomance,.” By B, Gomery, Allisd-Sigeel: 5, Onim, HIST: and J, Belfisstine, Corning.

2. ASTM C L161-D0 "Standard Twit MHethod for Flexucal Scrsneth of Advasosd Ceramiez st Amhisnt
Teopecatucs,” G. Quicn, RISI.

3, ASTH © 1211-p2 "Btandard Test Hethod Eoxr Flemucal Stowngth of Advanced Cezamic ot Elevated
Temperature,” by . Quinn In covperation with Hr. M. Folay, Herten: Mo, T. Elehecsonm, Atlisad-Sigoasl;
and Br. H. Fwiber, ORHL.

4, MIL HDEK 780 "Fractogcaphy and Charaotecization of Fractuce Deigine in Advenced Stouctural Ceramlos, ™
with J, Swah and M. Slavin, 1. 5. Arme, ARL.

5. ASTH C 12309=04a  "“Stawierd Prastice for Esporbing Strenghh Data and Extlmating Waibnll Metriboatisn
Parametecs,” by &, Dulffy, HASA-Lewils; G, Quinn, AIST: wod ©. Jolhoson, &.E.

Weibull dnalyalis

The document: "Reporting Untaxlial ZStrength Data and Estimating Weibull
Distribution Parsmeters for Advanced Cleramiecs,* by 2, Duffy, G, Quinn, and £.
Johnson was adopted as an ASTM standard practice and designated ¢ 123%. During

this six month period, a few minor revisions were made to the standard. The

revisions wers approved by ballot and the revised standard has bsen designated
C 1239-944.

also during this period, we recelved informatcion regarding a draft Weibull
analysie standaxd being prepared in Europe for CEN Technical Committee TC 184.
The Europesn standard =zeems to have been influenced hy the ASTM work, bur isg
limited ta unimodal discributions, It uses the Mawimos Jikelihood Estimstes for
the Weibull parameters In much the seme fashion as in C 1239. The same ranking
astimator, and the same unbissing and confidence bound factors are used. This
is most pratifying and it now appears that the CEN and ASTM standards will be
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vary complementary. Fer unimedal, two-paramster strengih distributiens, the
standards will produce the identical Weibull parapeter estimates.

An innovation in the European standard is the inclusion (as an option) of
pelynomlal expressions for the confidence bounds and unbiasing factors. The 4th
crder polynomials which express the factors as a functicn of sample size are
amenable to simple spreadsheet or program analysis.

Fracture Toughness

Scandardization of fracture roughness testing cootinues. FProfessor Isa
Bar-on of Worecester Polytechnie Institute {5 now the overall coordinator of this
activity as well az the C-2B/E-8 committee liaison.

Work in this task hag focusszed on the surface crzck in flaxure (SCF) method
(Figura 1} which is one of the three leadIng candidares for ASTM standardizacfon.
In the previous semianmial reperc, the primary results of the VAMAS 20 laboratory
international round robin exercise wers presented. The results were sufficientcly
favorsble that it was decided that the ESCF method warranted standardization.
During this & months period, an intensive effort was made to doeument fully the
regults of the round robin, A comprehansive fin=l report was publfshed as VANAS
Eeport #17: "Fracture Toughness of Advanced Ceramics by the Surface Crack In
Flexure Method: & VAMAS Round Robin,® by Quinn, Kibler, and Gettings. Suamary
papers were prezented at the Engineering Ceramics Meeting of the American Ceramic
Society Cocea Beach Meeting ip January 1994, as wall as at the #th World Ceramics
Congress {CIMTEC} conference in Flerence, Italy In June 19%4., A prasentation was
also made at the ASTM C-2§ meeting at Cocoa Beach in Jamary.

A complete vewrite of the SCF peortion of the draft ASTM standard was
prepared in May 1994, immedjately prior te the C-28 meeting in Montreal, Canada.
In addition, & list of symbols for the entire decument was prepared as well as
a number of revisions to the main bedy of the document. Unfortunately, none of
these new elements were added or revisions made te the document and there was no

input from the other task group members.

Hardness

Hork continued at HIST on developing hardness standards for advanced
cerapics. This is a two pronged propram, There is an effort performed under
this task to prepare ASTM Knoop and Vickers standard test metheds. In additien,
there is s separace NIST program to develop two standard reference materials
(SBM's) for which the hardness values are certified,

All preliminary werk on the NIST SREM program has been ceompleted, A
Kennametal tungsten carbide was selected for the Vickers SBM and CGerbec HBD-200
bipped =ilicon nitride as a Knoop SBH az shown in Figure 3. A nine laboratory
internztional round robin was organized, conducted, and the results analyzed and
documented during this 6 mench period. The exercise was completely successful.
HIST is scheduled to prepare 100 produciion SRM's each of the Vickers and Knogp
ceramic SBM‘s in FY 1993.

In this CTAHE task, work was done to prepare the draft ASTH standards. Two
preliminary hardness standards were written and presented te commitiaes G-28 for
evaluation. The responses were favorable and prompted us to prepare two draft
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sa a 1/2° 1t on all specimens In this nound robit. We recommend that & shim be wSad to supphot g

simple platiorm thek the specimon rexts flat on. ¥ you put a shim directly undor the 3pecimen, be careful
that the specimen doas not roek or move durfng tha indentation.
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The &° tit will cawse the precrack to go In at an angle
from ° - 5°, The stress intensity Eactor Y is not
affected wery munh by suoh small 6l angles.

This tachnique ks very useful sinca the precrack s at

2 slightty diferent angle than the final fracture surface,
With low angle incident lighiing, the differenca in

surfacas can be detactad maora casky. The different
refecthvity can also help in ordinary micrascopes or on

an SEM, Nota, aven on specimens wikh ana indendsd fat
{without a tit), sometimes the crack Is a Eiflo off
parpendictfar which helps tham to he datected.

Figure 1 Schematic illustrating the surface crack in flexurs {SCF) method for
determinsticn of Eracture boughness. A Knoop indenter is used to
create & semielliptical surface crack in a flexure bar, The
fracture toughness is computed from the fraccture strength and the
gize 0f the precrack.
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SURFACE CRACK IN FLEXURE {SCF) METHOD
ADVANTAGES

A simple flexure specimen is uged,

Conventional Aexure test fixtures are used.

Precrack size anit shape can be coptrolled.

The siress intensity shape factors are well-deflued and can be
controlled.

Fracture toughness is measured at a microstructural level,

Accurate and precise results are possible.
K.,=Yon

Fractography is required.

DISADVANTAGES

Precracking is a two or three step process:
indent, lap or polish, (dye penetrate?).

Some preliminary work may be peeded to find a suitable
indentation load.

Fractographic analysis is required.

The method does not work on all materials.

Advantages and disadvantages of the SCF method for
toughness determinacion.

fracture
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Frococtype hardness standard reference materials. The Ssilicon
nitride disk will have 2 k3 ¥noop indentations that have been

measured with a calibrated sgcamning elactron microscope. The
tungsten carbide disk will have 1 kg Vickers indentatiops, also
measured by calibrated S5EM.
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standards fox ballot. The results of Che round robin on the prototype SRM s were
used te prepare the precision and bias statements. In early 199, we
participated ip a round robin organized by the German Materials Testing 0ffice
(MPA) in Dortmund, Germany. Six Geiman ceramics were Enoop indented. We also
took the opportunity to make some Vickers Indencacions in the same specimens for
comparison. The Vickers Indents were more heavily cracked in most specimens,
making readings more difficult. A number of ceramics from the Unitad States were
tested at WIST using the draft procadures and it was determined that additional
stipulatiens as to what constitute acceptable {ndencations had to be wricren into
the draft standards. Figure & {llustrates some of the criteria that will be used
to specify the acceptability of Vickers indents. The Kaeop standard will
recommend the use of 2 kg load, but will a2)low the use of a2 1 kg load. Figpure
5 Lllustraces the approximate sizes of indents that will be created by che 2 and
1 kg loads.

The drafr G-28 Enoop and Vickers standards were submitted ce ASTH C-28 fox
2 subcommittes C28.01 ballot. This ballot has besn completed with one negative
as well as a number of constructive comments frem sevsral balloters for each
standard. These issues will be presented to the subcommittee at the next G-28
meeting in Janwary 1993, It is ancicipated that the documents will be reballoted
early in 1995 in a concurrent maln end subcommictee ballox,

Finally, we have noted with some consternation the increasing confusion in
the ceramicz literature over the corract formula te use to compute Vickers
hardnegs, The conventienal, worlduids-adoptod and srandardizsd fermula is:

H, = 1.854 P/d® {1}
whara H, iz the Vicksers herdness (kg{mm? ar GPa)
P is the indentation lead (kg or N}
d is the indentation diagomal size {(mm or m)

This formula represents the applied load divided by the idealized contact area
cf the indenter. The contact ares is the araa of contact of the four diamend
pyramidal faces when in contact with the speciman ac full lead. Unfertunately,
it has becoms fashionable in the ceramics indentation fracturs community te
compute an alternative, so-called "pressura hardness™:

H = 2.0 P/d? (2)

This is the hardness defined as load divided by the "projscted surface contact
area" of the Indsntation. This latter is tha area that the indent impression
nalies as viewed {projected) on tha specimen top surfaecs. There Ls no fundamental
reason why equation 2 i{s superioer te equation . Some people in the ceramics
indentation fracture community have wused equation 2 in thelr work, (The
alternative definition is used often in models of fracture associated with scress
fialds underneath indents. Equation 2 implies that the indenter appliez a
uniform pressure or stress over the indent area, but this is physically
unreasonable. In any case, the fracture mechanics models and derivations
inevitably roll up a group of constants into some overall “"calibration conetantc”
and it i= a pity that the conventcional defipitien of Vickers hardness was not
used when contriving these models.) The difference in computed hardness is
2.0/1.854 = 7.9% 7This is net a trivial difference and has cauvsed the ceramics
literature to be infested with centradictery and confusing hardness numbers. The
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ACCEPTABLE INDENTATIONS -

O 2L
ROX

UNACCEPTABLE INDENTATIONS
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& pora

Figure 4 The Vickers draft standard includes criteria for the accepiability
of Vickers indents.
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COMPARATIVE MDENTATION SHZEE
FOR THE THREE ASTM KNOOFP STARDARDS

ABTM -9 000
Knoop Hardness of Ceramic Whiliwires KnoGp Hacdness of Advanced Cammics
WD g cor lems it creckingl —Load Options:
HKM B00-E00

HEN 1008 - 2000

2 kg 148 - 1148 ym
168 - 139 prs
wg: 5.M, with HKN = taso,

d = 140 pra

1kg 118 - 34 g

g BN, with HUN = 1450,

i o OFf pna

The Knoop standard for advanced ceramics will specify a 2 kg
indentation load, with 1 kg as an option.

The sizes of the indents

at these loads in a gilicon nitride are shown, az well as typical
indent gizesz for whitewares and glasass.
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seme confusion exists in the fracture toughness results reported by imdentation
methods, (The use of the wrong hardress leads to fracture toughress errors of
4% in the indentation fracture method, and 1I¥ in the indentatfion stremgth
method. )

In summary, every standard test method (ASTM, ISQ, DIN, etec) in the world
that we are awvare of uses equation 1 Ffor computation of Vickers hardness. Therte
is no compelling reason why equation 2 is more fundamental or correct. Each
formula is arbitrary, but equation 1 is the worldwide consensus standard.

Fractography
During thisz 6 months peried, intensive work was done to adapt: MIL HDBE 790,

*Standard FPractlice for Characterizing Fracture Origins Limiting Defects In
Advanced Structural Garamics® iInto ASTH format as “Standsrd FPractlce for
Fractography and Characterization of Fracture Origins in Advanced Ceramics."”

Thiz work iz a collaboration between G. Quinn of NIST and J. Swab of U. S. Army
Resparch Laborsrory (ARL).

A seventeen lahoratory fractegraphy round-robin that was crganized under
the auspices of the VAHAS collaboration has besn completed. Emphasis was on the
detection and characterization of mpachiniog damapgs, tha detection and
characterization of material processing related flaws, and {fractegraphic
tachniques and analysis. The round-rekin included the examination of phetes and
spacimena. The sxercise concluded in Noevembar 1993 and severel months were spent
in analyzing and docunenting the resulcs, A comprehensive repert has besn
praparad as VAMAS Technical Report #1%. A draft of this report hasz been reviewsd
by the participants and the U,.5. ARL and NIST exe in the process of making final
ravisions fo the report. Summpariss of the principal findings hava been pressntad
at ASTM C-28, VAMAS TWA #3, and American Ceramic Society meetings at Cocoa Beach
in Janwary 1994, at the G-28 meeting in Hontreal, and at the 8th World Ceramies
Congrases (CIMTEC) in Florance, Italy.

Overall, the participants felt that the guidelines in the MIL HBK were
adequate for characterizatien of fracturs origins, Figure & illustrates the flaw
charactearization schame that was used. Thers were a mumber of exanples where the
round robhin participants were it general agreement on the flaw characterization,
but an equal -number of instances where there were sharp divergences, Fex
example, most participants had ne treuble in finding and ldencifying perosicy
flaws, Tn contrast, there was considerable variation in the characterizatiom of

machining damage,

Specifics ara given In cthe final report, which is comprehensive and rether
lengthy. This report should be availabla by late 1994, One key findinyg was that
-participants often did not use all of the available information jin the ‘assessment
of the fracture eripin. For example, many participants simply looked at the
fracture surfacazs and ignored the background infermation furnished with each
spacimen. (This was a single 3 or 4 gentence paragraph with strength frecture
coughness, and meterial preparation or testing history.) Alss, participants
oftan locked at only one fractura half. If it wes the specimen with the
agglomerate origin, then it was pot luck whether they inspected the half with the
agglomerate, or the half with a matching hole. 1In the latter instance, the
participant wes apt to characterize the origin as a pors. This was incorrect.
finly a few participants mads any effort to relate the observaed origin size to




424

FLAW CHARACTERIZATION
Specimen 1. ldentity 2. Lecation 3. Size

PORE VOLUME ~ 40 |tm
VOLUME DIST. Diameter
PORE SURFACE  ~50pum
#18 T VOLUME DIST. Diameter
! ﬁ |
N\
~ ﬁi MACHINING SURFACE -~ 20 um Deep
#18 DAMAGE %
— N SURFACE DIST. ~ 60 [lm Long
\ |y
\\ / 7
T~ o PORE NEAR - 35Lm
£20 o VOLUME DIST. SURFACE  Diameter
N\
~ - LARGE GRAIN VOLUME  -20pumx
21— p, VOLUME DIST. ~ 50 tm
Figure & Ililustration of the flaw characterization scheme incorporaced in the

draft ASTM fractography standard practice.
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fraetura machaniss sstimates. This should be & routine step to verify that a
feature has been designated correctly as the strength-limiting flaw.

In brief, we learned that an experienced Eractographer integrates all of
the available information te maks an evaluation as i{ilustrated in Figure 7. The
nixad succezzes that we had from the round robin respondentz caused us to
considaer the intuitive, expert szystem procedures that a fractegrapher usas, We
are now able to describe them more elearly. The new ASTH draft standard practice
has benefitted a great deal from this ezperience round robin. This document has
been preparad and zant to AITM for a Subcoomittes G28.05 (Characterization)
ballot in Novembar 19%%.

Other Activities

Flexure strength of Referceram, a Japanese "Open Materfal" was evaluated
by four-point flexure in accordance wich ASTH standard test mathed G 1161 as well
as by JIS R 1601. The "Open Materials™ are intended to serve zs stable, uniform
materials that can be uzed in support of material standardization studies. We
obtained a place of Referceram alumina and frectured the specimens hy the two
standard methods I{n order to see if the results would bs comparable. The
results, illustrated in Figure 8, show that thers #s a systematic difference in
the flexura strengths as measured by the two methods, but neither ser gives an
average flexurs strength of 330 MPa az cited by the documentation accompanying
the material., Further analysis of these results and fractographic analysis is
planned.

A detailed review was made of a draft standard for "C" ring testing that
Br. Al. Segall of Pamm State prepared for C-28 hallor.

Status of Nilestones
412119 Preparte draft fractography standard for ASTM Committee C-28 (with
D.S. ARL)

Completed Oct 1994

A1l ather milestones: are on zchedule,

Bublicationsz /Presentations

1. G. CQuinn, R. Gettings, and J, Kibler, "Fracture Toughness by the Surface
Craclk in Plewurs (SCF) Mathod: Results of the VAMAS Round Robin," Coram.
Eng. and Sci. Proc., Vol. 15, 1994, pp. 846-855.

2. J. J. Swab, and &, Quinn, "Besults of a Reund Robin Exercisze on the
Fractopraphy of Advanced Structural Ceramics, " idew, pp., 867-876.

3. G. Quinn, J. Kdbler, and R. Gettings, "Fracture Toughunessz of Advanced
Ceramies: A New VAMAS Round Bobin," to be publ. in Proceedings of the Bth
World Ceramies Congress, CIMTEC, TFlorence, Italy, June 1084,

4, J. SBwab and G. Quinn, "Fracteography and Charactarizatioen ef Fracture
Origin: in Advanced Ceramics: 4 VAMAS Round Robin," idem.
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General Crack Patterns
Mating Halves of the
Primary Fracture Surface
Fracture
Mechanics
FRACTURE ORIGIN (K, Mirror Size)
Background
Information
ﬁimwssiﬂ& Other Specimens
crostricture, exposure, or Components
Zmd,t,lj:s]; pararion, test Other Surfaces of
the Specimen
or Component
Figqure 7 Fractographers must incegrate all aveilable information to make a

preper evaluaticn of & fracture origin in advanced ceramics.
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REFERCERAM alurning

9894
o9 P o= (i-.5)/N
WLE Analysia
95 1 b5 andb JiS R1601
%0 + 18 x 30 mm
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i 1
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= 412.0
"M +
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200 300 ' 200 S
Strength  (MPa)
The four-point £laxure strangth of "Referceram® alumina as measurad

by JIS R1&01 am® C 1161. Weilbnill maximum likelihood parametcexr
estimates are in accordance with ASTM ¢ 123%, agsuming a unimodal
flaw population. Heither set of data agress with the reported 350
MPa flexure atrength for cthig material.
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G. Quinn, J. Kibler, and BR. Gettings, "Fracture Toughness of Advanced
Ceramics by the Surface Crack in Flexure (SCF) Method: A& VAMAS Round

Hobin," VAMAS Technieal Reporxt #17, WIST, June 1994,

Commurn ion: sikea

1,

G, Quirm apd R, Gettings attended the ASTM C-28 meeting in Montresal in
June 1994,

G. Quinn attended the 8ch World Ceramie Congress, CIMIEC, in Florence,
Italy in June 1994, The Ttalian Ceramicz Raszearch Center, CIRTEC in
Faenza was visited. While thara, Mr. Quinn sncountered a meeting of tha
Eurapaan CEN Teechnical Committese 184, Working Area #4, Caeramic Compositas.
An appeal was made for better cooperation between CEN and ASTH C-28 in
mattars of standard developmant.

A number of conversations were held wich key personnel regarding che new
I3 (Intermational Standard Grganization) Committes cm Fine Cerzmics, the
sacratariat for which is held by Japan. Hr. Edward i&ndersom of Aleca will
ba the ovaerall USA C.78 representative in IS0 TC 206. £, (minn was
appointed by the IS0 TC 206 ztesring committea ax Convener of Working
Group §2, flexurs strength testing at room temparature. This was approved
by C-28 in Montreal. G. Quinn was also designated by C-28 as the USA
reprasentative in IS0 TC 206, Working Group #3, Hardness.
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