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Introduction to the Advanced Industrial Materials (AIM) Program 
Office of Industrial Technologies 

Fiscal Year 1997 

C. A. Sorrell, Program Manager 

The Advanced Industrial Materials (AIM) Program is a part of the Office of Industrial 
Technologies (OIT), Energy Efficiency and Renewable Energy, U.S. Department of 
Energy (DOE). The mission of AIM is to “support development and commercialization 
of new or improved materials to improve energy efficiency, productivity, product quality, 
and reduced waste in the major process industries.” Program investigators in the DOE 
National Laboratories are working closely with approximately 100 companies, including 
11 partners under Cooperative Research and Development Agreements. Research and 
development is being performed in a wide variety of materials technologies, including 
metallic and intermetallic alloys, ceramic and metal matrix composites, polymers, 
inorganic membrane materials, and coatings. 

OIT has embarked on a fundamentally new way of working with industries-the 
Industries of the Future (IOF) strategy-concentrating on the major process industries 
that consume about 90% of the energy and generate about 90% of the waste in the 
industrial sector. These are the aluminum, chemical, forest products, glass, metalcasting, 
and steel industries. OIT has encouraged and assisted these industries in developing 
visions of what they will be like 20 or 30 years into the future, defining the drivers, 
technology needs, and barriers to realization of their visions. These visions provide a 
framework for development of technology roadmaps and implementation plans, some of 
which have been completed. OIT then provides cost shared support for research and 
development of needs identified in the roadmaps and is working with other government 
agencies to leverage that fimding. Since the IOF strategy was undertaken, other industries 
that serve the six IOFs in a crosscutting way have completed or are working on visions 
and roadmaps. These include the forging, heat treating, welding, and carbon products 
industries. These industries are also invited to form partnerships with the IOFs and 
respond to solicitations for research and development proposals. 

The AIM Program supports IOF by conducting research and development on materials to 
solve problems identified in the roadmaps. This is done by National 
Laboratory/industry/university teams with the facilities and expertise needed to develop 
new and improved materials. Each project in the AIM Program has active industrial 
participation and support. 
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Assessments of materials needs and opportunities in the process industries are an on- 
going effort within the program. These assessments are being used for program planning 
and priority setting, followed by support of work to satisfy those needs. All the industries 
have identified materials as critical, particularly for high-temperature strength, corrosion 
resistance, and wear resistance. Also important fiom the energy efficiency viewpoint are 
membranes, catalytic membranes, and reactors for separations, both for processing and 
waste reduction. AIM focuses, therefore, on high-temperature materials, corrosion 
resistant materials, wear resistant materials, strong polymers, coatings, and membrane 
materials for industrial applications. 

Recently AIM provided funding to designate the Metals Processing Laboratory User 
Center (MPLUS) at Oak Ridge to solve materials problems for the IOFs. To date, more 
than 60 projects have been completed or are in progress, with about 20 more potential 
projects being planned. Industry and university participants are unanimous in their praise 
and appreciation for MPLUS. An additional benefit to industry is that access to MPLUS 
also provides access to the other user centers at Oak Ridge. When funding reaches a 
satisfactory level, the plan is to refer potential users to other National Laboratories, as 
appropriate, and to provide funds to those Laboratories to work with the users. 

This year, FY 1998, two of the projects initiated and supported by AIM are being funded 
by the Chemical Industry Team. In addition, funding for three AIM projects has been 
designated for materials for the glass industry. These examples show clearly that project 
selection in the AIM Program are relevant to the Industries of the Future, and every effort 
will be made to select and fund projects with a high probability that they will eventually 
be taken over by the IOF teams in order to ready the technologies for demonstration in 
industrial environments. 

The success of AIM- can be best illustrated by a statement made by the Panel on 
Intermetallic Alloy Development, Committee on Industrial Technology Assessment, 
National Materials Advisory Board, in their report, Intermetallic Alloy Development: a 
Program Evaluation, 1997. Although the statement was made about only one part of 
AIM at Oak Ridge, a good case can be made for applying it to the entire Program and to 
the other participating Laboratories. The quote is: “Work by the O W  Metals 
Processing Lab and their technical support of industrial product development have been 
very important. The AIM Program strategy, the IOF focus, MPLUS, and changes in 
licensing strategy have established a framework for developing technologies that can be 
commercially successfLI1.” 
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HIGH TEMPERATURE PARTICLE FILTRATION TECHNOLOGY 

T.M. Besmann 
Metals and Ceramics Division 
Oak Ridge National Laboratory 

P.O. Box 2008, Oak Ridge, Tennessee 3783 1 

C. A. Hall 
Dow Coming Corporation 

4770 Highway 42 E 
Carrolton, .Kentucky 41008 

INTRODUCTION 

Dow Corning Corporation is a market leader in the production of dimethyldichlorosilane 
(DDS) which is utilized as an intermediate in a wide variety of silicone products. In 
Carrollton; Kentucky, they currently operate the largest plant of its type for the production 
of DDS, housing several generations of production streams. The facility could benefit 
substantially both in process stream efficiency and effluent clean-up fkom improved high- 
temperature filtration technology. The current project is therefore designed to assess the 
applicability of high temperature filter materials developed by various commercial 
concerns. 

TECHNICAL PROGRESS - FY 1997 

During this period a furnace system was modified to allow exposure of filter samples to 
simulated environments in, the Dow Corning DDS process (Figure 1). The furnace 
system and gas delivery system have been built. The mass flow controllers have been 
calibrated for their respective gas flow rates. The peristaltic pump has been calibrated for 
proper delivery of liquid. The heating tapes and the primary heating mantle on the water 
evaporator and their respective controllers have been calibrated. The furnace elements 
and their respective controllers have been tested and calibrated. The mixed gas has been 
directed through the heated water evaporator, and the amount of water vapor driven off 
has been. measured and calibrated for the thermal oxidizer simulation. The vacuum 
system has been checked for leaks. An argon line has been added to the DDS delivery 
system. The methyl chloride line has been diverted into the DDS flashpot to act as a 
carrier gas. 

In order to prevent the liquid DDS from condensing back out in the exhaust lines, and 
since we only had one source cylinder of liquid DDS, we fabricated a condensing vessel 
to collect the liquid DDS on the exhaust end. This reclaimed DDS was then transferred 
back into the original source cylinder and sent to Dow Corning Corporation for analysis 
and disposal. 
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Due to the magnitude of demand for liquid DDS for the planned test matrix, several 
options and ideas for recycling the used DDS have been discussed with Dow Coming 
staff. We propose to collect the DDS on the exhaust end and transfer it to the source 
cylinder once it has been depleted. This recycling of DDS will ensure efficiency in 
completing the test matrix, especially when we begin to run the long-term, 1000-hour tests. 
Switching out cylinders, shipping used DDS to Dow Coming Corporation, and waiting on 

fresh DDS from Dow Coming Corporation proved to be impractical. We plan to extract a 
sample of the DDS after 100 hours of recycling and send it to Dow Coming Corporation 
for analysis. 

Figure 1. Furnace system modified to allow exposure of filter samdes to simulated 
environments in the Dow Coming DDS process. 
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We have replaced the stainless steel ( S S )  end caps with Hastelloy B-2 end caps because 
of the corrosive nature of the thermal oxidizer tests. Prior to these successful fluidized 
bed reactor tests, we tried a thermal oxidizer simulation test and found major problems 
with clogged S S  tubing and valves and severe corrosion on the S S  end caps. We also 
redesigned the point of introduction of HC1 into the system to help solve the problem. 

The two environments consist of the following: 

0 Fluidized Bed Reactor - 290°C, 50 Vol. % DDS, 50 Vol.% Methylsilane, 1 Vmin flow 
rate 

Thermal Oxidizer - 1000°C, 74 Vol. % N2, 8 Vol. % 0 2 ,  6 Vol. % CO2, 10 Vol. % 
H20, 1 Vol. % HCl, 1 Vmin flow rate 

Samples of filter materials have been acquired from eight companies: 

3M Company 
DuPont Lanxide Inc. 
McDermott Industries 
Pall Corporation 
Techniweave Inc. 
Smart Ceramics Inc. 
Amercom Inc. 
Blasch Inc. 

These companies provided a total of 13 different filter media that included carbon, silicon 
carbide, oxide ceramics, and metal alloys. All the samples were in the form of rings 2.5 
cm in height obtained from candle filter shapes. 

Unexposed samples (three) of each material were subjected to a burst test. The test 
consisted of filling the volume of the ring with elastomer and bursting the sample by 
applying pressure to the elastome with a plunger in test frame. Displacement was 
measured via sensors on the circumference of the ring and burst pressure was recorded. 
The same test was applied to samples that were exposed to the process environments. 

The fluidized bed environment testing for a 24h period was completed for all the sample 
types (three of each). 
Interestingly, almost none of the samples indicated strength loss as a result of the 
exposure. Thermochemical computations to determine predicted negative interactions 
and theoretical recession rates were performed for all the material types with the 
exception of the metals. The results indicated that the carbon and silicon carbide-based 
materials were stable in the environment, yet the oxides were indicated to react 

These were then destructively tested as described above. 
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extensively. The recession rates were not experienced experimentally; however, likely 
due to the slow kinetics at the relatively low temperature of 240°C. 

INDUSTRIAL INPUT AND TECHNOLOGY TRANSFER 

This project is performed as a Cooperative Research and Development Agreement with 
Dow Corning. Information is shared with Dow Corning regarding the stability of the 
filters in their environments. 

ESTIMATED ENERGY SAVINGS 

Potentially 12 trillion Btu/y by the year 20 10. 

Research performed at the Oak Ridge National Laboratory, sponsored by the U.S. 
Department of Energy, Assistant Secretary for Energy Efficiency and Renewable Energy, 
Office of Industrial Technologies, Advanced Industrial Materials Program, and 
Continuous Fiber Ceramic Composite Program; and Fossil Energy, under contract DE- 
AC05-960R22464 with Lockheed Martin Energy Research Corporation. 
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MEMBRANE SYSTEMS FOR ENERGY EFFICIENT 
SEPARATION OF' LIGHT GASES 

D. J. Devlin, T. Archuleta, and R. Barber0 
Los Alamos National Laboratory 

PO. Box 1163 
Los Alamos New Mexico 87545 

MS E549, MST-7 

N. Calamur and M. Carrera 
Amoco Research Center 

P.0 Box 301 1 
Naperville, Illinois 60566-701 1 

INTRODUCTION 

Ethylene and propylene are two of the largest commodity chemicals in the United States. 
and are major building blocks for the petrochemicals industry. These olefins are 
separated currently by cryogenic distillation which demands extremely low temperatures 
and high pressures. Over 75 billion pounds of ethylene and propylene are distilled 
annually in the United States at an estimated energy requirement of 400 trillion BTU's. 
Non-domestic olefin producers are rapidly constructing state-of-the-art plants. These 
energy-eEcient plants are competing with an aging US. olefins industry in which 75% of 
the olefins producers are practicing technology that is over twenty years old. New 
separation opportunities are therefore needed to continually reduce energy consumption 
and remain competitive, h o c 0  has been a leader in incorporating new separation 
technology into its olefins facilities and has been aggressively pursuing non-cryogenic 
alternatives to light gas separations. The largest area for energy reduction is the cryogenic 
isolation of the product hydrocarbons from the reaction by-products, methane and 
hydrogen. This separation requires temperatures as low as -150'F and pressures 
exceeding 450 psig. This CRADA will focus on developing a capillary condensation 
process to separate olefmic mixtures from light gas byproducts at temperatures that 
approach ambient conditions and at pressures less than 250 psig; this technology 
breakthrough will result in substantial energy savings. The key technical hurdle in the 
development of this novel separation concept is the precise control of the pore structure 
of membrane materials. These materials must contain specially-shaped. channels in the 
20-40A range to provide the driving force necessary to remove the condensed 
hydrocarbon products. In this project, Amoco is the technology end-user and provides the 
commercialization opportunity and engineering support. KANL. procdes tIie material 
development expertise that is critical for achieving the desired product separation. 

' 

1 1  



TECHNICAL PROGRESS - FY 1997 

Summary 

The development of thin films with controlled pore size in the nanometer range is an 
objective of this program. The separations approach is based on the capillary condensation 
of hydrocarbons in 1- to 5-nm pores. Figure 1 illustrates one version of the concept. 

F@we 1. Illustration of capillary condensation of hydrocarbons in a porous substrate. 

In this approach a feed consisting of hydrocarbon and hydrogen gas pass over the up 
stream side of the membrane. Preferential condensation of the hydrocarbon in the pores 
occurs blocking them with hydrocarbon and restricting flow of hydrogen. The hydrocarbon 
is transported through tapered pores and evaporated on the large-pore-diameter side 
leaving a hydrogen rich feed. The actual operating conditions will depend on the pore size, 
geometry and membrane permeability. 

Thin film deposition by evaporation and sputter techniques can result in porous 
microstructures. This is a problem which effects thin film properties such as electrical 
conductivity and represents a limitation to these techniques when applied to complex 
geometric structures. For the development of porous structures this effect can be used to 
our advantage. These microstructures typically consist of columnar grains separated by 
porous regions. The structures are dependent on a number of deposition parameters such 
as substrate temperature, deposition rate, ambient atmosphere, angle of incidence, and 
energy of depositing flux. Porous structures are generally observed for conditions where 
the surface mobility of depositing atoms is limited. It is found in many examples that the 
direction of columnar growth is related to the 'angle of incidence according to the 
relationship known as the tangent rule: 
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direction of columnar growth is related to the angle of incidence according to the 
relationship known as the tangent rule: 

tan( p)= 1 /2t an( a) 

Where a is the angle between the surface normal and the direction of the vapor flux and p 
is the angle between the surface normal and growth direction, Figure 2. While this exact 
relation does not always hold, it is universally found that the angle is less than a. The 
effect is a consequence of a process known as “self shadowing”( 1-3). 

Figure 2. Self shadowing of vapor flux during oblique angle deposition. a is the angle of 
the incoming beam and p is the direction of columnar grain growth. 

This occurs when deposited atoms exposed to the incoming vapor flux shield the 
substrate or unoccupied sites from direct impingement. When the surface mobility is low 
such that rearrangement to fill the shielded sites is not possible, columnar grains form. 

The dimensions of the pore in simplistic terms is dependent on the incident angle and size 
of the shadowing adatom, cluster or nuclei. Crystallographic effects can also be important 
in defining the grain structure. Substrate temperature and therefore mobility will effect 
nuclei size and rearrangement. Also the energy and distribution of the atomic flux, and 
degree of thermalization of the beam is important. For carbon materials sputter deposited 
at room temperature the surface mobility is low. 

13 



- 

Simulation studies using SIMBADTM thin film process simulator are shown in Figure 3. 

- .  3. 

750 

Figure 3. Simulations showing the effect of the angle of incidence of incoming vapor 
flux on the microstructure of films. a) Deposition at normal incidence producing a dense 
film. b) Deposition at an oblique angle resulting in a porous film. 

When the angle of incidence is 00 ke., the flux is normal to the surface) a dense 
columnar film is produced. At an angle of 750 a porous columnar structure is produce, 
obeying the tangent rule. A comparison of the TEM micrograph of an oblique angle 
evaporated film to a simulation under similar experimental conditions is shown in Figure 
4. 

carbon film 

Figure 4. Comparison of thin film deposition process simulation to TEM micrograph of 
evaporated carbon film. 
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The simulation predicts the correct angle of the growth of the carbon grains. Furthermore, 
it is in reasonable agreement with the pore size and grain size observed in the TEM. For 
the sputtered films we will need to model vapor flux transport from the magnetron 
source. The code has the capability of modeling angular distributions of flux from a 
planar magnetron. This is expected to give closer agreement to results obtained for sputter 
deposited films which do not strictly follow the tangent rule. 

Processing 

The fine pore side of an alumina AnodiscTM filter provides a suitable substrate for the 
deposition of carbon films with a 4- to 5-nm pore dimension. Films were deposited with a 
10 cm. diameter RF powered magnetron sputter gun in a high vacuum system. The 
arrangement is illustrated in Figure 5. 

S p u t t e r  Gun 

Figure 5. Illustration of the oblique angle deposition arrangement used in this study. 

Substrates were set at an angle with respect to the gun and rotated. Rotation of the stage 
improved uniformity and altered the microstructure. Typical sputter conditions were 
argon pressures of 0-1 to 0.3 Pa and RF power of 90 watts. Deposition rates were on the 
order of 100 nm/hr and angle of incidence varied fiom 0 to 85". Figure 6 shows a typical 
microstructure produced by this deposition technique. Pores are on the order of 5 nm as 
discussed in more detail in previous reports [Advanced Industrial Materials (AIM) 
Program Annual Progress Report]. 
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Figure 6 .  TEM micrograph showing the effect of rotating the substrate during deposition 
at an angle of 85". 

A vacuum manipulator for in-situ variation of the deposition angle is installed. The 
objective is to vary the incident angle of the sputter beam to effect the self shadowing and 
produce a tapered pore structure. A number of membranes have been prepared. The 
deposition conditions were the same as above. The angle was varied as follow 85" for 15 
min., 80" for 15 min., and 75" for 15 min. Samples are being tested at Amoco in the new 
capillary condensation cell. 

Capillary Condensation Unit 

Amoco has designed, constructed, and commissioned through a three-stage safety review 
a capillary condensation cell for the testing of these membranes. The system does have 
the capability of a full analysis of permeate gas and permeability in multicomponent 
systems over a wide range of operating conditions from subambient to elevated 
temperatures and high pressures. The details of the system are proprietary. This unit will 
provide data on the performance of these membranes and fundamental information on 
important aspects of condensed phases in small pores. 

RESULTS 

A laboratory screening apparatus was constructed at Amoco whereby the mernbrane(s) 
was supported horizontally on a porous stainless steel disk and held between sealing 
surfaces from above and below. Provisions were made for measured amounts of two gas 
mixtures to be mixed through a static mixer and brought along the axis of the membrane 
onto the superior surface of the membrane. The membrane having been primed with a 
suitable liquid, condensed the gas components of lower volatility within its pores and 
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transferred them across the membrane. Noncondensed materials were allowed to exist 
through a bubbler filled with vacuum pump oil. A stream of nitrogen gas was heated and 
swept along the inferior surface of the membrane to provide the heat of vaporization to 
the lower volatility compounds being transferred across the membrane. This stream was 
passed through a carbon dioxide/acetone cold trap to recondense the compound which 
had been transferred. Gas samples were taken of the streams before and after contact with 
the inferior membrane surface. These were analyzed by gas chromatography on a 
chromatograph equipped with both a flame ionization detector and a thermal conductivity 
detector. the former was used to detect hydrocarbons the latter was used to detect fixed 
gases such as helium, hydrogen, carbon oxides, nitrogen, oxygen and methane. 

n-Butane and iso-Butane from methane and hydrogen 

Feed gases of compositions given in Tables 1 and 2 were swept across the superior 
surface of the membrane at a flow rate of 0.1 SCFM. The membrane was primed with 
toluene, and warm nitrogen gas was swept across the inferior surface. Chromatographic 
analysis of feed and permeate are shown in Tables 1 and 2. 

Table 1. Separation of n-Butane from Hydrogen, Methane and Argon. 

Hydrogen 5.26 0.00 
Nitrogen 1.31 82.74 . 

Methane 21.03 0.00 
Argon 37.01 0.00 

Carbon dioxide 1.12 0.00 
n-Butane 34,23 ' 12.24 
Toluene 0.04 4.92 

The results of Table 1 demonstrate the selective transfer of n-butane across the membrane 
to the exclusion of hydrogen, methane and argon. 
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Table 2. Separation of Iso-Butane from Hydrogen, Methane and Argon. 

Hydrogen 5 A9 0.00 

Methane 2 1.95 0.19 
Argon 38.62 0.00 

Nitrogen 1.37 73.13 

Carbon dioxide 1.12 0,OO 
Ethane 0.02 
Propane 0.25 0.09 
iso-Butane 32.23 29.80 
n-Butane 0.06 1.36 
Toluene 0.00 5 $43 

The results of Table 2 demonstrate the selective transfer of iso-butane across the 
membrane to the exclusion of hydrogen and methane. 

A final example demonstrates the separation of ammonia from nitrogen. A 10 vol% 
mixture of ammonia-balanced nitrogen was passed across the superior side of the 
membrane at a flow of 0.1 SCFM. The membrane was primed with water and warn 
nitrogen passed across the inferior side. The permeate stream was bubbled through a 0.1 
N solution of HCl. Titration of this solution with NaOH was used to determine the 
amount of ammonia which permeated the membrane. The results showed that 48% of the 
ammonia in the feed was transferred across the membrane. 

A. G. Dirks and H. J. Leamy, “Columnar Microstructures in Vapor Deposited Thin 
Films,” Thin Solid Films, 47 (1977) 219-233. 

IS. H. Muller, “Dependence of thin film microstructure on deposition rate by means of 
computer simulation,” JAppZ. Phys. 58(7),1 2573 (1985). 

R. Messier, A. P. Gis, and R: A. Roy, “Revised structure zone model for thin film 
physical structure,” Vac Sci. TechnoZ. A, 2,2,500 (1984). 



D. Devlin, T. Archuleta, R. Barbero, N. Calamur, and M. Carrera, “Membrane Systems 
for Energy Efficient Separation of Light Gases,” AIM Program Annual Progress Report 
~135.1997.  

MILESTONES 
A method for developing carbon pores for capillary condensation of hydrocarbons has 
been devised. The use of oblique angle sputter techniques to develop thin films with 
controlled pore size has been demonstrated. Separation of butane gases from streams 
containing methane argon and hydrogen has been demonstrated. 

PUBLICATIONS 
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INDUSTRIAL INPUT and TECHNOLOGY TRANSFER 

This effort will continue in 1998 as a joint research effort under the CRADA with 
Amoco’s Olefins R&D group. m o c o  will develop characterization capabilities and 
design criteria for the membrane systems. With their guidance we will develop the 
materials and processing for the fabrication of these membranes. Amoco’s goal is to 
scale this system for use in a pilot plant. 

COST SHARING 

Amoco will cost share with in kind funds and capital investment exceeding the present 
DOE allocation. 

ESTIMATED ENERGY SAVINGS 

Initial economic analyses have shown that the commercialization of this novel separation 
concept could result in an energy reduction potential of 5 trillion BTUs per year for an 
olefins complex: this corresponds to a potential annual savings of nearly $8 million. 

HIGHLIGHTS 

A method for developing carbon pores for capillary condensation of hydrocarbons has 
been devised. Initial experiments demonstrate the separation of hydrocarbons using these 
membranes. Applications have been submitted for patents. 
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METALLIC AND INTERMETALLIC-BONDED CERAMIC COMPOSITES 

P. F. Becher and C. G. Westmoreland 
Metals and Ceramics Division 
Oak Ridge National Laboratory 

Oak Ridge, Tennessee 3783 1-6068 

INTRODUCTION 

The purpose of this task is to establish a framework for the development and fabrication 
of intermetallic-bonded ceramic matrix composites with improved fracture toughness and 
temperature capability. The incorporation of intermetallic phases that plastically deform 
in the crack-tip region and thus dissipate strain energy, will result in an increase in the 
fracture toughness of the composite as compared to the monolithic ceramic. It is intended 
that such ceramic matrix composites will be used over a temperature range fiom 20°C to 
800-1200°C for advanced applications in the industrial sector. In order to systematically 
develop these composites, the influence of composition and processing on the resultant 
properties have been undertaken. 

TECHNICAL PROGRESS - FY 1997 

The microstmcture of aluminide-bonded ceramics can have a significant effect on their 
mechanical properties. It is well known that reducing the grain size of the matrix can be 
used to increase the fracture strength of ceramics. A similar trend is noted in the Ni3Al- 
bonded carbides where finer grain size was achieved by decreasing the processing 
temperature. The materials processed at 1200°C for one hour exhibited’a fine Tic  grain 
size while those processed at 1400°C exhibited considerably more grain growth. In 
addition, measurements were made on the rise in the fracture resistance with crack 
extension in the Ni3Al-bonded Tic  composites with different Tic grain sizes. A finer 
Tic  matrix grain size can also increase the fracture resistance of these composites. 

Further improvements in the reduction of the matrix grain size can also be achieved by 
use of finer Tic powders. In support of this direction, collaborations were established 
with the task on ‘mew Method for Synthesis of Metal Carbides, Nitrides, and 
Carbonitrides”” (presented in this Annual Report) to examine the processing and 
properties of composites produced from nano-sized carbide powders using the Melt- 
Infiltration Sintering ( M I S )  process. This study examined the influence of powder 
characteristics on formation of dense intermetallic-bonded carbides. The intermetallic 
phase was Ni3Al that has been successfully employed to fabricate dense composites by 
the MIS process. Some of the characteristics of the three Tic powders are listed in 
Table 1. 

* Prof. R. Koc, Southern Illinois University, funded under the AIM program. 
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The fabrication procedure consisted of cold pressing a disk-shaped sample in a steel die 
using a uniaxial stress of 70 MPa. The sample was subsequently cold isostatically 
pressed at -320 MPa. The sample was then placed in an alumina crucible and an 
appropriate amount of Ni3A1 powder was placed on the top surface of the sample. The 
crucible with a alumina cover was then placed in a graphite resistance heated furnace. 
The furnace chamber was evacuated to -0.1 Pa vacuum prior to heating the sample to 
1350°C or 1400°C. The heating cycle and temperatures are similar to those used to 
prepared composites from commercial Tic powders. 

TiC-33 7 18.4 2.14 
Tic-32 20 19.9, 1-97 
Tic-34 49 24 ’ s.25 

Table 1. Tic  Powder Characteristics. Data supplied by Prof. Koc, Southern Illinois 
University. 

When sintered at 1350°C for 1 hr, the composite using the Tic-31 powder exhibited 
evidence of considerable wetting by the Ni3Al but was not fully dense. When sintered at 
1400°C for 1 hour, the composite was at least 98% of theoretical density. Sintering at 
1350°C with the Tic-32 powder produced a fragmented Tic preform that was not wetted 
by the Ni3Al melt. Similarly, use of the Tic-34 powder did not result in wetting by the 
Ni3Al melt at 1350°C. It appeared that there might have been some wetting of the 
surface of the Tic-34 preform by the Ni3Al melt. As a result, a sintering run was 
conducted at 1400°C in an attempt to improve the wetting. This was unsuccessfbl. 

These initial studies illustrate the difficulty of wetting preforms of submicron-sized Tic 
powders having differing carbon contents. Only in the case of Tic  powder (Tic-3 1) with 
the lower surface area (somewhat larger particle size) and lower total carbon content was 
wetting by the Ni3A1 and full densification achieved. A submicron Tic grain size was 
found in this composite in subsequent scanning electron microscopy observations. 

These initial results do not independently address the influence of the Tic  stoichiometry 
or free carbon content on the wetting behavior. Additional studies will be needed to 
evaluate such effects. Such understanding is critical in the development of intennetallic- 
bonded carbides that have very fine grain size pertinent to the evolution of very tough, 
very strong composites and will be addressed in future studies. 
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PUBLICATIONS 

Journals 

K. P. Plucknett, P.F. Becher, and S.B. Waters, “Flexure Strength Behavior of Melt- 
infiltration Processed TiCMi3A1 Composites,”J. Am. Ceram. Soc., accepted. 

K. P. Plucknett, P.F. Becher and R. Subramanian, “Melt-infiltration Processing of 
TiC/Ni3Al Composites,” J.  Mater. Res., 12(10) 2515-2517 (1997). 

P. F. Becher and K. P. Plucknett, “Properties of Ni3Al-Bonded Tic,” J.  Eur. Ceram. Soc., 
in press. 

Other Publications 

T. N. Tiegs, K. P. Plucknett, P. A. Menchhofer and P. F. Becher, “Development of Nickel 
Aluminide Cermets,” pp. 339-357 in Proc. International. Symp. Nickel and Iron 
Alurninides, ASM International, Metals Park, Ohio (1 997). 

J. H. Schneibel, R. Subramanian, K. B. Alexander, and P. F. Becher, “Processing and 
Properties of FeAl-Bonded Composites,” pp. 329-37 in Proc. International Symp. on 
Nickel and Iron Aluminides: Processing, Properties, and Applications, ASM 
International, Materials Park, Ohio (1 997). 

PRESENTATIONS 

“Properties of Ni3Al-Bonded Titanium Carbide Ceramics,” Paul F. Becher, Kevin P. 
Plucknett, Terry N. Tiegs, Joachim H. Schneibel, and Ramesh Subramanian, Annual 
Meeting of the American Ceramic Society, Cincinnati, Ohio ( May 1997). 

HONORS AND AWARDS 

None. 
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PATENTSDXSCLOSURES 

Patent application of invention disclosure entitled “Method of Making Sintered Ductile 
Intermetallic-Bonded Ceramic Composites” ( E m - 0 1  33, ESID 175 1 -X) is being 
drafted. This activity was stimulated by interest in these materials expressed by both X- 
Form Corporation and Kennametal. 

LICENSES 

None. 

INDUSTRIAL INPUT AND TECHNOLOGY TRANSFER 

Interactions with LTV Steel Company concerning their interest in materials for bearing 
and rolls have been used for hot-dip galvanizing bath facilities; intermetallic-bonded 
carbides were supplied for their evaluation. Samples were also provided to Reynolds 
Metals, Cummins Engines, Kennametal, and Thixomat. A data book detailing properties 
of various aluminide-bonded carbides and borides has been prepared and distributed to 
various interested industrial contacts. 
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NEW METHODS FOR SYNTHESIS OF METAL CARBIDES, 
NITRIDES AND CARBONITRIDES 

R. Koc, C. Meng, and D. B. Hodge 
Department of Mechanical Engineering and Energy Processes 

Southern Illinois University 
Carbondale, Illinois 62999 

P. F. Becher and T. N. Tiegs 
Metals and Ceramics Division 
Oak Ridge National Laboratory 

Post Office 2008, Oak Ridge, Tennessee 3783 1 

INTRODUCTION. 

The objective of this project is to develop a new synthesis method using a carbothermic 
reduction reaction of carbon coated precursors for producing high purity, submicron, non- 
agglomerated powders of metal carbide, metal nitride and metal boride systems. A 
further objective is to demonstrate the advantages of the process and provide information 
on the applicability of the process for producing related advanced ceramic powders. 
During the FY 1997 phase of the project, steps are taken to investigate the effect of 
carbon content in the precursor on the properties of resulting Tic powders, and 
applicability of the process for producing WC and Til32 powders. A total of 3,240 grams 
of submicron Tic powders with desired properties have been produced with a combined 
effort of Southern Illinois University and Advanced Refractory Technologies, Inc. @. 
Bray and R. Hexemer) and supplied to ORNL (Dr. P.F. Becher), 3M Ceramic Technology 
Center (Dr. C. Shaklee), and Greenleaf @r, C.K. Jun) for evaluation. 

TECHNICAL PROGRESS - FY 1997 

A novel synthesis process using carbon-coated oxide precursors was developed under the 
Advanced Industrial Materials (AIM)  Program for producing high purity, submicron, 
non-agglomerated and low cost powders of metal carbide, metal nitride and metal boride 
systems. The process is patented ( U . S .  Patent No. 5,417,952) and it utilizes a 
carbothermic reduction reaction of novel coated precursors (1,2). The precursors are 
derived from an oxide of related cation and a hydrocarbon gas and provides high contact 
area between the reactants. This yields a better distribution of carbon within the oxide and 
inhibits the. agglomeration among the oxide particles, resulting in a more complete 
reaction and a purer product at a comparatively low temperature. 
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This program has demonstrated the capability of producing high purity, high surface area, 
low cost titanium carbide (Tic), tungsten carbide (WC), and titanium diboride (TiB2) 
powders utilizing the carbon coating process. From a technical standpoint, the carbon 
coating process is a leap forward in the technology for producing nonoxide advanced 
ceramic powders. This technology improves energy efficiency because it does not require 
high reaction temperatures for production of these powders. [3,4,5]. 

By reaction of the carbon-coated titania particles at 1550"C, submicron T ic  powders 
were synthesized during the first year of the project. Depending on the carbon content in 
the coated titania precursor, Tic  powder was produced with different stoichiometries 
(different amount of oxygen and fiee carbon) and morphologies (particle shape, 
agglomeration). During the FY 1997 time period, steps were taken to produce submicron 
Tic  powders with desired'stoichiometries by optimizing the amount of carbon in coated 
titania precursors. The produced submicron Tic powders with desired stoichiometries 
were supplied to 3M Ceramic Technology Center (Drs. C. Shaklee and V. Nehring - 
1,500 grams), to Greenleaf Inc. @r. C.K. Jun - 1,500 grams) and to ORNL @r. P.F. 
Becher - 240 grams) for evaluation and fabrication of Tic-based composites. 

The densification of Tic with different carbon content has been studied using Ni as a 
binder in flowing 10% H2-Argon gas at 1500°C. Density of 98% TD was obtained for 
Tic (30F)-3wt.%Ni. Dr. Becher and his group at ORNL also had success obtaining 
wetting of the Tic  (30F) powder by N4Al alloy, thus achieving a dense composite. More 
importantly, the majority of final Tic grain size in the composite was sl  pM. These 
results suggest that the produced submicron Tic  powders using the new process will 
result in the development and fabrication of Tic  components and composites with 
superior mechanical and electrical properties. 

The applicability of the process for producing submicron WC and TiB2 have also been 
investigated. The advantages of the process have been demonstrated. The developed 
process was capable of producing high quality WC and TiB2 powders suitable for making 
ceramic materials and composites-highly pure powder with submicrometer particles. The 
produced powders were characterized using X-ray dieaction o), BET surface area 
analyzer, Transmission Electron Microscopy (TEM) and chemical analysis (oxygen and 
carbon). The produced submicron 50 grams of Til32 powders in addition to 1,500 grams 
of Tic powder were supplied to 3M Ceramic Technology Center (Dr. C. Shaklee) for 
evaluation. 
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MILESTONES 

1. Production of Submicron Tic  Powders with Desired Stoichiometries 

A rotating coating apparatus consisting of 10-cm-ID x 35-cm-long stainless steel vessel 
was used for preparing the carbon coated titania (Ti02 -P25 Degussa Corporation, 
Ridgefield Park, NJ) precursors. About 200 grams of Ti02 powders were placed in the 
vessel. The vessel was evacuated, purged with argon, and evacuated again. Then the 
vessel was heated to 55OoC, kept at this temperature ,for 30 minutes, and filled with 
propylene gas until the pressure reached 50 psi. After approximately 5 minutes the 
remaining gas was released and the vessel was filled with fresh propylene. This is 
continued until the required carbon is deposited. Precursors 30F, 32F and 34F containing 
30.95 wt.%, 32 wt.% and 34 wt.% carbon were prepared, respectively. 

Figure 1 shows bright field TEM micrograph of the carbon coated titania precursor (32F). 
As shown in the figure, a very uniform circumferential carbon coating (bright area due to 
low atomic weight of carbon) on titania particle surfaces is apparent. This shows the 
effectiveness of the carbon coating process (on titania surfaces) by the pyrolysis of C3& 
gas at 550°C. XRD pattern of the carbon-coated titania precursor (32F) is shown in 
Figure 2. In the figure, the absence of crystalline carbon phases implies that the deposited 
carbon in Figure 1 has an amorphous (pyrolytic) structure. The BET surface area of the 
produced precursors were measured to be 44 m2/g, 45 m2/g and 46 m2/g after being 
coated with 30.95 wt%, 32 wt%, and 34 wt% carbon, respectively. These results showed 
that a uniform, highly porous and low density carbon coating can be deposited at 550°C 
on Ti02 particles by pyrolyzing C3H6 gas. 
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Figure 1. TEM micrograph of the carbon-coated titania precursor (32F). 
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Figure 2. XRD pattern of the carbon- coated titania precursor (32F). 
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The carbon coated all three titania precursors with different initial carbon content and were 
subjected to 1550°C for 4 hours in an inert atmosphere (Argon) to produce Tic powders. 
The tube furnace (Model CTF 17/75/300, Carbolite, Sheffield) with ID of 70 mm was used 
for producing the powders. A heating rate of 4"C/min. and cooling rate of 4"C/min. were 
used. A flowing stream of Ar at 1LPM was supplied during the whole experiment. Table 1 
provides the summary of the comparison between commercially available Tic (High 
Vacuum Grade A.H.C. Stark) powder with the Tic powders produced (containing 
different initial c&bon content in the precursors) using the developed process. 

I Initial 
Carbon 

30F 
30.95 wt%- 

Particle Size, 

From TEM 
Surface Area, 

BET, 8 
m2/G 

Total Carbon, 
wt%, LECO 19.3 

c200 
Total Oxygen, 
wt%, LECO 1.45 
R0416DR 

Lattice 

ErM9 -0.2 

Parameter, a, 4.3296 

Table 1. Properties of the produced Tic powders and comparison with commercially 
available Tic. 

, 

~ 

Initial 3 Initial 
Carbon Carbon 
32 wt%- 34 wt%- 

32F 34F 

-0.2 -0.2 

1 

I 

30 48 

22.1 25 

1.12 0.98 

4.3280 ; 4.3352 

~ ~ ~ ~~~ 

H.C. Starck 
High Vacuum 

Grade A 

1 - 1.5 

2 - 3.5 

20 9 21 

0.7 

4.331 

TEM was used to investigate the particle size, size distribution, particle morphology and 
degree of agglomeration as a function of total carbon. Figure 3 is a TEM micrograph of 
Tic produced from the precursor 30F. The particles are agglomerated and range from 
O.1pM. Figure 4 is a E M  micrograph of Tic produced from the precursor 32F. The 
particles shown in the micrograph are uniform with the exception of the unreacted carbon. 
As can be seen from Figure 5, the amount of free carbon present in Tic produced from the 
precursor 34F increased. However, the Tic powders are loosely agglomerated with the 
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from the precursor 34F increased. However, the Tic powders are loosely agglomerated 
with the particles being mostly spherical. These results show that the Tic  oxygen content 
decreased and total carbon content increased with increasing the initial carbon amount in 
the precursors. The degree of agglomeration was also decreased with increased. carbon 
content in the precursors. 

.- ........ -- .... ....... ..-. " - ........ - ......... .......... ._________._________...___ . _....______. .___ 

Figure 3. TEM micrograph of Tic powder product synthesized at 1550°C for 
in flowing argon atmosphere (using the precursor 30F). 

four hours 

Figure 4. TEM micrograph of Tic powder product synthesized at 1550°C for four hours 
in flowing argon atmosphere (using the precursor 32F). 
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Sintering studies were done in flowing 10% H2-k gas at temperature of 1500°C using Ni 
as a binder. A density of above 99% theoretical was achieved with the 20 wt.% Ni for 
Tic-T30 powders. Significant improvements in densification were observed with 
decreasing free carbon content in the Tic  powders. Scanning electron micrographs of the 
polished surfaces of specimen sintered at 1500°C for 2 hours in flowing lO%Hz-Ar gas is 
given in Figure 6 .  Microstructure development, the level of densification and amount of 
liquid phase can be observed from this photomicrograph. The microstructure and amount 
of liquid phase control the properties of Tic-Ni composites. A fine grain size with a 
narrow size distribution is most usefbl for milling, cutting and wear applications. 

2. Production of WC Powders Using the New Process 

The importance of WC is well known in machining, cutting, grinding, drilling, and hard 
facing [6,7]. It is widely used in the manufacture of dies, cutting tools, mining tools and 
other wear parts. WC powder used for the manufacture of these structural components 
should be free of di-tungsten carbide ( W Q ,  presence which is objectionable because of 
its poor mechanical properties. Powders with varying carbon content can cause instability 
during sintering if not properly compensated for by uniformly blending in carbon. 
Powders within homogeneous microstructure are believed to be detrimental to the 
consistent performance of sintered cemented WC components. In homogeneity is caused 
by the presence of coarse grains which haye been found to- adversely affect the strength 
properties and cause poor uneven surface conditions after sintering. 

The conventional process for making WC powders consists of a solid state carburization 
of tungsten powder (W). In this process WC particle size is controlled by the starting 
tungsten powder. Tungsten particle growth is affected by a water vapor deposition 
reaction which occurs in the reaction powder bed. High hydrogen flow rates are required 
to eliminate grain growth in the particles. Lso, the produced powder, has to be milled to 
fine size before further processing. Altogether, production of tungsten powder itself is 
expensive. Carburization of tungsten does not yield WC powder directly. The resultant 
powder is a mixture of carbides and it has to be further treated to produce pure WC 
powder [ 81. 

The potentially advantageous method to produce WC powder is from tungsten oxide. 
Fine powder can be produced because tungsten grain growth reactions are minimized in 
this process. Processes patented for the production of WC powder from its oxide were 
either time consuming, involving several repetitive processing steps, or requiring 
controlling of reaction atmospheres [9]. 
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Figure 5. TEM micrograph of Tic powder product synthesized at 155OOC for 4 hrs 
in flowing argon atmosphere (using the precursor 34F). 

Figure 6. SEM micrograph of TiC-20wt.% Ni cermets sintered at 1500°C for 2 hrs in 
flowing 10% H2-Ar atmosphere. 
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Various attempts made in the past to produce WC powder directly from tungsten oxide 
have not been successful on an industrial scale. Problems encountered in the past were: 
1) controlling the carbon content in the final product, 2) controlling the grain size and 
grain size distribution of WC, and 3) inability to produce pure WC powder in a single 
treatment. Reaction mechanisms involved in this process were complex and were not 
investigated in detail in the past. We have studied the reduction mechanism of tungsten 
oxides in detail and developed a new process to produce high quality WC powder [lo]. 
The present invention is based on the carbon coating process with some novel changes. 
Southern Illinois University is currently in the process of completing patent application 
for the process. We have been working with Kennametal Inc., and Fansteel Inc., to 
transfer the technology. 

The new method based on carbon coating method is capable of producing high-quality 
powders suitable for making cemented carbide components. The powders produced were 
phase pure and were synthesized at temperatures as low as 1100°C. It is possible to 
produce phase pure powders in inert atmosphere using this process. The main advantage 
of this process is its capability to produce high-quality powders at low temperatures in 
less times minimizing the production cost. Carbon coating is essential only in the 
beginning of the reduction process. Because it provides intimate contact between the 
reactants, and hence guarantees continuous supply of carbon monoxide at later stages of 
reduction for gas phase reduction. This enhances reduction rates and minimizes reduction 
temperature and time resulting in formation of fine tungsten particles. XRD patterns in 
Figure 7 show the formation of WC powders synthesized in a tube furnace from the novel 
precursors at various temperatures. Presence of fine particles of tungsten increases the 
diffhsion rates and helps in the formation of pure tungsten monocarbide. The reaction 
path was similar to that of conventionally prepared precursors but the reduction occurred 
at much lower temperature.As a result, high-quality WC powder was produced from the 
novel precursors by treating at 1400°C for two hours in flowing 10% H2-Argon 
atmosphere. The produced WC powders possess the following properties: 

single phase WC (with no traces of W2C) 
total carbon and oxygen contents with -6.5 wt% and -0.2 wt.%, respectively 
BET surface are of 3 m2/g 

0 loosely agglomerated powder which breaks up into well-dispersed particles 
after 30 minutes of milling in a tungsten carbide ball mill 

produced WC powder wa sintered to above 90% theoretical density using 10 wt.% Co 
metal powder by heat treating for one hour at 1400°C in 10% H2-k atmosphere 
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Figure 7. XRD patterns of WC powders synthesized at 1000-1400°C for 2 hrs in flowing 
10% H2-k atmosphere. 
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Following is Table 2 providing comparison of properties of WC powder produced from the 
new process and the commercial WC powder. 

Best Powder Available 
Powder Properties (CERAC) 

BET Surface Area, m2/g 1.7 
Total Carbon, wt. % 6.15 
Free Carbon, wt.% 0.05 
Total Oxygen, wt.% 0.2 

0.02 Impurities (Fe, AI, Mo, Ni) a 

Table 2. Comparison of WC Powder Characteristics. 

Powder Produced from the 
New Process 

3.0 
6.3 

0.2 max. 
0.1-0.2 max. 

NIA 

TEM micrograph of the WC produced from the new process is shown in Figure 8. 
Comparison of the WC powder morphology with that of commercial CERAC WC powder 
shown in Figure 9. 

Figure 8. TEM micrograph of WC powder produced from the novel precursors at 1400°C 
for 2 hrs in flowing 10 % H2-Ar atmosphere. 
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Figure 9. TEM micrograph of the CERAC-WC commercial powder (for comparison). 
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INDUSTRIAL INPUT AND TECHNOLOGY TRANSFER 

Advanced Refractory Technologies (ART), Inc. 
We have been collaborating with ART in producing Sic  powders using the new process. 
We are also supplying carbon coated titania precursors for the production of larger 
quantities of submicron Tic powders. 

3M Ceramic Technology Center 
The personnel at 3M are interested in the results of our program with respect to materials 
application in write-read devices and wear-resistant composites. We have supplied 3M 
with materials and consultation for their particular needs. . 

Greenleaf Corporation 
The personnel at Greenleaf have a A1203-TiC processing program in which they are 
making use of submicron Tic powders produced from the program. 

Oak Ridge National Laboratory ( O W )  
The personnel at ORNL have a Tic-Intermetallic composite program which is directed at 
developing composites with superior properties for cutting tool applications than the WC- 
Co currently being used. 

ESTIMATED ENERGY SAVINGS 

This technology will improve energy efficiency when compared the conventional ones 
because it does not require high reaction temperatures for production of these powders. 
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PROCESS SIMULATION FOR ADVANCED CERAMICS PRODUCTION. 
1. Process Simulation for Advanced Composites Production 

2. Development of Advanced Energy-Efficient Coatings for Sun-Belt 
Low-E Applications 

M. D. Allendorf, S .  M. Ferko, S .  K. Griffiths, 
A. McDaniel, R. H. Nilson, and D. R. Hardesty 

Sandia National Laboratories 
Livermore, California 9455 1-0969 

INTRODUCTION 

The objective of this project is to improve the efficiency and lower the cost of chemical 
vapor deposition (CVD) processes used to manufacture advanced ceramics by providing 
the physical and chemical understanding necessary to optimize and control these 
processes. Project deliverables include: numerical process models; databases of 
thermodynamic and kinetic information related to the deposition process; and process 
sensors and software algorithms that can be used for process control. Target 
manufacturing techniques include CVD fiber-coating technologies (used to deposit 
interfacial coatings on continuous fiber ceramic preforms), chemical vapor infiltration, 
thin-film deposition processes used in the glass industry, and coating techniques used to 
deposit wear-, abrasion-, and corrosion-resistant coatings for use in the pulp and paper, 
metals processing, and aluminum industries. 

Experimental measurements are performed under realistic processing conditions to obtain 
gas-phase concentrations, precursor decomposition kinetics, and deposition rates, using 
Sandia’s high-temperature flow reactor (HTFR) equipped with mass spectrometric and 
laser diagnostics. In addition, advanced characterization methods such as high-resolution 
transmission electron microscopy and energy-dispersion spectroscopy are used to 
characterize the microstructure and composition of reactor deposits. Computational tools 
developed through extensive research in the combustion field are employed to simulate 
the chemically reacting flows present in typical industrial reactors. 

Currently, this project includes two industrial collaborations. First, joint work with 
DuPont Lanxide Composites (DLC; Newark, DE) is directed toward development of a 
process model for simulating, optimizing, scaling, and controlling boron nitride (BN) 
fiber-coating processes used in the manufacturing of fiber-reinforced composites. Second, 
research performed in collaboration with Libbey-Owens-Ford Co. (LOF; a major 
manufacturer of float glass located in Toledo, OH) is directed toward development of 

41 



new CVD methods for depositing coatings on glass. Work with LOF is performed under a 
CRADA. 

Project Tasks 

Six tasks for FY 1997 are defined as follows: 

Task 1. Characterization of reactor deposition chemistry 

Task 2. Simulation of reactor fluid dynamics and mass transport 

Task 3. Implementation of strategies for process design, optimization, and operation 

Task 4. Development of process-control sensors 

Task 5. Chemical kinetics of precursor systems for float-glass coating 

Task 6. In-situ process-control sensors for float-glass coating 

Tasks 1-4 are conducted in conjunction with DLC; Tasks 5 and 6 are part of the CRADA 
with LOF. This report contains no proprietary information. 

TECHNICAL PROGRESS - FY 1997 

Summary 

Process Simulation for Advanced Composites Production 

Development of a comprehensive analytical model of boron nitride (BN) fiber-coating 
processes was completed. Analysis of an extensive database of information supplied by 
DLC concerning BN preform coating runs was also initiated. A subset of these data that 
includes approximately forty separate coating runs was used to more accurately establish 
three parameters used in the model that were initially obtained from literature sources or 
were fit to very limited data. A report describing model results in detail was written; 
normalized variables are used in the discussion so that model predictions can be extended 
to a range of chemical-vapor infiltration (CVI) fiber-coating processes. The model was 
used to identify labor-saving strategies for optimizing both fiber-coating and preform- 
densification processes. Implementation of these strategies is estimated to have saved 
DLC approximately $lM in process-development costs. 
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Development of Advanced Energy-Efficient Coatings for Sun-Belt 
Low-E Applications 

Investigations using theoretical and experimental methods necessary for understanding 
the factors affecting CVD of indium tin oxide (ITO) on float glass were begun in 
FY 1997, the first year of this CRADA. Significant results were obtained in four areas: 
(1) A database of thermochemical properties for gas-phase species relevant to this process 
was developed using empirical correlations to estimate molecular heats of formation. Ab- 
initio electronic-structure methods were also explored as possible routes to more accurate 
thermochemistry; (2) Three possible systems for delivering low-vapor-pressure IT0 
precursors to the HTFR for subsequent experiments were constructed and tested: 
(3) Pyrolysis rates for trimethylindium (TMI) and a proprietary precursor were measured 
in the HTFR, using a molecular-beam mass spectrometer (HTFRMS) system to monitor 
precursor decomposition and product formation. The data provide insight into the thermal 
stability of these compounds and the effects of heterogeneous processes on the observed 
rates. Kinetics of bimolecular reactions between the precursors and o&er components of 
the process gases, such as oxygen, were also explored; and, (4) A laboratory system for 
evaluating spectroscopic methods for their potential as on-line process monitors was 
constructed. Investigations in all four areas are expected to continue in FY 1998. 

MILESTONES AND PROGRESS 

Task 1. Characterization of reactor deposition chemistry 

All work originally planned for this task was completed in FY 1997. The primary 
activities this year consisted of writing several publications to bring the results obtained 
in FY 1996 into the open literature (for a list, see the end of this report). These included 
works describing a database of thermodynamic properties for gas-phase species predicted 
by ab-initio quantum-chemistry techniques and two articles describing HTFR 
investigations of the reaction between the BN precursors BCl3 and NH3. 

As will be seen from results described in Task 2 below, analysis of the BN coating data 
provided by DLC indicates that increasing the NH3 concentration increases the BN 
deposition rate. This contradicts the prediction of our model, which assumes that a rapid 
gas-phase reaction converts BCl3 and NH3 to a single species that is responsible for BN 
coating formation: 

BCl3 + NH3 ++ C12BNH2 + HCl 
C12BNH2 + BN(so1id) + 2 HCl 
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As a result, we plan some new experiments and modeling under this task in FY 1998, 
which will hopefully resolve this issue. Results of these investigations will be used to 
revise the current BN coating model so that it correctly predicts the behavior with regard 
to the NH3 concentration. 

Task 2. Simulation of reactor fluid dynamics and mass transport 

Work under this task can be divided into two primary areas. First, development of an 
analytical model that predicts fiber-coating rates as a function of key process variables 
was completed. Second, analysis of a large body of experimental results obtained in DLC 
fiber-coating reactors to obtain more accurate values of important model parameters was 
initiated. 

Summary of analytical model results 

The objectives of this work are to: (1) complete mathematical development of the 
analytical model begun in FY 1996, (2) analyze model predictions in detail and 
understand their implications for fiber coating, and (3) identify strategies for improving 
the operation of DLC’s coating operations. 

Due to its complexity we will not present an in-depth description of the model here. 
Briefly, we derived analytical expressions describing the reactor conditions that give the 
maximum centerline deposition rate for a first-order deposition reaction involving a 
single gas-phase reactive species. These expressions account for both difYusive and 
advective transport and both ordinary and Knudsen diffusion. For ease of analysis, all 
process variables are normalized to form non-dimensional variables. This makes the 
predictions of the model much more accessible to the user since the results can be easily 
applied to any chemical vapor infiltration (CVI) fiber-coating process. A detailed 
description of the model can be found in a report compiled this year (see Reference 1 
under “Publications” below). This report also provides an in-depth discussion of model 
predictions and suggests labor-saving strategies for optimizing both fiber-coating and 
preform-densification processes. Copies of the report can be obtained fiee of charge by 
contacting the authors. 

In the discussion below, the following non-dimensional variables are defined as follows: 

5 Normalized preform thickness 
Y* Normalized reaction yield (Le., the amount of reactant converted to solid in 

the deposition reaction. Also corresponds to the amount of gas-phase 
products produced by the deposition reaction). 

P* Normalized reactor pressure 
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T* Normalized reactor temperature 
P 

P 
U 

S** Normalized deposition rate 
Kn 

Deposition (Thiele) modulus (the ratio of the deposition rate on preform 
fiber 
surfaces to the rate of reactant diffbsive transport) 
Deposition uniformity, defined as the thickness of the BN coating at the 
center of the preform divided by the mean value 

Knudsen number (ratio of mean-free path in the gas to preform pore size) 

Key results of this investigation are summarized below: 

The optimum processing conditions (Le., those for which the centerline deposition 
rate is a maximum) for coating a ceramic-fiber preform are a function of only two 
dimensionless parameters: the normalized preform thickness (6) and the normalized 
reaction yield Cy*). This highlights the relative importance of advective transport away 
from the preform center due to the evolution of product gases from the deposition 
reaction. 

The optimum pressure is obtained in closed form. Its value is proportional to the 
activation energy of the deposition reaction and inversely proportional to the 
characteristic preform pore size. The optimum pressure does not depend on the preform 
thickness, specific surface area, or effective diffbsivity, nor does it depend on the reaction 
yield. 

The optimum temperature and maximum centerline deposition rate depend strongly 
on the preform thickness. Surprisingly, the deposition modulus p and deposition 
uniformity U at the optimum conditions are nearly independent of the thickness for a 
given normalized reaction yield. This provides a simple means of identifying optimum 
conditions for preforms of different thicknesses, once the optimum conditions are known 
for a single case. Thus, the optimum temperature for a new thickness is obtained when 
the deposition uniformity is the same as the for the known case, as determined either 
experimentally or by using a simple algebraic relation to give the same value of P for the 
new preform thickness. 
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The conditions giving rise to the maximum centerline deposition rate do not yield the 
maximum rate at the preform surface, nor do they yield the maximum mean deposition 
rate. This is shown in Figure 1, where the centerline, surface, and mean normalized 
deposition rates are shown as a function of T*. We see that both the surface and mean 
rates increase smoothly with increasing temperature, while the centerline rate exhibits a 
maximum. 

The optimum deposition conditions occur when the normalized centerline reactant 
fi-action (equivalent to U) and deposition uniformity are about 0.25, regardless of the 
preform thickness. Calculations of the optimum normalized conditions are shown in 
Figure 2 for a range of normalized preform thicknesses. The plot shows that p and U at 
the optimum conditions vary by only about 15% as the E, varies by nearly ten orders of 
magnitude. This result provides a simple and practical method of determining the 
optimum temperature. 

Optimum values for p, U, and S** decrease as the reaction yield Y* increases. The 
sample results in Figures 1 and 2 are for the special case in which no gas-phase products 
are produced by the deposition reaction. To examine the effect of the generation of gas- 
phase products on the optimum processing conditions, we also computed the optimum 
conditions over a range of values of Y*. These results are shown in Figure 3. This single 
figure gives the optimum conditions for nearly the full range of both Y* and E,. We see 
that the optimum values of j3, U, and the maximum centerline deposition rate (labeled as 
S** in Figure 3) all decrease significantly with increasing values of Y*. The reason for 
this is that positive values of Y* correspond to a net production of gas by the deposition 
reaction and a corresponding flow away from the center toward the preform surface. This 
outward flow impedes the inward difision of the reactive species, giving rise to lower 
uniformity, lower reactant concentrations at the preform center, and correspondingly 
lower centerline deposition rates. This increased resistance to difision therefore requires 
a reduced temperature to maximize the centerline deposition rate. 
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Figure 4. Comparison of measured and predicted 
weight gains. The solid line corresponds to exact 
agreement, while the dashed lines indicate the 1 
30% boundaries. 
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The model suggests a simple strategy for optimizing fiber-coating processes to obtain 
a given value of U. Conditions yielding the maximum centerline deposition rate yield U 
of only about 25%. That is, the deposition rate at the preform surface is roughly four 
times that at its center. Since this is probably not acceptable for some coating 
applications, we also examined the influence on the optimum conditions of a constraint 
on the deposition uniformity. We find that the optimum pressure in this constrained 
maximization of the centerline deposition rate is the same as that obtained in the 
unconstrained case. This result suggests that a good strategy for optimizing fiber coating 
processes is to fix the pressure at the optimum value and then vary only the temperature 
or temperature history to obtain the desired final state of the preform. Using this strategy, 
the time-consuming process of empirically varying both the pressure and temperature to 
produce at once both the desired uniformity and maximum deposition rate can be 
avoided. 

Analysis of BN coating data provided by DLC 

DLC provided an extensive database of information concerning the manufacturing of BN 
preform coatings. A subset of these data (approximately 40 separate coating runs) was 
analyzed to more accurately establish three parameters used in our model of the fiber- 
coating process. These parameters were previously determined from literature values or 
were fit to the very limited data that were available initially. The three parameters are: (1) 
the activation energy for BN deposition; (2) the sticking coefficient for the BN gas-phase 
precursor (assumed to be C12BNH2); and, (3) the tortuosity, which is a correction to the 
binary difisivity that accounts for flow through the preform. Fitting these parameters to 
the expanded data set yields values of 54 kJ mol-1 K-i,O.O045, and 7.7. The high quality 
of the fit is evident from Figure 4, which compares the measured weight gain of the 
preform with the value computed by the model. The solid line represents perfect 
agreement, while the dashed lines show the boundaries representing 0 30% deviation 
from the correct value. We conclude from this plot that the deviations in the model are 
comparable to differences in data for identical process runs, i.e., to the uncertainty in the 
available data. 

Using the new fit parameters, we can predict coating uniformities for the various process 
runs included in the subset of the database. Figure 5 compares predicted and measured 
values of the uniformity U as a function of the deposition modulus. The plot shows that 
model predictions are consistent with the trend displayed by the data, despite considerable 
uncertainties in the measured values. For these data, the measured centerline coating 
thickness varies by a factor of two between identical parts, while the thickness across the 
surface of the preform also varies by a factor of two from edge to edge, due to the 
presence of holes in the plates used to clamp the preform. 
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Although the results of this fitting process 
yield a model that successfully predicts 
several trends in the data obtained from 
DLC’s reactor, our more detailed analysis 
reveals several inconsistencies that require 
further investigation in order to fully prove 
the model. These include: an activation 
energy for BN deposition that is 
considerably smaller than the value 
reported in the literature; deposition rates 

I , , , , I measured in one small reactor that are 
Figure 5 .  Coating uniformity as a function about a factor of two smaller than those 
of deposition modulus. obtained in another under otherwise 

comparable conditions; BN deposition rates that increase with the ammonia 
concentration, which is the opposite of the trend predicted by the model; and a stronger- 
than-expected dependence of the deposition rate on pressure. Given the complexity of the 
commercial reactors from which the data used in the fit were taken, these discrepancies 
are not surprising. However, it is important that some understanding of their cause be 
determined, so that the model can be made as generic as possible. Consequently, we plan 
additional experiments and modeling in FY 1998 that we expect will shed light on the 
origin of these differences between observation and model prediction. 

Task 3. Implementation of strategies for process design, optimization, and 
operation 

Several strategies for optimizing the fiber-coating process used by DLC are suggested by 
our model, as described above and in earlier reports. One prediction of the model 
suggests that lowering the deposition temperature and raising the pressure from their 
present values should increase the coating uniformity and the deposition rate. Dr. Craig 
Shumaker at DLC conducted several experiments in which lower temperatures were used 
to deposit BN on fiber preforms. The results indicate that the uniformity did indeed 
increase, as did the reactor yield (i.e., the percentage of good parts). These data confirm 
our predictions that deposition uniformity depends onZy on the temperature, while the 
deposition rate depends on both the temperature and pressure. 

Task 4. Development of process-control sensors 

The need to develop sensors for monitoring the BN deposition process was discussed 
during a visit by project leader Mark Allendorf to DLC’s facility in Newark, Delaware. 
Initially, it was thought that improvements in coating uniformity and minimization of 
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deposition times would require periodic changes in deposition temperature and pressure 
during the production run, control of which would be facilitated by the use of on-line 
sensors monitoring the deposition process. However, current modeling results indicate 
that this is not necessary. In addition, our improved understanding of the process 
chemistry has also improved considerably and suggests that it is unlikely that gas-phase 
species that could be used to measure the progress of deposition will be detectable in the 
downstream process gases. In the DLC reactor most of these species are removed before 
they reach a point in the downstream piping where they could be detected. For these 
reasons, we believe it is neither necessary nor productive to attempt to develop on-line 
sensors for this process and suggest that no further efforts be expended on this task. 

Task 5. Chemical kinetics of precursor systems for float-glass coating 

The objective of this task is to develop an understanding of the important chemical 
phenomena occurring during CVD of indium tin oxide (ITO). This knowledge is essential 
to the development of a stable process producing high-quality, defect-free coatings. Little 
is known about the thermodynamics and kinetics of the chemical reactions that occur 
during deposition. Consequently, our investigations in this task include experiments, 
theory, and modeling aimed at developing chemical mechanisms that can be used to 
determine precursor stability under various operating conditions and to predict the 
evolution of the gas-phase during processing. Principal results are summarized below. 

Thermochemistry 

Reliable thermodynamic data are unavailable for most gas-phase species relevant to the 
CVD of indium-containing compounds. Data that are available from standard sources are 
summarized in Table 1. For these species, we converted the reported thermodynamic data 
fiom tabular form to useful polynomial fits that are readily used by Sandia computer 
models. For molecules for which there are no data, we estimated heats of formation by 
comparing values for similar compounds and trends exhibited by the series of analogous 
Group III compounds containing boron, aluminum, and gallium. These data are also given 
in Table 1. Ab initio calculations were then conducted to predict vibrational frequencies 
needed to predict heat capacities and entropies. 

Since the uncertainty associated with the estimated values in Table 1 is rather high in 
some cases, we are developing theoretical methods for predicting these quantities. A 
search of available basis sets for ab initio calculations identified only one basis set that is 
both appropriate for indium compounds and sufficiently small to be computationally 
practical. This is the StevensBasch/Krauss/Jasien/Cundari -21 G ECP Basis, which is 
available fiom the Pacific Northwest Laboratories. Preliminary results, in which we used 
this basis set to predict atomization energies, suggest that it may be possible to improve 
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the accuracy of the data shown in Table 1 using these methods. Work in this area will 
continue in FY 1998. 

Table 1. Heats of formation for gas-phase species relevant to IT.0 CVD. 

1 L. V, Gurvich et al. Thermodynamic Properties of Individual Substances, CRC Press 
(Boca Raton), 1994.2 Estimate, this work. 3 W. D. Clark, S .  J. W. Price Can J. Chem. 
46, 1633 (1968). 4 JANAF Thermochemical Tables. 

Vapor delivery systems for indium-containing precursors 

Delivery of the vapors of indium-containing precursors to the HTFR for experimentation 
is challenging since all compounds of interest are solids with low vapor pressures. This 
year we tested three delivery systems, including: (1) a system built by J. C. Schumacher 
Inc. and originally designed for delivery of low-vapor-pressure liquids; (2) a temperature- 
controlled vaporizer designed to improve on limitations of the commercial system and 
built at Sandia; and (3) a direct-liquid-injection (DLI) system made by MKS Instruments. 
Of the three, the DLI system is the most promising, as it can achieve the highest delivery 
rates and does not require prolonged storage of precursors at elevated temperature in 
order to elevate their vapor pressure. We are also experimenting with methods for 
forming some precursors in situ. This avoids many of the difficulties associated with 
handling the compounds, since compounds such as trimethylindium (TMI), which have 
relatively high vapor pressures, can be used as the indium source. 
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Kinetics of precursor pyrolysis 

2. 

f 
0, v, 1. 
c 

- 0. 0 

Knowledge of the thermal stability of coating precursors is of great importance to the 
design of new CVD processes, since it can affect aspects of the design such as residence 
time within heated lines, long-term storage temperatures, and gas-phase particle 
nucleation. This year’s investigations focused on two compounds: trimethylindium (TMI) 
and a proprietary precursor developed by LOF. Results of the TMI investigations are 
described here. Previous investigations in the literature suggest that TMI decomposes by 
sequential loss of methyl groups: 

measured in the HTFR fiom 523 K to 
698 K at a total pressure of 10 Torr. 

The decomposition of TMI is 
strongly temperature dependent and 
produces methane and ethane as the 
two principal products. Addition of 

This year, we conducted a series of HTFR experiments to probe these reactions and 
determine the overall rate of TMI decomposition as a function of temperature. Results of 
these investigations are summarized below: 

The mass spectrum of TMI was recorded and is shown in Figure 6 .  The figure shows 
that the parent ion (In(CH3)g) is not observed, which proved to be the case at all 
ionization energies used (20-70 ev). This complicates the interpretation of pyrolysis data, 
since the strongest ion signal ( d e  145), may correspond to either the reactant or the 
product In(CH3)2. Evidence fiom the literature suggests that the concentration of 
In(CH3)2 should be very low. 
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Non-linearity in the curves shown in Figures 7 and 8 was shown to be primarily 
caused by non-uniform temperature profiles in the HTFR. This non-uniformity is caused 
by the use of a water-cooled injector, which is required since TMI is thermally unstable. 
This curvature invalidates the linear least-squares analysis (Figure 8, dashed line) 
normally applied to determine rate constants (normally, the rate constant is simply the 
slope of the line fit to the data). Consequently, we developed a new analytical method for 
extracting rate constants from HTFR data that uses a non-linear least-squares fitting 
routine to fit the predictions of a comprehensive model (Sandia's CRESLAF code) of the 
reactor. CRESLAF simulates the flow of reacting gases through a tube using the 
boundary-layer approximations and can account for the non-uniform axial temperature 
profile. A typical fit obtained in this manner is shown in Fig. 8 (solid line). Using this 
method, we obtained a rate constant b(s-1) = 7.00x10'5exp(-46,170/RT) for Reaction 3, 
which agrees reasonably well with the limited data available in the literature for this 
reaction (Figure 9). 
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Figure 7. Temperature dependence of TMI 
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A valuable feature of this new approach to the analysis of flow-reactor data is that it 
enables one to measure a reaction's temperature dependence by conducting a single 
experiment, rather than a series of experiments at different temperatures. This is possible 
because the gases are exposed to a range of temperatures as they travel through the HTFR 
and the analysis does not assume that the temperature profile is uniform. Thus, when one 
would like to obtain a broad picture of a molecule's reactivity, activation energies for a 
series of related reactions could be obtained (e.g., TMI + N H 3 ,  PH3, or AsH3) with a 
relatively small number of experiments. 

Kinetics of TMI oxidation 

Understanding the reactions between indium-containing precursors and oxygen is clearly 
of importance for the formation of ITO, since oxygen is a major component of the 
reactant gases. An investigation of the reaction between TMI and 0 2  in the HTFR 
showed that this chemistry is quite complex. Except for the observation that TMI reacts 
readily with 02, thereby increasing its rate of decay at pyrolysis temperatures (Figure lo), 
the experimental results are difficult to interpret and point to possible heterogeneous 
mechanisms. No volatile product species were detected from which to formulate a 
governing equation, making the analysis even more difficult. Investigations of this system 
will continue in FY 1998; experiments will be conducted using other oxygen-containing 
reactants, such as water vapor, whose chemistry is expected to be less complex but which 
should shed light on the TMI+O2 reaction. 

Task 6. In-situ process-control sensors for float-glass coating 

Construction of a test cell for process diagnostics 

Although the HTFR is an excellent tool for investigating complex chemical reactions, its 
complexity makes it difficult to quickly obtain qualitative information. It is also not an 
ideal environment for testing diagnostic techniques with potential for process control, due 
to the limited access to the heated flow tube. To overcome these limitations, we 
constructed a heated test cell (depicted in Figure 11) that will be equipped with an off- 
the-shelf residual gas analyzer and a Fourier transform infrared spectrometer. The unit is 
designed for flexibility, so that we can change fi-om one chemical system to another with 
little downtime. The unit will allow us to evaluate sensor/control schemes based on the 
analysis of gas-phase constituents. 
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Figure 1 1. Schematic of diagnostics test cell. 
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Symp. Chem. Vapor Dep., The Electrochemical Society Proceedings Series, Vol97-25, p. 
1, (1997). 
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A. H. McDaniel and M. D. Allendorf, “The Reactions of BCl3 and NH3 Relevant to the 
CVD of Boron Nitride,” Fourteenth Int. Symp. Chem. Vapor Dep., The Electrochemical 
Society Proceedings Series, Vol97-25, p. 40, (1997). 

S. K. Griffiths and R. H. Nilson, “Conditions for Maximum Centerline Deposition Rates 
in Composites Fiber Coating by Chemical Vapor Infiltration,” Fourteenth Int. Symp. 
Chem. Vapor Dep., The Electrochemical Society Proceedings Series, Vol 97-25, p. 544, 
(1 997). 

PRESENTATIONS 

M. L. Chase, D. Hildenbrand, and M. D. Allendorf, “Thermodynamic Properties of 
Boron,” poster presented at High Temperature Materials Chemistry H, Penn. State 
University, (May 19-23, 1997). 

M. D. Allendorf, R. M. McCurdy and P. Gerhardinger, “Development of Advanced 
Energy-Efficient Coatings for Low-E Sunbelt Applications,” poster presented at Second 
OIT/Expo, Arlington, Virginia, (February 1997). 

M. D. Allendorf and C. Shumaker “Development of Process Models for Advanced Fiber- 
Preform Coating Technologies,” poster presented at Second OIT/Expo, Arlington, 
Virginia, (February 1997). 

M. D. Allendorf and C. B. Schumaker, “Process Simulation for Advanced Composites 
Production and Glass Process Development,” Annual Review, DOE/Advanced Industrial 
Materials Program, Albuquerque, New Mexico, (June 1997). 

HONORS AND AWARDS 

E. Karl Bastress Award, given to Mark Allendorf by Sandia National Laboratories “for 
technical accomplishments and leadership that have established a strong and effective 
coupling of Sandia’s interdisciplinary fundamental research on high-temperature 
chemical synthesis of advanced materials with the U.S. ceramics, composites, and glass 
manufacturing industries.” 

PATENTS/DISCLOSURES 

None during this reporting period. 

LICENSES 

None during this reporting period. 
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INDUSTRIAL INPUT AND TECHNOLOGY TRANSFER 

DLC shared a large body of data on fiber coating obtained in their reactors with Sandia to 
assist in the verification of the model developed in this project. Sandia developed 
strategies for process optimization specific to DLC’s fiber-coating reactors and developed 
a parameterized model for use by DLC based on their processing data. 

COST SHARING 

LOF provided $180 K of direct and in-kind cost sharing to support investigations of float- 
glass coating chemistry. DLC provided $85 K of in-kind cost-sharing to support fiber- 
coating modeling efforts. 

ESTIMATED ENERGY SAVINGS 

The availability of low-cost, fiber-reinforced composites will have a major impact on 
both energy consumption and pollutant production in energy-intensive industries. For 
example, it is estimated that widespread use of ceramic composites will result in energy 
savings of up to 0.52 Quaddyear in gas turbines, 0.5 Quaddyear in high-pressure heat 
exchangers, 0.1 Quaddyear in hot-gas cleaning systems, and 0.5 Quaddyear in radiant 
burners (such as those used in the metals and glass industries (all figures courtesy of the 
DOE/Continuous Fiber Ceramic Composites Program). These energy savings and 
emission reductions can be achieved primarily through process operation at higher 
temperatures, where fuel combustion is more efficient. 

In North America, 2.6 Million tondyear of float glass are used in residential and 
commercial construction. Use of so-called “low-E” (for “low emissivity”) coatings on 
this glass can dramatically improve the energy efficiency of this material. New coatings 
developed in this project will save 1.4~1019 Bidyear when installed in place of clear 
glass windows. 

Research performed at Sandia National Laboratories, California, sponsored by the U.S. 
Department of Energy, Assistant Secretary for Energy Efficiency and Renewable Energy, 
Office of Industrial Technologies, Advanced Industrial Materials Program, and the Glass 
Industry Vision Team. 
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INTRODUCTION 

Development of improved products and processes often requires new and improved 
materials. Ceramic-metal composites are better than conventional materials for many 
applications because of their high stiffbess-to-weight ratios, good fiacture toughness, 
excellent high-temperature stability, and because their electrical and thermal properties 
can be varied through control of their compositions and microstructures. However, 
despite a lot of development effort, ceramic composites are still too expensive for many 
applications and they have not demonstrated sufficient reliability for wide commercial 
use. Results obtained previously in this project have shown that reactive metal 
penetration is a practical method for making ceramic and metal-matrix composites to 
near-net shape with control of both compositions and microstructures. Making parts to 
near net shape is a significant advantage because it reduces costly and energy intensive 
grinding and machining operations, and minimizes finishing wastes. Thus, reactive metal 
penetration is attractive as an economical process for making many of the advanced 
ceramic composites that are needed for light-weight structural and wear applications for 
transportation and energy conversion devices. The most promising composite 
compositions to date consist of A1 and A1203 or Al, A1203 and MoSi2. One spin-off of 
this work is development of a deep understanding of reactions between molten metals and 
ceramics, Promotion of reactions leads to composite material applications. Knowing 
how to minimize reactions leads to applications as refiactories, containers, and die 
materials for the metal processing industries. Whether for the composites themselves or 
for the insight it gives into improving refractories, this work should be of particular 
interest to the aluminum industry. 

The goals of this ceramic-metal composite research and development program are to: 
(1) identify compositions favorable for making composites by reactive metal penetration; 
(2) understand the mechanism(s) by which these composites are formed; and, (3) control 
and optimize the process so that composites and composite coatings can be made 
economically; and 4.) apply to R&D results to problems of interest to industry. 

59 



Over the past two years the program has had a second part, performed under subcontract 
by SRI International. The SRI effort is concerned with making composite coatings, 
especially corrosion-resistant coatings on metals, by pyrolysis of preceramic polymers 
blended with metal or ceramic powders. Those coatings have advantages in engineering 
applications because they can protect metals such as aluminum and mild steel from 
corrosive environments. In addition, they are stable at high temperatures and may 
increase surface hardness. The preceramic polymer serves both as a high temperature 
polymeric binder and, after pyrolysis, as a ceramic matrix. The composite coatings are 
applied by simple deposition techniques such as brushing, spraying, rolling, or dipping. 
The technique is a relatively low cost way to make durable coatings, but it requires 
further development to improve the processing conditions and coating uniformity, and to 
evaluate properties. 

The goals of the preceramic polymer research effort are to: 

(1) identifl feasible compositional systems for making composite coatings with good 
corrosion resistance; 
(2) evaluate the corrosion resistance in severe environments; and 
(3) to optimize formulation, deposition, and curing processes, especially low temperature 
processes 

TECHNICAL PROGRESS - FY 1997 

Summary 

This past year we developed a mechanistic model for composite formation that explains 
several important features: (1) the rapid, linear kinetics of formation for temperatures 
below about 1 100OC; (2) the decrease in reaction rate above 1100°C; and, (3) the effect of 
Si concentration in the A1 on reaction kinetics. The key to developing the model was 
availability of new microstructural information from transmission electron microscopy 
(TEM) studies done in collaboration with Professor Ping Lu of New Mexico Tech. 

Previous kinetic studies showed that the thickness of the composite layer produced by 
Reaction 1 increases in direct proportion to time. 

Analysis of reaction rate data showed that below 900°C, Reaction 1 does not proceed due 
to poor wetting and kinetic limitations. Above 1 100°C, the reaction is rapid initially, but 
it stops after a brief period of a few minutes where the growth kinetics are linear. As 
shown in Figure 1, TEM micrographs of  the aluminum-mullite interface show that the 
reaction front in quenched specimens does not contain any silicon after heating at 900°C, 
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whereas a lot of it is present in samples heated at 1100°C. The model explaining this 
difference is based on the fact that the activation energy for forming Si by Reaction 1 is 
much greater than the activation energy for Si diffusion in Al. Thus, at 900°C silicon 
production at the interface is much slower than its transport away from the reaction front, 
but because of the steep temperature dependence of Reaction 1 , by 1100°C the rates are 
approximately comparable (see Figure 2). Above 1 1 OO"C, silicon production is much 
faster than its transport, causing silicon to build up near the reaction front, which inhibits 
further reaction. The rapid, linear growth period is observed when the composite 
formation reaction is controlled by the Si transport rate. The observed time of the linear 
growth period decreases from 250 minutes at 1100°C to less than a minute at 1250°C. 
Above 1250"C, the reaction zone is too thin to be detected by optical microscopy. One 
practical consequence of our model is that it has allowed us to construct a process 
diagram showing the time-temperature combinations where the reactive metal penetration 
(RMP) reaction between aluminum and mullite has favorable rates (see Figure 3). 

250 nm 100 nm 

Figure 1. TEM micrographs of the aluminum mullite reaction interface after reaction at 
(a) 900°C for 10 minutes; (b) 1100°C for 10 minutes. 

1.2xlO 
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Figure 2. Calculated Si production and transport rates for the reaction of A1 and mullite 
as a function of reaction temperature. 
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Figure 3. RMP processing map detailing the time-temperature response of the Al-mullite 
reaction. 

Our understanding of metal-ceramic reactions has led to study of other composites where 
in situ synthesis might be attractive. For example, molybdenum intermetallic 
compounds, most notably MoSi2 and MogSi3, are candidates for use in high temperature, 
oxidizing environments. However, monolithic molybdenum intermetallics have low 
strength and toughness below their brittle to ductile transition (BDT) temperatures, and a 
high creep rate above the BDT. To overcome these limitations, the use of ceramic- 
intermetallic composites has been proposed for some applications. Alumina is an ideal 
choice for a second phase because of its thermodynamic stability in contact with many 
molybdenum compounds, its high strength, its creep resistance, and its thermal expansion 
match with MoSi2. Conventional composite synthesis from alumina and MoSi2 powders 
requires extreme processing conditions such as hot pressing above 1600°C or plasma 
spraying. Synthesis by in situ methods such as reactive metal penetration and reactive hot 
pressing are attractive alternatives because of lower processing temperatures and the 
potential for ambient pressure densification. Last year we investigated the 
thermodynamics of reactions in the Mo-,Al-mullite system and began developing some 
processing procedures. This year we optimized the processing to make three composites 
in three different families: A1203-MoSi2, A1203-Mo(Sio.g3Al1.43), and Al2O3- 
Mo(Sio.g3Ali .43)-Mo3Alg. Mo(SioSg3Al1 -43) was included because it is the only 
reported ternary compound in the Mo-Al-Si system. The density, Young's modulus, four- 
point bend strength, and fracture toughness of the three different composites were 
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evaluated. These composites were found to have excellent strength and stiffness at room 
temperature. 

Low-cost preceramic binders mixed with a broad range of fillers can be applied to metals 
as composite coatings that adhere well and are very corrosion resistant. The concept is 
based on the use of a mixture of preceramic polymers, ceramic powders, and metal 
powders that react after heating to make durable coatings. Such formulations, when 
heated above 45OoC, yield ceramic or metaiceramic composite coatings, some with near 
zero shrinkage. At lower temperatures, an inorganic-organic hybrid material (90% and 
above is inorganic) coating is formed fiom the highly cured polymer and the filler 
powders. When applied to aluminum, steel, and other metals, these coatings are very 
adherent, withstand wear, and are thinner than coatings from conventional, corrosion 
resistant paints. In addition, VOC's are reduced and the coatings are resistant to HCl and 
long-term, salt spray exposure. 

Task 1. 
AVMullite System 

Evaluate Reactions and Mechanisms of Composite Formation in the 

Recently collected microstructural information has given us new insight into the reaction 
between aluminum and mullite. - In a collaboration with Professor Ping Lu of New 
Mexico Tech, we used TEM to analyze aluminum-mullite reaction couples. Previously 
we showed that the reaction layer thickness increases linearly with time over a range of 
temperatures and that its rate is a strong function of temperature, with an activation 
energy of -90 kJ/mole and a penetration rate of 6 d o u r  at 1100°C. As the 
temperature increases above 1 100°C, the linear growth period becomes progressively 
shorter and eventually stops. The duration of linear growth decreases fiom 250 minutes 
for reaction at 1100°C to less than a minute for reaction at 1250OC (Table 1). Until 
recently, this rapid decrease in growth kinetics was not understood. 

Table 1. Duration of linear composite growth as a function of temperature for the 
reactive metal penetration of mullite by aluminum. 
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1200°C 0.6 mm 7.8 mmlhr 5 min 

125OOC 0.1 mm 10.0 mm/hr 0.6 min 
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Figure 1 shows TEM micrographs of the Al-mullite reaction interface after reaction at 
900°C and 1100°C. After reaction at 9OO"C, the reaction front does not contain any 
silicon. This suggests that the rate at which silicon is removed from the reaction front is 
much greater than the rate at which it is produced by Reaction 1. TEM micrographs such 
as that presented in Figure 1 show that after reaction at 1100°C for 10 minutes there is a 
significant amount of silicon present at the reaction front. For this to occur, the silicon 
transport rate must be at least a little slower than the silicon production rate. Kinetic data 
show that the reaction proceeds for -4 hrs at 1100°C before the reaction slows, implying 
that it takes that long for the silicon concentration at the reaction front to reach saturation. 
At higher reaction temperatures, the duration of the linear growth decreases until, at 
1300°C and above, the reaction stops so soon that there is I almost no detectable reaction 
layer. Our most recent results indicate that, when it precipitates, silicon stops the RMP 
reaction by forming a diffusion barrier at the aluminum-mullite reaction interface. 
Silicon is thermodynamically stable with both mullite and the reacting metal so once it 
forms there is no tendency for further reaction. 

To gain further insight into the reaction mechanism, we calculated the rate of Si 
production at the reaction front from our measured penetration rates. We then calculated 
the Si removal rate by diffusion using literature values of the Si difision coefficient and 
diffusion activation energy for the particular microstructure observed at the Al-mullite 
reaction front. The calculated rates of Si production and transport are compared in 
Figure2 as a h c t i o n  of temperature. A comparison of these rates shows that, as 
suggested by the TEM results, Si transport is faster than Si production in the linear 
growth regime that occurs at reaction temperatures between 900°C and 1100°C. In this 
temperature range, Si concentration at the reaction front remains relatively low. As the 
reaction temperature increases, the Si production rate increases faster than does Si 
transport. This more rapid increase in Si production is due to a significantly higher 
activation energy of -100 kJ/mole for Si production compared to only -20 kJ/mole for Si 
transport. Earlier we showed that the extent of reaction between mullite and AI-Si alloys 
at 900-1100°C decreases with increasing Si content in the alloy and that there is no 
reaction between mullite and molten A1 saturated with Si. The calculated magnitudes and 
temperature dependences of the Si production and transport rates support the reaction 
mechanism described above that was based solely on kinetic and microstructural data, 

The kinetic data have been used to construct a time-temperature-reaction map that defmes 
the time-temperature combinations where the RMP reaction mechanism described above 
is operative (Figure 3). Below 900°C, the reaction is kinetically limited and therefore it 
does not proceed at an appreciable rate. 

Phase equilibrium diagrams provide a wealth of usefid information for processing 
ceramics. Our work on ceramic-metal reactions has not previously benefited from this 
approach because few ternary diagrams exist for the systems we have studied. Recently, 
we acquired a versatile software package (MTDATA, AEA Software, Pittsburgh, 
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Pennsylvania) that calculates equilibrium phase diagrams from available thermodynamic 
data. In the past year, we used MTDATA to calculate ternary equilibrium diagrams for 
several systems of interest to RMP composite processing. We compared calculated 
diagrams with published binary and ternary diagrams to evaluate the accuracy of the 
program. The ability to calculate equilibrium diagrams is giving us a great deal of 
information on reaction paths, and it will aid in screening potential reaction systems. The 
utility of the approach is discussed below in terms of the AI-Ti-0 phase diagram. 

Task 2. Evaluate Other Ceramic-metal Systems 

Work this past year concentrated on further investigations of in situ formation of metal- 
ceramic composites containing structural intermetallic phases. The compositions of 
particular interest to us are those made according to Reactions 2-4 : 

3 Mo + 8 A1 + 3 A16Si2013 + 13 A1203 + 3 MoSi2 
6.5 Mo + 17.3 A1 + 3 Algsi2013 -+ 13 A1203 + 6.5 MoSi0~g3A11.43 

(2) 
(3) 

9.5 Mo + 25.3 A1 + 3 AlgSi2013 -+ 13 A1203 + 6.5 MoSio.g3A11.43 + Mo3Alg (4) 

We made the composites by reactive sintering or reactive hot pressing of powders that 
were mixed either by ball milling or by attritor milling. The two mixing methods yielded 
powders that I produced composites with significantly different properties. Table 2 lists 
the hot pressing temperatures, final densities, and four-point bend strengths for all three 
compositions and both mixing methods. Not only did the attritor milled powders press to 
higher relative densities, but the composites made from them had higher strengths. Table 
3 lists other mechanical properties for each of the three3 composites prepared from 
attritor milled precursor powders. The microstructures of the composites produced from 
the two powders were different as well. Optical micrographs, shown in Figure 4, 
compare the microstructures of A1203-MoSi2 composites hot pressed fkom ball milled 
and attritor milled Mo, Al, and mullite powders that were batched according to Reaction 
2. For composites produced from ball milled powders, the MoSi2 phase is in the form of 
large, isolated particles that are typically greater than 100 pm in diameter. For.Al203- 
MoSi2 composites made from attritor milled powders, the MoSi2 phase is in the form of 
thin, elongated bands that have an average thickness of -10 pm. In both cases the MoSiz 
phase was produced by in situ reaction that required interdi&sion and rearrangement of 
the starting powders, which might have been expected to have a stronger effect on 
microstructure than powder mixing. Attritor milled powders batched and hot pressed 
according to Reactions 3 and 4 produced composites in which the ceramic and 
intermetallic phases are interpenetrating and co-continuous. These composites showed a 
smaller, but still noticeable decrease in the size of the interconnected ligaments when 
prepared from the attritor milled precursor powder. 
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Table 2. Hot pressing temperature, density, and four-point bend strength of composites 
prepared by hot pressing Mo, Al, and mullite powders mixed by ball milling or attritor 

milling. 

Temperature(oC) 1450 
Relative Density (YO) 87 

Strength CMPa) 

Table 3. Mechanical properties of composites prepared by hot pressing attritor milled 
Mo, Al, and mullite powders. 

Toughness 
W a * m l ” )  

Young’s Modulus 
GPa) 

2.8 

382 

3.5 

300 

5.2 

325 

Hardness 12.8 9.7 10.4 
( G W  

Compared to composites prepared from ball milled powder, we believe the properties of 
composites prepared fiom attritor-milled powders are better due to their higher relative 
densities and their finer, more homogeneous microstructures, The improved composite 
microstructure is attributed to better mixing and a finer ultimate particle size for the 
attritor milled precursor powders. Other researchers working on reaction bonding of 
aluminum oxide (RBAO) have shown that attritor milling is necessary to achieve the 
desired mixing and precursor powder morphology required for successful reaction 
bonding. Our powders were not milled under the extreme conditions employed for 
RBAO processing, but even mild attritor milling leads to better mixing than ball milling. 
Improved mixing should also benefit other composites prepared by reactive hot pressing 
such as A1203-Ti and A1203-Ni. 
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We used our newly-acquired capabilities in computational thermodynamics to investigate 
several systems that might be favorable for RMP processing. Figure 5 shows a ternary 
phase diagram calculated for the AI-Ti-0 system at 1200°C using the MTDATA 
program. The diagram is consistent with published binary phase diagrams. As an 
example, using the calculated diagram, the products and reaction paths can be predicted 
for the reaction of A1 and Ti02 or A1 and A12Ti05, two systems we investigated earlier 
in the program. If A1 is in contact with Ti02 at 12OO0C, the diagram shows that the 
equilibrium products should be Al203, TiO, and TiAl. The Gibbs energy for this 
reaction is -317 kJ/mole of A1203 at 1200°C. If the only reaction product of the 
oxidation of A1 is Al2O3, then Ti02 must be reduced through its sub-oxides to Ti0 in 
order to conserve mass. Some of the Ti0 then reacts with Al, forming TiAl and 
additional A1203 The ternary phase diagram shows that, at equilibrium, the product of 
the reduction of A12Ti05 by A1 will also be Al203, TiO, and TiAl. The Gibbs energy for 
this reaction is -85 kJ/mole. However, the ternary phase diagram suggests that the first 
stable reduction product of A12Ti05 and A1 has to be Ti02, not TiO. Calculating the 
Gibbs' energy for this reaction shows that it is not favorable; Le., there is a positive OG. 
Thus, AI in contact with A12Ti05 is metastable. This prediction is consistent with 
experimental results showing that A1 will react with Ti02, but there is no significant 
reaction in the Al-Al2Ti05 system. 

Task 5. Evaluate Ceramic-Metal Composite Microstructure and Properties 

This task was successfully completed for composites in the A1203-Al system in FY96 and 
work was directed elsewhere in this reporting period. As our mechanistic studies identify 
other favorable systems for making composites we will introduce them into this task. 

Task 7. Development of Commercial Collaborations 

This past year we devoted a lot of effort negotiating a three-way CRADA among Sandia, 
the Reynolds Metals Co., and the A.P. Green Co. in the area of improved refiactories for 
aluminum reprocessing, a subject to which our knowledge of Al-ceramic reactions has 
considerable relevance. The joint work statement for 'the CRADA was being evaluated 
by the DOE Albuquerque Area Office when we learned that the part of Reynolds we were 
dealing with had been sold and all of our contacts were leaving the company. Thus, we 
have had to put the CRADA on hold temporarily while we and A.P. Green seek another 
partner or group of partners from the aluminum industry. Those discussions are 
underway. 
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a 

b 
Figure 4. Optical micrographs of A1203-MoSi2 composites prepared by reactive hot 
pressing of Mo-Al-mullite powders mixed by (a) ball milling, and (b) attritor milling. 

We continue providing samples and information to companies who are evaluating our 
composites for their applications. For example, we provided samples to StratEdge 
Corporation for testing as thermal management components in electronic packages. 

SRI has made presentations on their composite coatings results to Sherwin Williams, 
AISI, Loctite, Honeywell, ACC, Conversion Technology, and Azure Capital Corporation. 

68 



0. E 0.6 0.4 ne 
AI +x 

AI -Ti -0 
1473 K 

1.01ZiXE6 Pa 

L 

a 

Figure 5 .  Ternary phase diagram for the A1-Ti-0 system calculated using MTDATA 
software. 

Task 8. Protective Coatings on Metals (Summary of SRI Results; S. Johnson and 
Y. Blum, SRI International) 

Results during the second year of this project indicated that coatings based on a broad 
range of fillers mixed into low-cost preceramic binders can be applied to metals, adhere 
well, and are very corrosion resistant. The concept is based on the use of a mixture of 
preceramic polymers, ceramic powders, and metal powders. Such a formulation, if heated 
above 450°C, will yield ceramic or metalheramic composite coatings, some with near 
zero shrinkage. At lower temperatures, an inorganic-organic hybrid coating is formed 
from the highly cured polymer and the filler powders. When applied to aluminum, steel, 
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and other metals, these coatings are very adherent, withstand wear, and allow the use of 
thinner coatings than with conventional, corrosion resistant paints. VOCs have been 
reduced. In addition, the coatings are resistant to HC1 and long-term, salt spray testing. 

Modification of the polymer has indicated that curing can be carried out at room 
temperature, making the process very attractive to industry. Discussions have been held 
with various industrial representatives regarding testing of coatings an possible 
applications. SRI’s spin-off company, 4C Technologies, is actively marketing the 
technology to industry. 

More detailed information on these results are available in the reports SRI has submitted 
on their subcontract work. 
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Sandia National Laboratories, Albuquerque, New Mexico (June 24-26, 1996). 

H. P. Chen, Y. D. Blum, S. M. Johnson, and C. Kanazawa, “Corrosion Resistant and 
High Temperature Coatings fiom Preceramic Polymers,” presented at the 49th Pacific 
Coast Regional Meeting of the American Ceramic Society, San Francisco, California 
(October. 13-15, 1997). 

D. T. Ellerby, R. K. Bordia, K. G. Ewsuk, R. E. Loehman, and W. G. Fahrenholtz, 
“Mocrostructure Control of AVA1203 Composites Formed by Reactive Metal 
Penetration,” presented at the 49th Pacific Coast Regional Meeting of the American 
Ceramic Society, San Francisco, CA (October 13-15, 1997). 
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R. E. Loehman, K. G. Ewsuk, W. G. Fahrenholtz, and J. J. Walker, “Chemical Effects in 
the Wetting of Ceramics by Molten Metals,” presented at the 49th Pacific Coast Regional 
Meeting of the American Ceramic Society, San Francisco, California (October. 13-15, 
1997). 

W. G. Fahrenholtz, K. G. Ewsuk, and R. E. Loehman, “Processing and Properties of 
MoSiz-AllO3 Composites Formed by Reactive Hot Pressing,” presented at the 49th 
Pacific Coast Regional Meeting of the American Ceramic Society, San Francisco, 
California, (Oct. 13-15, 1997). 

HONORS AND AWARDS 

None this reporting period. 

PATENTS/DISCLOSURES 

None this reporting period. 

LICENSES 

None this reporting period. 

INDUSTRIAL INPUT, TECHNOLOGY TRANSFER, AND OTHER 
INTERACTIONS 
Collaboration with other researchers 

We are continuing our collaboration with A.P. Tomsia of Lawrence Berkeley Laboratory. 
Dr. Tomsia is the co-discoverer of reactive metal penetration and has contributed 
significantly in the past to its understanding and development. Dr. Eduardo Saiz is a 
visiting scientist working with Dr. Tomsia on the project and supported by LBL. Dr. 
Tomsia’s participation is supported by internal funds from LBL. 

Professor Ping Lu of New Mexico Institute of Mining and Technology is supported on a 
subcontract to the project to provide TEM analysis of reaction zones and other structural 
information on reaction mechanisms. Tiangao Du is a graduate student at the New 

direction of Professor Lu. Professor Raj Bordia of the University of Washington has 
provided a graduate student to work on the project during the past three summers at the 
Advanced Materials Laboratory and throughout the rest of the year at the University of 
Washington. 

I Mexico Tech who is completing a master’s thesis on reactive metal penetration under the 
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Dr. Sylvia Johnson and Dr. Yigal Blum worked on a subcontract to the project to evaluate 
oxidation- and corrosion-resistant coatings on steel and Ai. The coatings are made by full 
or partial pyrolysis of mixtures of organo-metallic polymers, metal powders and ceramic 
additives, as described above. 
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ADVANCED MATERIALS FOR HIGH TEMPERATURE LIQUID METAL 
CORROSION AND EROSION RESISTANCE 

M. Trkula, M. A. Nastasi, K. C. Walter, and D. W. Carroll 

Materials Science and Technology Division 

Los Alamos National Laboratory 
Los Alamos, New Mexico 87545 

P.O. BOX 1663, MS-E549 

INTRODUCTION 

We are developing novel coating technologies and surface engineering to develop erosion 
resistant, thermodynamically stable, and highly adherent conformal coatings on die 
materials used to cast aluminum and other metals. A fundamental component of this 
work is the combination of several areas of Los Alamos expertise that will allow us to 
engineer the surface and coating at an unprecedented level. Specifically, we will combine 
low-temperature, organometallic chemical vapor deposition (OMCVD) with plasma 
immersion ion processing (PIP). In aluminum casting, high production rates and use of 
aluminum-silicon alloys leads to corrosion and erosion of the die which leads to 
premature die failure. Currently, there exists little that can be done to address this 
problem. Die cast aluminum is designed heavier than required to extend die lifetime. 
This leads to scrap aluminum, energy waste, and lower productivity. The “Aluminum 
Industry: Industry/Government Partnerships for the Future’, specifically calls out 
enhanced coating technologies under their Enabling Technologies. The successful 
development of novel coating technologies directly addresses four research needs of the 
metal casting industry. Coatings that are adherent, wear-resistant, and non-reactive with 
the molten metal will allow improved dimensional control of castings and casting quality 
which may reduce or eliminate the need for post-casting finishing. Improved dimensional 
control allows the production of castings with thinner walls. This reduces the use of raw 
materials and, more importantly, reduces the weight of cast products. By successfully 
developing coatings to provide extended die-casting die life, one reduces the number of 
production stoppages (increasing productivity and domestic competitiveness), energy 
consumption (by avoiding molten metal remelt after changing out a die), and the 
environmental impact of die-casting (by eliminating the need for release agents that may 
contaminate cooling water). 
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TECHNICAL PROGRESS - FY 1997 

This project is a new start as of the fourth quarter for FY 1997. We focused our efforts 
on materials synthesis and characterization of two materials of primary interest in 
aluminum casting, namely AlN and B&. 

1. Background 

In considering die srdace compatibility with molten aluminum, a search of the literature 
suggests a large number of refractory carbides, nitrides, borides, and oxides as potential 
candidates. A metric for a coating is the thermal shock parameter. The thermal shock 
parameter, S, is given by 

EA a 
(1 - V ) K  

where; E is the modulus of the coating, Aa is the difference in coefficient of thermal 
expansion (CTE) between the coating and substrate, v is Poison’s ratio and K is the 
thermal conductivity of the coating. To obtain a large value of S and, therefore, good 
thermal shock performance, one desires a low modulus, small difference in CTE, and 
high thermal conductivity. Low modulus is generally at odds with high hardness and 
subsequently good wear properties. Furthermore, high modulus coatings are typically 
low-fracture-toughness materials prone to brittle fracture particularly in tension. For wear 
properties, high modulus is required but improvements in fracture toughness are possible 
with composite coatings. A high CTE is desirable to match that of tool steels (which 
range from 1 1 to 13 x 10-6 K-1) and minimize Aa. High thermal conductivity is very 
desirable. In addition to its importance in reduced thermal shock effects, it is significant 
in terms of temperature control of dies in operation. 

Several materials stand out as potentially superior candidates. However, no one material 
is the clear choice. Considering the above analysis, we chose to investigate AlN, B4C, 
ZrB2 and TiB2 for our initial studies. Below, we report our results for A1N and B4C. 

2. Materials Synthesis 

We produce thin-film coatings of AIN by low-temperature OMCVD. The deposition 
system is a cold-wall vertical reactor. We control the gas flows with precision mass flow 
controllers. Temperatures are monitored with type K thermocouples. The thermocouples 
provide a feed back signal for active temperature control. The aluminum precursor is 
tris(dimethy1amido) aluminum. The aluminum precursor is held at 84°C and the vapor is 
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swept with a flow of 150 sccm of helium. This is mixed with N H 3  flowing at 150 sccm. 
All experiments were at a total pressure of 1.0 torr. We performed a series of depositions 
at different temperatures on both silicon and steel substrates. All depositions gave a 
lustery film. Details of the experiments are in Table 1. 

Table 1. Deposition conditions for A1N. 

Run substrate Temperature (C) deposition time (min) 
A1N2 Si 422 12 
A1N3 steel 362 24 
A1N4 steel 423 24 
A1N5 Si 302 12 

Amorphous boron carbide coatings were deposited on steel using a P IP  process. The 
steel coupons (1" x 2" x 0.5") were mechanically polished to a mirror finish. The 
coupons were introduced into the PIP  chamber and sputter cleaned in 20 mtorr argon at 
1.4 kW of rfpower to the plasma sources and a 2 kV bias with a 50 ps pulse width at a 4 
kHz pulse frequency. The incident ion dose for the cleaning was 3.6 x 10". The boron 
carbide was deposited using a pulsed glow discharge method of generating the plasma. 
Plasma conditions were 4 kV bias with a 30 ps pulse width at a 4 kT3z pulse frequency. 
The deposition was run for 6 hours at 20 mtorr total gas pressure. The gas mixture 
consisted of diborane @2&) diluted in helium and acetylene (C2H2). 

3. Material Characterization 

Compositions of the samples were measured by simultaneous elastic recoil detection 
(ERD) and Rutherford backscattering spectroscopy (RBS). The ERD provides 
information about the hydrogen concentration, and RBS measures all other elements 
heavier than helium. The analysis used the 3 MeV tandem accelerator at the Los Alamos 
Ion Beam Materials Laboratory. A 2 MeV He+ beam occurs on the sample at an angle of 
incidence of 7". Helium ions elastically backscattered at an angle of 167" are detected by 
a silicon surface-barrier detector connected to standard pulse-counting electronics. 
Hydrogen elastically recoiled from the sample at an angle of 30" is detected by a similar 
detector. A piece of mylar 8-m thick is placed in front of the detector to block scattered 
helium ions. 

We use nanoindentation to measure the elastic modulus of the materials. The 
nanoindenter only travels 10% of the sample thickness to avoid substrate effects. From 
the load displacement curve, we calculate elastic modulus and hardness. 
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Pin-on-disk wear tests were performed using a smooth, 6-mm-dia. 52100 ball, 50% 
relative humidity, loads from 0.2 to 0.4 N, a Hertzian contact stress from 360 to 460 m a ,  
120 rpm, and a track diameter of 3 mm. The coefficient of friction was calculated by 
measuring the tangential force on the pin through a load cell. 

Figure 1 shows the RBS spectra for A1N sample AlN2. Analysis of the data indicates the 
AlN thin film is near stoichiometric. The aluminum to nitrogen ratio varies from 1.06 to 
0.94 for the films we studied. The ERD data indicates there is -5% residual hydrogen 
incorporation into the film. The AlN films were -0.2 pm thick for the 12 minute runs 
and -0.4 pm for the 24 minute runs. The nearly linear change in film thickness indicates 
a prompt AlN nucleation. 
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Figure 1: The RBS spectra for AlN sample AlN2. The film is nearly stoichiometric with 
little hydrogen incorporation. 

Boron carbide film compositions were determined with RBS. Ion beam analysis of 
coatings showed that the composition was dependent on the gas composition. The boron 
to carbon ratio varied from 2.7 to 2.2. The hydrogen atomic content of the films also 
varied from 18% to 40%. Nanoindentation of coatings showed a hardness of 12-13 GPa 
and a Young's modulus of 115-140 GPa. The mechanical properties did not vary 
significantly with film composition. However, the tribological behavior of the coatings 
was observed to depend greatly on coating composition. It was observed that the coating 
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with the greatest carbon content also had the greatest wear resistance and lowest 
coefficient of friction. 

MILESTONES 

Initial thin-film coatings were deposited on silicon and steel substrates. The materials 
were characterized for thickness, composition, mechanical and tribological properties. 

PUBLICATIONS 

None. 

PRESENTATIONS 

None. 

INDUSTRTAL INPUT AND TECHNOLOGY TRANSFER 

Many companies have expressed an interest in this technology. These include General 
Motors, Chrysler, Empire Hard Chrome, Alcoa, and Renolys. We have kept them abreast 
of these developments. 

COST SHARING 

None. 

ESTIMATED ENERGY SAVINGS 

We have studied material Iifetime and its effect on aluminum die casting in the 
automotive industry. Estimates indicate that dye life extension for this industry alone can 
result in energy savings of 3.3 x lo'* to 3.3 x 1013 BTU/year. 
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ADVANCED ORDERED INTERMETALLIC ALLOY DEVELOPMENT 

C. T. Liu and P. J. Maziasz 

Metals and Ceramics Division 
Oak Ridge National Laboratory 

Post Office Box 2008, Oak Ridge, Tennessee 3783 1-6 1 15 

INTRODUCTION 

The need for high-strengthy high-temperature, and light-weight materials for structural 
applications drives the development of ordered intermetallics, particularly y-based 
titanium tluminides. The. y-based TiAl alloys have an attractive mixture of low density 
(- 4g/cm ), low thermal expansion and good thermal conductivity, good creep resistance, 
and high-temperature strength and oxidation resistance. Low density is particularly 
important for rotating or high-speed components, and TiAl also has a high damping 
coefficient which further minimizes vibrations and noise. These particular y-TiAl alloys 
with 46 to 48 at. % aluminum contain two phases, a2 (DO19 structure) and y(Llo), at 
temperatures below 1 12OoC, the eutectoid temperature. The mechanical properties of 
such alloys are very sensitive to both alloy compositions and microstructure. Depending 
on heat treatment and thennomechanical processing, microstructures with near-equiaxed 
y, a duplex structure (a mix of the y and a2 phases) or a lamellar structure (mixtui-es of 
alternating plates of the y and a2 phases) can be developed in TiAl alloys containing 45 
to 50 at. % Al. The major concern for structural use of TiAl alloys is their low ductility 
and poor fracture resistance at ambient temperatures. The purpose of this project is to 
.improve the fracture toughness of TiAl-based alloys by controlling alloy composition, 
microstructure and thermomechanical treatment. This work is expected to lead to the 
development of y-TiAl alloys with significantly improved fracture toughness and tensile 
ductility for structural use. 

TECHNICAL PROGRESS - F Y  1997 

Summary 

1. Alloy Preparation and Microstructural Features 

This year we have completed the study of TiAl alloys in both hot extrusion and cast 
conditions. Table 1 lists the alloy compositions of cast and hot extruded TiAl alloys used 
in this study. The base composition of Ti-47A1-2Cr-2Nb (at. %) was modified with 
additions of 0.15B, 0.2M0, and 0.2W. Boron, molybdenum and tungsten were added for 
refining the colony size, lamellar structure (or both), and improving their stability. 
Tungsten also has the beneficial effect of enhancing high-temperature properties. The 
five alloys (TU-20 to 25) containing 46 to 48 at. % A1 were prepared by arc melting and 
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drop casting into a copper mold, using high-purity charge materials. These alloy ingots 
were then canned in Mo billets and hot extruded at 1350°C and 1400°C (T, =1320"C 
for Ti-47A1-2Cr-2Nb alloy). 

Table 1. Nominal Compositions of Cast Alloys and Hot Extruded TiAl Alloys. 

Alloy number Alloy composition 
(at. %) 

Alloy condition* 

TIA-20 Ti-47A1-2Cr-2Nb-0.15B 
TU-2 1 Ti-47A1-2Cr-1.8Nb-O.2W-O.15B 

TIA-23 Ti-46A1-2Cr-2Nb-0.15B 
TIA-24 Ti-48A1-2Cr-2Nb-0.15B 

TIA-25 Ti-46A1-2Cr-1.8Nb-O.2W-O.15B 

TIA-27 Ti-46A1-2Cr-1.8Nb-0.2Mo-O.2W-0.15B 
TIA-29 Ti-46A1-2Cr-1.5Nb-0.2Mo-0.5W-0.15B 

HE at 1350°C 
HE at 1350 and 
1400°C 

HEat 1400°C 
HE at 1400°C 

HE at 1400°C 

Cast 
Cast 

*HE = hot extrusion. 

All five alloys were successfully hot extruded above T, without difficulty. The hot 
extrusion above T, resulted in lamellar structures with extremely fine colony sizes 
(22-33 pm). The hot extrusion at 1350°C produced near l l l y  lamellar structures, with 
some equiaxed and elongated y grains existing along colony boundaries. On the other 
hand, the hot extrusion at 1400°C resulted in lower amounts of y grains at those 
boundaries. In order to vary both grain size and lamellar spacing, the hot-extruded alloys 
were heat treated at 900°C to 1350°C. Metallographic examination indicates that the heat 
treatment at temperatures c: 1320°C caused no significant change in grain size, while heat 
treatment at 1350°C sharply increased grain size. The variation in grain size by heat 
treatment of hot extruded TIA-20 to 25 is given in Table 2. 

Microstructural features of the lamellar structures within the grains in TIA-20 and -21 
extruded at 135OoC, and in TIA-21-2, and TIA-25 extruded at 1400°C were examined by 
transmission electron microscopy (TEM) after stress relieved for 2 h at 900°C. The 
lamellar spacings were carefully measured and their results are summarized in Table 2. 
The average interlamellar spacing, measured to include both y and a2 platelets, varies 
fiom'l05 to 440 nm, with the finest spacing for TIA-25 hot extruded at 1400°C. Because 
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of the fine interlamellar spacing in the as-extruded materials, the ratio of y to a2 platelets 
is close to 1:1, indicating only a few y/y boundaries. Figure 1 compares the lamellar 
structures in TIA-21 hot extruded at 1350"Cand 1400°C. The extrusion at 1350°C 
resulted in about 10% to 20% volume fraction of equiaxed and elongated y in intercolony 
grain regions, whereas the extrusion at 1400°C resulted in less than 10% intercolony y 
structures. This comparison suggests that, during the hot extrusion, the temperature of 
the extrusion billets (which were preheated to 1350°C) may have dropped to below T, 
((= 1320°C), resulting in the formation of y along the a grain boundaries. 

Table 2. Quantitative Lamellar Microstructural Data on Hot-Extruded and 
Heat-Treated TiAl Alloys. 

Interlamellar y-Platelet Grain 
Compositions Spacing width size 

Alloy/HT (at. %) (m> (w) 

Hot-Extruded at Tl 
TIA-20 47A1-2Cr-2Nb-O.15B 

2W90O"C 225 95-870 
2W1320"C 440 160-1250 33 
2W135O"C 182 

TIA-2 1 47A1-2Cr-1.8Nb-O.2W-O.15B 
2h/900°C 160 74-635 
2h/132OoC 300 290-1 100 31 
2h/1350°C 150 

Hot-Extruded at 

TIA-2 1-2 47A1-2Cr-1.8Nb-O.2W-O.15B 
2h/900°C 141 
2W132O"C 
2h/1350°C 

40-750 25 
35 
99 

TIA-25 46A1-2Cr-1.8Nb-O.2W-O.15B 
2h/9OO0C 105 21-520 26 
2W1320"C 135 
2h/l 35OoC 148 
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Figure 1. Effect of hot extrusion temperature on intercolony structure in TIA-21. 

2. Tensile Properties of Hot-Extruded Alloys 

The tensile properties of hot-extruded TIA alloys were deterniined at room temperature, 
300"C, 600"C, 800"C, and 1000°C in air. Figure 2 compares the tensile properties of 
TIA-25 (developed at O N )  with an advanced two-phase TiAl alloy, K-5 (Ti-46.5AI- 
2. 1Cr-3Nb-0.2Wy at. %), developed recently. The comparison indicates that TIA-25 with 
an ultra-fine lamellar structure is much stronger and more ductile than K5. The superior 
tensile properties of TIA-25 are due to a combination of the fine colony size and fine 
interlamellar spacing produced by hot extrusion. Alloy TIA-25 is also stronger than TIA- 
21 , with slightly finer and more uniform lamellar spacing within the colonies, and slightly 
different intercolony boundary region structure. 
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Fig. 2. 
advanced alloy K5 (Ti-46.5A1-2.1Cr-3Nb-O.2W, at. %). 

Comparison of tensile properties of TIA-25 developed at ORNL with the 
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3. Structure/Property Correlation 

In order to identify a key parameter, the tensile elongation at various temperatures are 
plotted against grain size (d). Figures 3(a) and (b) show the plot of the room-temperature 
tensile elongation as functions of d and d-'", respectively. As indicated in Figure 3(b), a 
linear relationship holds reasonably well between tensile ductility and d'". This 
relationship had been observed for quasi-brittle materials, based on a consideration of the 
propagation of cracks with an average length that is the same as the grain size. Note that 
such a relationship does not hold for the ductility at elevated temperatures, such as 800°C. 

The yield strength of TIA alloys at room and elevated temperatures are analyzed by the 
Hall-Petch equation based on both the grain size and on the interlamellar spacing as 
strength-determining parameters. No linear relationships exist for the grain size plot, but 
an excellent relationship is found for the Hall-Petch plot of interlamellar spacings, as 
showing in Figure 4 for the yield strength at room temperature and at 800°C. These plots 
clearly indicate that the interlamellar spacing is the key parameter controlling the yield 
strength of these two-phase TiAl alloys. Hall-Petch relationships were observed for two- 
phase TiAl alloys where the yield strength at room temperature was plotted against grain 
size instead of interlamellar spacing. A more detailed comparison of the values of the 
Hall-Petch slope obtained in this work with those slopes obtained by others will be 
reported later. 

5 10 15 20 25 
(grain size)"Rx10 (m)"" 0 50 100 150 200 250 300 

Grain Size (micron) 

Figure 3. Plot of room-temperature tensile elongation as a function of (a) grain size (d) 
and (b) d-'". 
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Figure 4. Hall-Petch plot of the room temperature and 800°C yield strength data for TIA 
alloys versus interlamellar spacing. 

The study of microstructures and tensile properties of two-phase TiAl with lamellar 
structures based on Ti-47Al-2Cr-2Nb leads to the following important conclusions: 

The interlamellar spacing and grain size in the TiAl alloys with lamellar structures 
can be controlled by hot extrusion at temperature above T, and subsequent heat 
treatment around Ta . 

The tensile ductility around 5% and strength close to 900 MPa at room temperature 
are obtained for the TiAl alloys with ultra-fine lamellar structures (grain size < 35 
pm, and interlamellar spacing 0.1 pm). 

A Hall-Petch relationship exists between room-temperature tensile elongation and 
grain size, indicating that the grain size is the key parameter in controlling the 
ductility at room temperature. Such a relationship, however, does not hold for the 
elongation at elevated temperatures, such as 800°C. 

4. Tensile Properties of Cast Alloys 

Many industries are interested in using TiAl alloys in cast conditions because of the 
relatively lower cost for cast materials as compared with wrought materials. During this 
year, efforts have been focused on the study of the microstructure and mechanical 
properties of cast material without hot extrusion. Two alloys TIA-27 and -29, with their 
compositions listed in Table 1, were prepared by arc melting and drop casting, followed 
by various heat treatment to control cast microstructures. 

The a transus temperature of TIA-27 is estimated to be around 1320°C. In order to 
control the grain size, as-cast samples were heat treated at 1320 f 20°C for up to 60 min. 

88 



Figure 5 shows the microstructure of the as-cast sample together with ones heat treated at 
1300"C, 1320°C and 134OOC for 20 min. The as-cast material [Fig. 5(a)J basically has a 
lamellar structure; however, the grain-boundary region in the etched sample showed a 
wide band of the dark contrast, possibly because of solute segregation and formation of 
second-phase particles (coarse a2 or possibly p particles). The samples heat treated at and 
above 1300°C showed a more "regular" lamellar structure, with lamellar platelets clearly 
visible. A small amount of equiaxed y grains is visible at grain boundaries in Fig. 5@), 
indicating that the heat treatment temperature of 1300°C is slightly below the CY-transus 
temperature, Such equiaxed y grains are essentially not observed for samples heat treated 
at 1320°C and 1340°C [Figs. 5(c) and (d)]. The grain size for the as-cast and heat-treated 
samples is about the same (-66 vm), as measured by a linear intercept method. The alloy 
also showed no significant increase in grain size when the heat-treatment temperature was 
increased from 20 to 60 rnin at 1300°C to 1340°C. 

The mechanical properties of TIA-27 in the as-cast and heat-treated conditions were 
determined by tensile testing at temperatures to 1000°C in air (stress relieved for 2 hr at 
900°C does not change the microstructure). Table 3 shows the effect of heat treatment on 
tensile properties of cast TIA-27. Among all samples, the one heat treated for 20 min at 
1320°C shows the best yield strength (98.1 ksi) and tensile ductility (0.5%) at room 
temperature. Since all the samples have a reasonably small grain size (-66 pm), the low 
tensile ductility may be caused by a combination of casting defects (such as porosities) 
and microscopic second-phase particles (P-phase particles). 

The tensile data in Table 3 also show a general trend of decreasing strength and 
increasing tensile ductility as their test temperature increases. Among the samples, those 
annealed for 20 rnin at 1300°C and 132OOC showed the best tensile ductilities but lowest 
yield strength at elevated temperatures. Another heat of TIA-27 (designated as TU-27-2) 
and a new heat of TIA-29 were similarly cast and heat-treated for 2 hrs at 900°C and 
tested at room temperature. Their tknsile data is included in Table 3. Both showed 
fracture strengths of 80 to 90 ksi with only 0.3% total elongation. Both alloys were also 
aged for 72 hrs at lOOO"C, which resulted in lower strength. 

J 
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Figure 5. Effect of heat treatment on optical microstnrctures of cast TIA-27 alloy 
(a) as-cast, (b) heat treated 20 min/130O0C, (c) 20 min/132O0C, and (d) 20 
min/134O0C. 200x. 
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Figure 5 (continued). Effect of heat treatment on optical microstructures of cast 
TIA-27 alloy (a) as-cast, (b) heat treated 20 min/130O0C, (c) 20 min/132OoC, and 
(d) 20 min/134O0C. 200x. 
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Table 3. Effect of Heat Treatment on Tensile Properties of Cast Ti41 Alloys. 

Heat Test Fracture Total 
treatment temperature Yield strength strength elongation 

Alloy (“C) (C) MPa (ksi) MPa (ksi) (%I 

TIA-27-la 2 W900 
TIA-27- 1 a 2 W900 

TIA-27-2a 2 W900 
TIA-27-2a 2 W900 + 

3 dl000 

TIA-27-lb 2 W900 
TIA-27-lb 2 W900 + 

3 d l000  

TU-27- 1 a 

TU1-27-1~ 

TIA-27- 1 a 

TU-27- 1 a 

TIA-27- 1 a 

TIA-27- 1 a 

TIA-27- 1 a 

TIA-27- 1 a 

TIA-27- 1 a 

20 m i d  
1300 
20 mid 
1300 
20 m i d  
1300 
20 mid  
1320 
20 min/ 
1320 
20 min/ 
1320 
20 mid  
1340 
20 mid  
1340 
20 m i d  

20 
1000 

20 
20 

20 
20 

20 

600 

1000 

20 

600 

1000 

20 

600 

1000 

617 (89.5) 
431 (62.5) 

-- 
-- 

-- 
-- 

-- 

487 (70.7) 

377 (54.7) 

676 (98.1) 

460 (66.7) 

360 (52.2) 

-- 

548 (79.5) 

405 (58.8) 

617 (89.5) 
442 (64.2) 

571 (82.6) 
324 (46.9) 

634 (91.8) 
500 (72.4) 

497 (71.8) 

524 (76.0) 

423 (61.4) 

676 (98.1) 

526 (76.3) 

395 (57.3) 

444 (64.5) 

548 (79.5) 

457 (66.4) 

0.5 
1.3 

0.3 
0.2 

0.3 
0.3 

0.3 

3.3 

4.7 

0.5 

2.3 

4.7 

0.2 

0.7 

1.4 
1340 

aTIA-27 (Ti-46A1-2Cr-1.8Nb-0.2Mo-0.2W-0.15B at. %). 
bTIA-29 (Ti-46A1-2Cr-1 SNb-0.2Mo-0.5W-0.15B at. %). 
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PUBLICATIONS 

Journals 

P. J. Maziasz and C. T. Liu, “Development of Ultrafine, Lamellar Structures in Two- 
Phase y-TiAl Alloys,” accepted by MetaZZurgicaZ and Materials Transactions A for 
publication in January 1998. 

P. J. Maziasz, R. V. Ramanujan, C. T. Liu, and J. L. Wright, “Effect of B and W Alloying 
Additions on the Formation and Stability of Lamellar Structures in Two-Phase y-TiAl,” 
Intermetallics 5 (1997) 83-96. 

C. T. Liu, J. Stringer, J. N. Mundy, L. L. Horton, and P. Angelini, “Ordered Intermetallic 
Alloys: An Assessment” J.  Intermetallics 5 (1997) 579-96. 

C. T. Liu, J. H. Schneibel, P. J. Maziasz, J. L. Wright, and D. S. Easton, “Tensile 
Properties and Fracture Toughness of TiAl Alloys with Controlled Microstructures,” 
Intermetallics 4,429-40 (1 996). 

R. V. Ramanujan, P. J. Maziasz, and C. T. Liu, “The Thermal Stability of the 
Microstructure of y-Based Titanium Aluminides,” Acta Metall. 44,26 1 1-42 (1 996). 

C. G. McKamey, S. H. Whang, and C. T. Liu,“Microstructural Characterization of a y- 
TiAl-Ni Alloy Produced by Rapid Solidification Techniques,” Scr. MetaZZ. 32,383 (1995). 

C. T. Liu and J. A. Horton, “Effect of Refractory Alloying Additions on Mechanical 
Properties of Near-Stoichiometric NiAl,” J.  Mat. Sci. andEng. A192/93, 170-78 (1995). 

J. A. Horton, C. T. Liu, and E. P. George, “Shape Memory Properties of a Two-Phase 
NiAl Plus Fe Alloy,” J. Mat. Sci. and Eng. A192-93,873-80 (1995). 

Other Publications 

P. J. Maziasz, C. .T. Liu, and J. L Wright, “Stability of Ultrafine Lamellar Structures 
During Aging in Two-Phase y-TiAl Alloys,” to be published in Proc. International 
Symposium on Structural Intermetallics (ISSI-2), TMS, Warrendale, Pennsylvania 
(1997). 

C. T. Liu, P. J. Maziasz, and J. L. Wright, “Key Microstructures Controlling the 
Mechanical Properties of Two-Phase TiAl Alloys with Lamellar Structures,” pp. 83-90 in 
High-Temperature Intermetallic Alloys VII, eds. C. C. Koch, C. T. Liu, 
N. S. Stoloff, and A. Wanner, M R S  Symp. Proc. Vol. 460, Materials Research Society, 
Pittsburgh, PA (1 997). 
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P. J. Maziasz and C. T. Liu, “Ultrafine Fully-Lamellar Structures in Two-Phase y-TiAl 
Alloys,” pp. 219-223 in High-Temperature Intermetallic Alloys VII, eds. C. C. Koch, C. 
T. Liu, N. S. Stolog and A. Wanner, MRS Symp. Proc. Vol. 460, Materials Research 
Society, Pittsburgh, Pennsylvania (1 997). 

C. T. Liu and J. 0. Sgegler, “Aluminides-Nickel,” pp. 1752-60 in Encyclopedia of 
Advanced Materials, ed. M. C. Flemings, Pergamon Press, 1994. 

HONORS AND AWARDS 

C .  T. Liu was appointed to NRC Panel on AFOSR Materials Science Proposal Reviews, 
National Research Council (NRC), 1996. 

C. T. Liu and P. J. Maziasz received an ORNL R&D Accomplishment Award for a 
breakthrough in alloy design of TiAl alloys, May 1996. 

C. T. Liu was promoted to Senior Corporate Fellow at ORNL, 1997. 

PATENTSIDISCLOSURES 

None. 

LICENSES 

No license agreements have been developed with industries. Pratt and Whitney, General 
Electric, Howmet, and Rolls-Royce of America are already interested in the ORNL work 
on alloy development of NiAI. We also have several contacts with these companies for 
possible joint work on the development of TiAl alloys, and have talked with Cummins 
Engine Company and Philip Morris as well. 

INDUSTRIAL INPUT. and TECHNOLOGY TRANSFER 

Based on our initial contacts with Howmet, Pratt & Whitney, Rolls-Royce of America 
and other companies, one of the major technical concerns for structural uses of TiAl 
alloys is its poor tensile ductility and fracture toughness at ambient temperatures. 
Another concern are properties degradation after extensive service at elevated 
temperatures. Our program has been formulated based on such industrial input. P. 
Angelini and C. T. Liu visited Howmet Corporation to discuss technical corporation and 
technology transfer with Dr. Neil Paton, Vice President, and his research staff on 
November 9, 1995. C. T. Liu gave a seminar on “Development of NiAl and TiAl Alloys 
for Structural Applications” during their visit. 
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C. T. Liu and P. J. Maziasz discussed technology transfer with a representative from 
Cummings Engine Company in 1996. This work has also been discussed with 
Westinghouse Advanced Turbine Division in 1996. There may be some potential for 
TiAl to be considered in different stages of several different size gas-turbine designs in 
the ATS Program. Philip Morris is very interested in the TiAl alloy development 
sponsored by AIM, and the company will provide a new funding for ORNL in 1998 for 
further developing TiAl alloys for industrial applications. 

ESTIMATED ENERGY SAVINGS 

The development of high-temperature, light-weight intermetallic alloys based on y TiAl 
will lead to improvement in performance (in terms of thermal efficiency, durability, etc.) 
of heat engines and energy conversion systems, resulting in substantial energy savings. 
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DEVELOPMENT OF WELDABLE, CORROSION-RESISTANT 
IRON-ALUMINIDE (Fed) ALLOYS 

P. J. Maziasz, G.M. Goodwin, X.L. Wang, R.W. Swindeman, 
D. J. Alexander, and V.K. Sikka 

Metals and Ceramics Division 
Oak Ridge National Laboratory 

Post Office Box 2008, Oak Ridge, Tennessee 3783 1 

INTRODUCTION 

A boron-microalloyed FeAl alloy [Fe-(36-38)A1-0.2Mo-0.05Zr-O. 13C at.%, with 100-400 
appm B] with improved weldability and mechanical properties was developed in FY 
1994. A new scale-up and industry technology development phase for this work began in 
FY 1995, pursuing two parallel paths. One path is developing monolithic FeAl 
component and application technology, while the other is developing coating/cladding 
technology for alloy steels, stainless steels and other Fe-Cr-Ni alloys. In FY 1995, it was 
f o q d  that cast FeAl alloys had good strength at 70O"C-75O0C, and some (2%-5%) 
ductility in air at room temperature. Hot-extrusion of FeAl refined the grain size, and 
produced much more ductility and also dramatically improved the Charpy impact- 
toughness at room temperature. Powder-metallurgy (PM) FeAl alloys, consolidated by 
direct hot-extrusion at 950°C-1 OOO"C, were discovered to have an ultra-fine-grained 
microstructure, which produced the highest ductility, strength and impact-toughness that 
have even been seen in such intermetallic alloys. 

TECHNICAL PROGRESS - FY 1997 

1. Industry Testing and Corrosion Resistance 

In FY 1996, testing by INCO (G. Smith) showed that bare and preoxidized as-cast FeAl 
specimens were very resistant to carburization at 1000°C and 1100°C. The INCO 
carburizing gaseous environments simulated industrial stedmethane reformer and 
ethylene pyrolysis environments. This year, INCO expand its testing matrix to include 
measuring oxidation and sulfidation resistance of several heats of cast FeAl alloys. New 
data (€3. Baker and G. Smith) showed outstanding oxidation resistance of FeAl in air + 
5% water vapor at 1100°C out to 1000 hr (Figure 1). More new data showing 
carburization resistance at 1100°C in both oxidizing (H2-5.5% C& - 4.5% C02) and 
reducing (€32 - 1% C&) atmospheres (Figure 2), and sulfidation resistance at 816°C 
(Figure 3) were also obtained. 
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Figure 1. Oxidation testing of cast FeAl (FA-385M21 and FA-386M2) alloys, with and 
without preoxidation, at 1100°C @.A. Baker and G. Smith, INCO). 

Larger-diameter FeAl billets were hot-extruded for further testing of fine-grained effects 
on properties, including Charpy impact, tensile and welding, as well as on further hot 
fabrication. 

Large-scale casting of FeAl have been made and successfully tested for skirt materials in 
aluminum refining applications. The result has been a license of O W ' S  FeAl alloys for 
such applications by Anaconda Foundary and Fabrication Company (Anaconda, 
Montana). 

Cast FeAl grate bars and pallet tips for conveyors used in calcination of phosphate ores 
have been produced and are in test by FMC, Inc. in San Jose, California (with V.K. 
Sikka). This application involves both strength and oxidatiodsulfidation resistance at 
close to 1OOO"C, and FeAl components have been in test now for 5-6 months (Figure 4). 
The grate-bars at 1000°C show little or no signs of attack or sagging. 

Interest in FeAl by M-C Power Corporation for corrosion resistance in molten carbonate 
salts for a benign molten carbonate fuel cell (MCFC) application, and cast plates were 
sent for testing. 
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Figure 2. Carburization testing of cast FeAl (FA-385M21 and FA-385M2) alloys, with 
and without preoxidation, in: (a) oxidizing atmosphere, and (b) reducing atmosphere at 
1 100°C, together with alloy 800 @.A. Baker and G. Smith, INCO). 
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Figure 3. Sulfidation testing of cast FeAl (FA-385M21 and FA-386M2) alloys, with and 
without preoxidation, at 816"C, together with alloy 800 (B.A. Baker and G. Smith, 
rNC0). 

Figure 4. Cast FeAl grate-bar and pallet tip components, produced by FMC, Inc., for 
calcination of phosphate ores. 
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2. FeAl Fabrication Technology 

Previous FeAl weld-overlay tests involved aspiration-cast wires for shielded-metal-arc 
(SMA) and gas-tungsten-arc (GTA) welding processes produced by Haynes International 
and others. Automated GTA and gas-metal-arc (GMA) commercial weld-overlay 
processing requires continuously coiled, small diameter weld wire. Stoody Company was 
able to produce 1.6-mm-dia. solid- and powder-cored Fe-A1 weld wire with compositions 
formulated to produce FeAl weld deposits with near-optimum Fe - 36-39 at.% A1 
compositions, with (Stoody I) and without (Stoody Q Cr. Crack-fiee FeAl weld-overlay 
test pads have been produced on 2% Cr-1Mo and type 310 steels using the standard 
350°C preheat and 750°C post-weld heat-treatment. Lower A1 wires (Stoody III and N) 
were also obtained. 

Welding studies on monolithic FeAl components and thicker material began in FY 1996 
and continued this year to solve the problem of cold-cracking. Initial efforts to weld FeAl 
centifbgally-cast (FA-385M2) tubes using filler wire last year were unsuccessful due to 
cold-cracking without preheat and post-weld heat treatment. Subsequent microstructural 
examination also revealed significant micro-cracks in the as-cast materials. To test the 
hypothesis that cold-cracking and welding difficulties are related to the ductility in 
ambient air (which necessarily involves resistance to moisture-induced cracking), 
autogenuous automated GTA welds were made on hot-extruded P/M FeAl materials with 
much higher ductility and significantly refined grain sizes. Good crack-fi-ee welds were 
made on the P/M FeAl material with no preheat or post-weld heat-treatment. This was a 
major breakthrough for weldinglweldability of FeAl alloys. Previously, hot-extruded I/M 
FeAl alloys with 30-50-pm grain size and 8%-10 % ductility in air at room temperature 
were also found to be weldable with no preheat or postweld heat treatment. As-cast 
materials FeAl with. only 3%-4 % ductility were still found to cold-crack when similarly 
welded. However, there does appear to be a threshold ductility and strength level above 
which FeAl can be succesfully welded, because last quarter, one of the heats (FA-386M2) 
was found not to cold-crack after a heat treatment of lhr at 1200°C. Systematic studies 
of the weldability as a hnction of minor alloy composition, processing-induced 
microstructures and ductility in air are on-going. 

3. Mechanical Properties of I/M and P/M FeAl 

Mechanical properties of monolithic FeAl alloys have been examined as functions of 
alloy composition and processing-induced microstructures. Emphasis has been on the as- 
cast and on the hot-extruded I/M materials, with some prior work on P/M FeAl alloys 
consolidated by direct hot-extrusion. Alloy compositional effects have focussed only on 
minor variations and combinations of B, Cy and Zr added to the FA-385FA-385M2 base 
alloys from previous work, as shown in Table 1. 
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Table 1. Compositions of new cast FeAl alloys. 

FA-385M2 
FA385M21 

FA-386M 1 
FA-386M2 

21 .I 
21.1 

21 .I 
22.1 

Composition (wt.%) 
- Cr j@ E && & C - B -  Heats 

0.42 0.1 0.03 0.005 16238 
0.42 0.1 0.03 0.010 16239 

16400 
16402 
16346 

0.42 0.15 0.07 0.005 16240 
0.42 0.15 0.07 0.005 16241 

16399 
16401 
16345 

Previous work on as-cast FeAl alloys with B micro-alloying additions showed that they 
had about 400 MPa yield strength (YS) up to about 700°C-750°C due to fine dispersions 
of ZrC precipitates. Heat treatments of lhr at 1200°C can increase room temperature 
ductility in air to 3%-4% and boost the YS to 500-550 MPa in new FeAl alloys with more 
added C and Zr, without sacrificing high temperature strength and creep-resistance at 
700°C-800°C. Previously, such cast FeAl specimens heat-treated at 750°C or at 1200°C 
were also found to also have Charpy impact energies of 11-14 J (Table 2), which 
considering their coarse grain size (200pm-400 pm) and lower relative ductility, is quite 
good. Previous Charpy impact testing of similar FA-350 alloys hot-extruded to have 
more ductility and refined grain size (about 100 pm) only showed 3-5 J impact energy. 
TEM examination showed that there new FeAl heats also have more abundant dispersions 
of fine ZrC precipitates. High-temperature tensile testing also shows that these newer 
cast alloys have much better strength up to 800°C, and have strength comparable to cast 
HU alloys at 900°C and 1000°C (Figure 5). 

- C F A - 3 8 5  + -SA 316 steel ---- P/M FA-385 (1 000°C) 

-.-Ccest FA-386Ml 
HU. cast Fo-4ONi-18Cr 

SA typo 3 Y i  
stnrntcss steel --- -=-- 

0 200 400 600 8 0 0  i 000 i 200 

Tensile Test Temperature <"C) 

Figure 5. Plot of yield strength (YS) versus tensile test temperature for cast FeAl alloys 
with and without boron doping. Data for type 316 stainless steel and for cast HU 
stainless alloy are included for comparison. 
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Table 2. Charpy impact energy of cast and heat-treated FeAl alloys. 

Heat 
Alloy Treatment Temperature ("C) Charpy Impact Energy (J) 

FA386MI 

FA386M2 

1 h at 750°C 
1 h at 1200°C 
1 h at 750°C 
1 h at 1200°C 

25 
25 
25 
25 

14.24 
13.56 
10.85 
13.56 

Elevated temperature strength and creep-rupture resistance were also examined in hot- 
extruded PM, mechanically-alloyed (MIA) or oxide(ythia)-dispersion-strengthened 
(ODS) FeAl alloys to complete studies looking at wide-ranging effects of different kinds 
of processing and processing-induced. microstructures on properties. Previous studies had 
shown that ultrafine grained PM FeAl had outstanding room-temperature ductility, 
strength and impact-toughness, but less high-temperature strength and creep-resistance 
than cast FeAl alloys. Heat treatments of material extruded at 950"C-1000"C slightly 
coarsen the grain-size (1Opm-12 pm) but also produced copious fine ZrC precipitation. 
These concurrent microstructural changes lower the room-temperature ductility and 
strength somewhat, but clearly enhance the high-temperature strength and creep- 
resistance. M/A FeAl shows the highest YS ever seen in FeAl at room-temperature, and 
retains significant strength even at 1000°C. The ODs FeAl does not behave much 
differently than PA4 FeAl. 

At the end of this year, new heats of cast FeAl alloys with minor additions intended to 
produce similar, more robust ZrC or MC carbide precipitate microstructures in as-cast 
and/or heat-treated FeAl alloys were produced. In addition, modified alloys with more Zr 
and C were also hot-extruded to determine the effects of such processing on grain size 
and precipitation behavior. 

4. Residual Stress Measurements in FeAl Weld-Overlays 

ORNL has unique neutron diffraction capabilities and methods at the High Flux Isotope 
Reactor (HFIR), and that facility is being used to measure residual straidstress 
distributions in FeAl weld-overlays on 2% Cr-1Mo steel. , This work, together with finite- 
element modeling (FEM) of elastic-plastic response of the FeAl weld-overlay and post- 
weld heat-treatment processes has been done to support optimizing those weld-overlay 
processing parameters which are required in order to eliminate cold-cracking. Previous 
studies have shown compressive stresses in the steel substrate underneath the FeAl weld- 
overlay, and high tensile residual stresses in the FeAl weld-deposit itself, close in value to 
the YS. The post-weld heat-treatment of lh  at 750°C relieves some of the stresses 
developed after welding, and indeed, specimens without the post-weld heat-treatment 
showed 300-750 MPa tensile stresses in the FeAl weld-overlay deposit. Such data 
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suggests that the FeAl alloy composition and microstructure in the weld-deposit must 
enable that material to be strong, ductile and resistant to moisture-induced embrittlement 
for such weld overlays to resist cold-cracking. 

PUBLICATIONS 

Journals 

P. J. Maziasz, D. J. Alexander, and J. L. Wright, “High Strength, Ductility and Impact- 
Toughness at Room Temperature in Hot-Extruded FeAl Alloys,” Intermetallics 5 (1 997) 
547-562. 

0 ther Publications 

P. J. Maziasz, G. M. Goodwin, D. J. Alexander, and S. Viswanathan, “Alloy 
Development and Processing of FeA: An Overview,” in the Conf. Proc. Nickel and Iron 
Aluminides: Processing, Properties and Applications, eds. S.C. Deevi, P.J. Maziasz, V.K. 
Sikka and R.W. Cahn, ASM-International, Materials Park, Ohio (1997) pp. 157-176. 

PRESENTATIONS 

Oral Presentations 

P. J. Maziasz, “Using Extreme Processing-Induced Microstructures to Radically Improve 
the Mechanical Properties of Advanced Intermetallic Alloys (B2-FeA1 and .O -TiAl)” 
Invited Graduate Seminar presented at the Department of Materials Science and 
Engineering, University of Tennessee - Knoxville, Tennessee, October 1, 1996. 

P. J. Maziasz, G. M. Goodwin, D. J. Alexander, and S. Viswanathan, “Alloy 
Development and Processing of FeA: An Overview,” invited talk given at the The 
International Conference on Nickel and Iron Aluminides: Processing, Properties and 
Applications, held during Materials Week ‘96 in Cincinnati, Ohio, October. 7-9, 1996 
and sponsored by ASM-International. 

P. J. Maziasz, D. J. Alexander and J. L. Wright, “Processing and Microstructure Control 
for Improved Impact Toughness of FeAl Alloys,” talk given at the 4th International 
Conference on High Temperature Intermetallics, held April 27 - May 1, 1997, in San 
Diego, California, and sponsored by ASM-International. 

HONORS AND AWARDS 

Lockheed Martin Energy Research Corporation chose to submit this work for a R&D 100 
Award in March 1996. 
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A poster, “Processing/Microstcture for High Ductility, Strength and Toughness in P/M 
FeAl Intermetallic Alloys,” was awarded First Place in Electron Microscopy and the 
overall Grand Prize for the Metallography Contest at PM2TEC’96 World Congress, held 
June 16-21,1996 in Washington D.C., sponsored by APMI-International. 

PATENTSDISCLOSURES 

C. T. Liu, C. G. McKamey, P. F. Tortorelli and S. A. David, “Corrosion Resistance Iron 
Aluminides Exhibiting Improved Mechanical Properties and Corrosion Resistance,” U.S. 
Patent No. 5,320,802, granted June 14, 1994. 

P. J. Maziasz, G. M. Goodwin and C. T. Liu, “High-Temperature Corrosion-Resistant 
Iron-Aluminide (FeAl) Alloys Exhibitin Improved Weldability,” U.S. Patent No. 
5,545,373, granted August 13, 1996. 

LICENSES 

A preliminary license on FeAl has been obtained by Anaconda Foundry and Fabrication 
Company (Anaconda, Montana) for use as a skirt material for an aluminum 
manufacturing process by Columbia Falls Aluminum Company. FeAl is in-test for 
calcination of phosphate ores by FMC, Inc. (San Jose, California). 

Discussions have also begun with United Defense, M-C Power, Inc., Duralloy and other 
companies who have expressed interest in FeAl this year. 

INDUSTRIAL INPUT and TECHNOLOGY TRANSFER 

In 1995-96, a new series of industry tests began that was expanded in 1997. Thixomat 
Inc. (Ann Arbor, Michigan) has evaluated FeAl for wear-erosion in molten aluminum, 
and completed testing this quarter. Babcock & Wilcox (S. Cung) tested FeAl for 
resistance to coal-ash corrosion, and does not plan further tests. INCO Alloys 
International (G. Smith B.A. Baker) tested FeAl last year and discovered outstanding 
resistance to carburization at 1000°C and 1100°C. Carburization testing at 1000°C was 
extended to 1000 h, and testing was then expanded to include sulfidation and oxidation 
testing. INCO has expressed interest in FeAl for weld-overlay technology. Finkl& Sons 
(C. Manthe) is testing FeAl for resistance to corrosion molten neutral-salts used for heat- 
treating steels, and is interested in the oxidation resistance at very high temperatures. 
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Vinod Sikka initiated FeAl replacement of cast-iron for skirts around reduction cells that 
produce aluminum for Columbia Falls Aluminum Company this year. FeAl has also been 
cast as grid bars and pallet tips for application in calcination of phosphate ores by FMC, 
Inc., and have been in-test for 5-6 months at about 1000°C in a highly oxidizing and 

. sulfidizing environment. 

Cast plates of FeAl have been sent to M-C Power Corporation for corrosion resistance in 
molten carbonate salts for a benign molten carbonate fuel cell (MCFC) application. 

ESTIMATED ENERGY SAVINGS 

Energy savings of f i f ty  percent accrue fiom using the Exo-MeltTM processing of FeAl 
compared to conventional metals melting processes, and enables even larger savings in 
energy and in materials wastage when FeAl replaces steels, stainless steels, or Fe-Cr-Ni 
alloys as a longer-lasting, corrosion-resistant and heat-resistant alloy. Benefits for 
reduced metal wear of FeAl may also be realized. FeAl is also a Cr- and Ni-free 
substitute for heatkorrosion resistant steels and alloys for applications with such 
environmental and toxicity requirements. 
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MATERIALS FOR THE PULP AND PAPER INDUSTRY 

Section 1. Development of Materials for Black Liquor Recovery Boilers 

J. R. Keiser, C. R. Hubbard, P. J. Maziasz, R. W. Swindeman, 
B. Taljat, X. L. Wang, and L. E. Meyers 

Metals and Ceramics Division 
Oak Ridge National Laboratory 

Post 'Office Box 2008, Oak Ridge, Tennessee 3783 1 

D. L. Singbeil and R. Prescott 

Pulp and Paper Research Institute of Canada 
3800 Wesbrook Mall, Vancouver, BC, Canada V6S 2L9 

INTRODUCTION 

Black liquor recovery boilers are essential components of krafi pulp and paper mills 
because they are a crucial part of the system used to recover the pulping chemicals 
required in the krafi pulping process. In addition, the steam produced by these boilers is 
used to generate a significant portion of the electrical power used in the mill. Recovery 
boilers require the largest capital investment of any individual component of a paper mill, 
and these boilers are a major source of material problems in a mill. The walls and floors 
of these boilers are ,constructed of tube panels that circulate high-pressure water. Molten 
salts (smelt) are present on the floor of recovery boilers, and leakage of water into the 
boiler can result in a violent explosion if leaked water instantly vaporizes upon contacting 
the molten smelt. Tube leaks, sometimes leading to such explosions, have occurred with 
some regularity in the paper industry. 

Because corrosion of the conventionally used carbon steel tubing was found to be 
excessive in the lower section of recovery boilers, use of stainless steel/carbon steel co- 
extruded tubing was adopted for boiler walls to lessen corrosion and reduce the likelihood 
of smelvwater explosions. Eventually, this co-extruded (or composite as it is known in 
the industry) tubing was selected for use as a portion or all of the floor of recovery 
boilers, particularly those operating at pressures greater than 6.2 MPa (900 psi), because 
of the corrosion problems encountered in carbon steel floor tubes. 
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However, cracking into, or through, the stainless steel outer layer of this composite tubing 
was subsequently encountered. Almost without exception, in sloped-floor boilers, cracks 
have first been seen in wall tubes that form the openings for removal of the molten salts 
(smelt spout openings). Subsequently, cracks have been found in floor tube membranes 
and eventually in floor tubes themselves in both sloped- and flat-floor types of boilers. 

Since neither the cause of the cracking nor an effective solution has been identified, this 
program was established to develop a thorough understanding of the degradation that 
occurs in the composite tubing used for walls and floors. This is being accomplished 
through a program that includes the collection and review of technical reports, 
examination of unexposed and cracked tubes from boiler floors, collection and analysis of 
smelt samples, collection and tabulation of temperature data, measurement of residual 
stresses in as-produced, as-formed, and exposed composite tubing, computer modeling to 
predict residual stresses under operating conditions, and operation of laboratory tests to 
study corrosion, stress corrosion cracking, and thermal fatigue. From this work it is 
anticipated that alternate materials or operating procedures will be identified, and these 
will be tested in recovery boilers. 

TECHNICAL PROGRESS - FY 1997 

1. Examination of Unexposed and Exposed Recovery Boiler Floor 
Tube Components 

A significant number of cracked composite tubes from boiler manufacturers, inspection 
companies, and paper mills have been carefully examined in order to define the 
characteristics of the cracking. In some cases, large panels have been provided when all 
or significant portions of a floor have been replaced, while others have come from floors 
in which single tubes, or no more than a pair of adjacent tubes, have been removed. Of 
special interest are samples of cracked membranes and a panel that was removed from a 
boiler floor after two years of operation. 

1.1 Characterization of cracked composite membrane 

Several mills have provided membrane samples from composite tube floor panels in 
which the membrane cracks proceed into the carbon steel. Examples from two different 
mills are shown in Figure 1. These samples show cracking in the stainless steel outer 
layer that is similar to cracking seen in co-extruded tubing. However, in some cases, the 
cracks in the membrane continue into the carbon steel rather than stopping at the interface 
as seen in composite floor tubes. In many cases, the cracks in the carbon steel are 
considerably wider than in the stainless steel, suggesting that corrosion probably 
contributes to a widening of the cracks in the carbon steel. Additional residual stress 
measurements and finite element modeling are being used to gain a better understanding 
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of the stresses in the carbon steel of the bimetallic membrane material. Initial results of 
the modeling indicate that tensile axial stresses are present in the carbon steel portion of 
bimetallic membranes. 

~ 

Figure 1. Examples of cracking in membranes fiom composite recovery boiler floors. 

1.2 Characterization of weld overlay and coextruded boiler floor tubes 

During the spring of 1995, a mill in the South Central U.S. installed five panels 
constructed of materials that are options for floor tubes. These materials include co- 
extruded 304Lkarbon steel, 309L weld overlay on carbon steel, co-extruded Sanicro 38 
(modified alloy 825)/carbon steel, weld overlay 625 on carbon steel, and coextruded alloy 
625/carbon steel. The panels all contain three tubes which are each 6 ft (1.83 m) long, 
and they were installed in the floor directly in fiont of smelt spout openings. After the 
first year of operation, no cracks were found in any of the panels, but, after the second 
year, cracking was found in the 304L/carbon steel and the 309L weld overlay. The panel 
containing these six cracked tubes was removed fi-om the floor and sent to ORNL for 
examination. Following careful surface cleaning, a dye penetrant examination was used 
to reveal extensive cracking in all six tubes. ’ An example of the surface appearance of 
cracked weld overlay tubing is shown in Figure 2. Photomicrographs taken of cross 
sections of co-extruded and weld overlay tubes (see Figure 3) show that the cracking has 
many common characteristics in the two materials. The cracks in both materials originate 
at the outer surface, are transgranular, have little or no branching, do not extend into the 
carbon steel, and sometimes form corrosion pits in the carbon steel at their termination 
point. These results provide strong evidence that the cracking is more dependent on the 
composition of the stainless steel layer (300 series) than on the method used to apply the 
layer. 
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Figure 2. Photograph of the surface of 309L stainless steel weld overlay tube where 
cracks have been highlighted by dye penetrant inspection. 

Figure 3. Photomicrographs showing cross sections of cracked coextruded 304L/CS and 
309L weld overlay tubes after two years exposure in a recovery boiler floor. 

2. Transmission Electron Microscopy Examination of Samples 

The dislocation substructure that develops in a metal is influenced by the cyclic loading 
history experienced by the metal, and transmission electron microscopy (TEM) can be 
used to observe this dislocation structure. Information on the dislocation substructure of 
304 and 304L stainless steels is widely available in the literature [1-4]. At high 
temperatures (above 600°C) and large strain ranges (above 1% strain range), it has been 
established that dislocation cells or subgrains form whose dimensions can be correlated 
with the cyclic stress range [l]. At lower temperatures and small strain ranges, however, 
the dislocation substructures developed in fatigue are quite sensitive to testing conditions. 
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Planar arrays of dislocations, tangles, cells, and labyrinth structures have been reported 
under thermaVmechanica1 loading conditions [ 17,191. 

Previous studies examined the substructure in a fine-grained 304L specimen isothermally 
fatigued at 300°C and compared this substructure to that observed in 304L cladding from 
three composite tubes that cracked in service [SI. Two of the tubes were in service over 
ten years, and the third tube was removed after 18 months. The isothermally cycled test 
specimen revealed a substructure with a low concentration of network dislocations and 
some fine loops and stacking faults. In contrast, the substructure near the surface of the 
304L stainless steel cladding fiom the long-term service tubes consisted of very dense 
dislocation networks similar to cold-worked (>20% strain) stainless steel [6]. The 
substructure in the composite tube was not judged to be comparable to the substructure in 
the isothermally fatigued specimen. 

To provide another sample for comparison, a thermaUmechanica1 fatigue experiment was 
performed on a fine-grained 304L specimen to examine this phenomenon. The specimen 
was thermally cycled under full restraint (0.5% strain range) between 300°C and 600°C 
with a 0.1 h hold time at 600°C. The cycle-to-cycle hardening was more rapid than in 
isothermal tests performed at higher strain ranges (approximately 0.7%) at both 300°C 
and 600°C. The TEM investigation of the thermaUmechanica1 fatigue specimen tested 
for 200 cycles revealed a very dense tangle of dislocation networks and loops. For the 
sample in this laboratory test, these features were uniformly distributed throughout the 
matrix and cellular arrays were absent. Another important detail was .the high 
concentration of kinks and jogs along individual dislocation segments. The substructure 
differed from the fatigue structure that was produced by isothermal cycling at 300°C. 

Examination of cracked cladding from additional long-time-exposed tubes revealed little 
or no gradients in substructure fiom the near-surface to the mid-clad section. Both the 
near-surface and mid-clad substructures were qualitatively similar to the substructure 
observed in the thermaVrnechanica1 test specimen in the sense that loops and kinked 
dislocation segments were present in both types of specimens. Overall, the dislocation 
density was lower in the exposed cladding than in the thermally cycled specimen. 
Specimens were examined fiom cracked and uncracked regions of the exposed cladding 
and the substructures were found to be similar. 

Clearly, the microstructure and mechanical properties of the 304L cladding changed 
significantly during service relative to the as-manufactured cladding. Further, there is 
some evidence that thermaVmechanica1 cycling is a major factor in causing these changes. 
However, the concentration of the substructural features characteristic of thermal cycling 
is considerable less in the exposed samples than in the thermally cycled laboratory 
specimen. 
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3. Measurement of Residual Stresses in Unexposed and Exposed Tubing 

One of the purposes of residual stress studies is to provide information to identify the 
cracking mechanism operative in composite tubes subjected to kraft recovery boiler 
service conditions. Both stress corrosion cracking and thermal fatigue have been 
suggested as likely explanations for the observed cracking. In either case, the residual 
stress state in the clad layer plays an important role in that tensile residual stresses at the 
surface could facilitate crack initiation, and tensile residual stresses below the surface 
layers assist the propagation of cracks. If, however, the surface is under a compressive 
residual stress, stress corrosion cracking is considered unlikely. During this period, the 
residual stresses in chromized carbon steel tubes and panels have been characterized, 
measurements of residual stessses in welded composite tube panels have been initiated, 
and surface residual stresses have been measured in cracked and uncracked panels 
removed from operating mills. 

3.1 Residual stresses in chromized tubes and panels 

Chromized tubes are being considered as an alternative to the composite tubes currently 
in use in kraft recovery boilers. According to the manufacturer, the chromized tubes were 
fabricated by diffusing chromium from a gas phase into carbon steel tubes a a temperature 
in excess of 2000°F (1093°C). Microanalysis revealed that the chromized layer extends 
about 0.45 mm into the carbon steel. 

On cooling from the chromizing temperature, residual stresses were generated due to 
mismatch in (1) thermal expansion, and (2) lattice parameters (growth stress from 
diffusion of Cr) between the carbon and chromized steels. Typically, the chromized layer 
has a smaller coefficient of thermal expansion, and, as a consequence, the chromized 
layer is in compression after cooling. The lattice parameter of Fe-Cr increases with 
increasing chromium composition [7]. Such a mismatch in lattice parameters also 
generates compressive residual stresses in the chromized layer, followed by tensile 
residual stresses at larger depths within the carbon steel tube. 

The X-ray measurements were made using Cr K, radiation and the bcc (21 1) reflection, 
following the standard d-sin2v method. An electropolishing technique was used to permit 
measurement by the X-ray method of stresses below the surface (s 0.5 mm). The (21 1) 
reflection was used for strain determination in the neutron diffraction experiment which 
permits through thickness stress measurements (up to 6 mm). Configurations of the 
neutron diffraction experiment are similar to those used in previous studies [8] of co- 
extruded composite tubes and weld overlay tubes [9]. The neutron diffraction data were 
analyzed based on the bi-axial stress assumption, which does not require the knowledge 
of stress-free lattice parameters which as described earlier, varies with depth in the 
chromized layer. Judging from previous works by Pintschvius et al. [lo] and Wang et al. 
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[9], where a very small radial stress was measured throughout the wall thickness in tubes 
of similar dimensions, the bi-axial stress assumption is considered appropriate. 

Figure 4 shows the through-thickness residual stress profile measured with neutron 
diffraction. A defining feature of Figure 4 are the large compressive residual stresses in 
the chromized layer, followed by small tensile stresses at larger depths, as might be 
expected from the mismatch in thermal expansion and lattice parameters between the 
chromized layer and steel substrate. 
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Figure 4. Through-thickness residual stress profile in a chromized tube as determined 
with neutron diffraction. The shaded bar indicates the approximate slit width used in the 
neutron diffraction measurements. 
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Figure 5 compares residual stress values near the outer surface obtained from neutron and 
X-ray experiments, respectively. While scattered, it appears that the average residual 
stress values measured by X-ray are somewhat less compressive than those measured by 
neutron diffraction. While the exact cause for this difference is unclear, a small tensile 
radial stress would certainly contribute to this difference, as the neutron data were 
analyzed based on the bi-axial stress assumption (zero radial stress). 
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Figure 5. Comparison of the residual stresses obtained by X-ray diffraction and neutron 
diffraction near the outer surface of a chromized tube. 

3.2 Residual stresses in welded composite tube panels 

Following this study, a 5-tube chromized panel was investigated. The panel was 
fabricated by welding the carbon steel tubes together and then applying the chromized 
process. Because of the rather high chromizing temperature (>2O0O0F), the welding 
residual stresses are expected to be fully annealed and thus the residual stresses in 
chromized panels were expected to look similar to those in single tubes. 
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Figure 6 shows the through-thickness residual strain profiles measured at the crown by 
neutron diffraction. As can be seen, the residual stresses in the crown of the chromized 
tube panel are small (<+40 m a ) .  In comparison with the residual stresses measured in 
as-manufactured clad tube panels [ll], it appears that the chromizing process has 
removed nearly all residual stresses produced during welding of the tubes to form the 
panel. Because 2-mm slits were used for these measurements, residual stresses in the 
chromized layer were not determined. However, based on measurements of single 
chromized tubes (discussed above) compressive stresses are expected in the chromized 
layers of the welded panel. In general, compressive residual stresses in the surface layers 
are beneficial for applications in kraft recovery boilers because they inhibit stress 
corrosion cracking and resist thermal fatigue induced cracking. However, before a 
recommendation can be made, the effect of thermal cycling and other properties will have 
to be investigated. 
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Figure 6.  Residual stresses in a chromized tube panel. The measurements were made at 
the crown of the middle three tubes. 

To validate the finite element model for composite tube floors developed at ORNL over 
the past two years, a composite tube panel was also investigated. The specimen chosen is 
a 5-tube panel made of Sumitomo coextruded 304L/SA210 2'12 diameter tubing. This 
panel was specially fabricated by ABB CE for this study. The through-thickness 
measurements at the crown are now complete, and the results are shown in Figure 7. In 
contrast to the chromized tube panel, substantial residual stresses were observed at the 
crown of the composite tube panel. Specifically, the measured residual stresses are 
tensile in the clad layer and compressive in the carbon steel core. The spatial dependence 
and magnitudes of measured residual stresses support the predictions of ORNL's 
composite tube model. 
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Figure 7. Residual stresses in a composite tube panel. The measurements were made at 
the crown of the middle three tubes. 
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Significant experimental difficulties were encountered while attempting to measure 
residual stresses in the membrane. An unidentified peak appeared adjacent to the fcc 
(3 11) peak from 304L, normally used for measurements in fcc metals. The intensity of 
this peak arises at the expense of the (31 1) peak, which indicates a phase change at the 
center of the web. Measurements at different orientations show that this unidentified 
peak is strongly textured, with the highest intensity observed when the scattering vector is 
perpendicular to the panel. X-ray and neutron diffraction experiments will be used to 
identify this peak and the associated phase which is essential in assessing the impact on 
properties used in the finite element model. Using a reference specimen made from the 
composite tube, normal strains were derived as a fbnction of the position along the web, 
as shown in Figure 7. Qualitatively, the spatial dependence of the normal strain data are 
consistent with calculations by finite element analysis. However, until a stress-fiee 
reference specimen is prepared fiom the web material, a quantitative comparison cannot 
be made with finite element calculations. 
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3.3 Residual stresses in cracked and uncracked previously exposed tube panels 

In support of failure analysis, several X-ray experiments were undertaken to determine 
surface residual stresses in exposed panels removed fiom operating mills. The 
measurement technique used here was developed in the early stage of this project with the 
use of Cr Kp radiation, which has allowed making precise measurements in the textured 
clad layer. First, a cracked panel from a mill in the South Central U.S. was examined. 
Figure 8 shows the measurement results along with a photograph of the analyzed panel. 
The measured residual stresses are large and compressive (- -400 m a ) .  This is likely 
due to bending of the tube panel. A plastically bent tube should exhibit a compressive 
stress at one surface balanced by a tensile stress at the other surface. In the uncracked 
region, axial and hoop stresses are of.the same magnitudes. In the cracked region, 
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however, the axial stress is considerably less compressive than the hoop stress. These 
data are being analyzed in conjunction with microstructural and failure analyses. 
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Figure 8. Residual stresses on the surface of a cracked 304L/CS tube panel from a mill in 
the South Central U.S. 

Two panels from the Weyerhaeuser mill at Columbus, Mississippi, were examined. 
These two specimens were located on the same floor, but on opposite corners. Extensive 
cracking was' found in panel 2L, while panel 1R showed no sign of cracking. X-ray 
measurements on polished surfaces show that residual stresses in the uncracked panel 
(1R) are tensile and equal in both axial and hoop directions, consistent with earlier X-fay 
data on straight tube panels and finite element calculations. In the cracked panel (2L), the 
axial stress becomes compressive, while the hoop stress remains roughly the same, as 
illustrated in Figure 9. This result is consistent with microstructural studies where cracks 
were found to penetrate radially into the clad layer. 
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It should be realized that the data shown in Figure 9, while useful, provide no information 
of residual stress in 2L before cracking. 
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Figure 9. Residual stresses on the surface of cracked and uncracked panels removed from 
the smelt runs of a boiler in the southeastern United States. 

Fortunately, one of the tubes in 2L appeared to be uncracked and X-ray measurements 
were made at the crown of this tube. Figure 10 compares residual stresses in panel lR, 
where no cracking was observed, and in the uncracked region of panel 2L. From Figure 
10, it can be concluded that, to within the experimental precision, panel 1R and 2L 
experience almost identical residual stresses before cracking occurs. This shows that 
residual stresses are only one of the factors causing cracking to occur. This shows that 
residual stresses are only one of the factors causing cracking in 2L; other factors (e.g., 
environment) must also play a role. 
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Figure 10. Comparison of surface residual stresses in cracked and uncracked panels 
removed from the same boiler. 

Future studies will include completing measurements in the composite tube panel. To 
study the effect of exposure, an as-manufactured composite tube will be subjected to 
thermal conditions similar to that in an operating mill and the residual stresses determined 
at the end of selected cycles using X-ray and neutron dieaction. The experimental data 
will also serve to validate the finite element model currently being developed and provide 
guidance to improve the model. In addition, on-site X-ray measurements will be 
demonstrated at a selected mill. 

4. Modeling of Residual Stresses 

In this time period the modeling work on SS304L/SA210 tubes has continued. Several 
different situations that are likely to occur were studied: stresses that develop at service 
conditions as a result of temperature excursions of different magnitudes, transient stresses 
at shut-down event, stresses at operation after the shut-down and restart of the boiler, and 
the effect of local heating during panel straightening, The performance of the 
A625/SA210 weld overlay tubes were studied at various in-service conditions, including 
temperature excursions. Also, an analysis of chromized tubes was performed at different 
in-service conditions. The analysis was based on the calculated residual stresses from the 
panel assembly welding and the chromizing processes. Furthermore, a response surface 
study was performed providing a generalized solution of stresses in the floor of co- 
extruded composite tubes over an array of material properties (yield stress and coefficient 
of thermal expansion) of the overlay material. All of the above mentioned work is based 
on the thermal analyses performed during the last year and using the developed two- and 
three-dimensional finite element models. In this report only the results and phenomena 
learned that are of certain importance are briefly presented and discussed. 
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4.1. Coextruded SS304L/SA2 10 tubes 

During the last year several finite element models were developed and a detailed thermal 
analysis of the composite SS304L/SA210 floor was performed. The stress-strain 
behavior of the composite tubes at normal operating conditions and at some temperature 
excursion scenarios was analyzed. These same models have been used to model 
additional situations that a composite SS304L/SA210 tube may experience. 

4.1.1 
magnitudes 

Stresses at the floor fireside surface after temperature excursions of different 

Temperature excursions of different magnitudes were simulated to determine the stresses 
that remain at operating conditions at the hot spot location. In the previous reports it was 
shown that the stresses in the SS304L overlay are compressive and of the yield-stress 
magnitude at service conditions. It was shown that a 450°C hot spot causes additional 
yielding and then stresses are reversed to tensile when the tube returns to normal 
operating temperature. Some additional analyses were performed considering the 
minimum magnitude of temperature excursion that causes the stress reversal. The results 
show that any temperature excursion higher than about 40C0 (fireside tube temperature of 
355°C) causes tensile stresses at operating conditions (see Figure 11). 
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Figure 11. Tangential and axial stresses at the fireside surface of the tube crown for a 
normal operating cycle that includes temperature excursions to 340°C, 365"C, 408"C, and 
450°C. 
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4.1.2. Transient analysis of the boiler shut-down event 

Thermo-mechanical transient analysis of the boiler floor during the shut-down event was 
performed. A linear temperature variation from the operating temperature to room 
temperature was considered to occur in 300 min.Figure 12 shows the stress at the fireside 
surface of the tube crown and at the fireside surface of the membrane throughout the 
transient. Stresses at the side surface of tube crown become tensile at about 275°C and 
they reach the yield stress at about 225°C. Stresses at the fireside surface of the 
membrane become tensile at about 270°C and they each the yield stress at about 220°C. 
The effect of internal pressure variation during the shut-down transient on stresses in the 
tubes was also evaluated. It was determined that the stresses developed from the internal 
pressurization either at service or at room temperature are not significant. 
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Figure 12. Stresses at the fireside surface of the tube and the membrane during the shut- 
down transient. 

4.1.3, Stresses at service conditions after shut-down and restart of the boiler 

The objective of this analysis was to explore the stress behavior of regions affected by 
temperature excursions after the boiler is shut-down and brought back to operation. 
Stresses were computed at the fireside surface of the tube crown and the membrane for a 
scenario that included a 65°C temperature excursion (380°C peak temperature) during 
normal operation, the boiler shut-down to room temperature and restart to operating 
conditions. 
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Figure 13 shows the stresses at the fireside surface of the tube crown and the membrane 
throughout the cycle. The results show that the tensile stresses that develop due to 
temperature excursions remain at that location throughout that service period but become 
compressive again when the boiler shuts-down and returns to operating conditions. The 
reason is yielding of the overlay material during the boiler shut-down. A conclusion that 
the stresses at the fireside surface of the SS304WSA210 floor are compressive after each 
restart of the boiler can be accepted. 
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Figure 13. Stresses at the fireside crown of the tube and at the fireside of the membrane 
during the indicated temperature cycle. 
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4.1.4. Effect of local heating during panel straightening on stresses at service conditions 

To determine the effect of local heating during straightening process on the in-service 
stresses the following analysis was performed. It was assumed that a tube was locally 
heated to 500°C and then cooled to room temperature. Then the operating conditions 
were simulated including a temperature excursion to 380°C. The panel was again cooled 
to room temperahire. 

The results presented in Figure 14 show that the stresses at the tube crown at service 
conditions, either before or after the temperature excursion, are not significantly affected 
by the local heating during straightening. Stresses at the fireside surface of the membrane 
are of small magnitude, but are brought toward tension (stresses are less compressive) by 
about 100 MPa. Therefore, one may conclude that local heating during straightening 
does not critically affect the stresses in the panel. 
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Figure 14. Stresses at the fireside crown of the tube and at the fireside. of the membrane 
during the indicated temperature cycle. 

4.2 Weld overlay A625/SA210 tubes 

A finite element model was developed to analyze the residual stresses from the assembly 
welding for the alloy 625 weld overlay tubes. Several analyses were performed 
considering a stress-free tube (annealed tube condition) or tube with residual stresses 
fiom the weld overlay process. Annealing after the weld overlay process reduces the high 
residual stresses that often cause difficulties at the assembly welding. Here, only the 
stresses calculated for the annealed tube are reported. Stresses were calculated for normal 
operating conditions and a temperature excursion scenario with a peak temperature of 
550°C. 

123 



Figure 15 shows the axial and tangential stresses at the fireside crown of the tube. The 
residual axial and tangential stresses from the assembly welding are compressive (around 
-100 m a )  and tensile (around 200 m a ) ,  respectively, and are slightly reduced when the 
tube reaches operating conditions (see Figure 15). Stresses return to initial residual stress 
values when the boiler is cooled to room temperature, which means that the stresses are 
within the elastic region throughout the cycle. The stresses are compressive during the 
hot-spot occurrence and then tensile after returning to operating conditions. 
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Figure 15. Tangential and axial stresses at the fireside crown of the weld overlay tube 
(annealed before the assembly welding). 

4.3 Chromized tubes 

A FE model was developed for stress analysis of the chromized tubes. First, the residual 
stresses from the assembly welding were computed. A plain carbon steel tube without the 
layer of chromium at the surface was considered in the assembly welding simulation. 
The calculated residual stresses were used as a basis in the simulation of the chromizing 
process. The panel was heated to llOO°C, and the chromium layer was applied (two 
cases were considered: a 0.45 mm and a 0.25-mm-thick layer), and then the panel was 
cooled to room temperature. The thermo-physical properties of SS445 (23%-27wt% Cr) 
were used for the chromized surface layer. The calculated stresses were used as initial 
conditions in the subsequent analyses of operating conditions. Three cases were studied: 
(a) normal service conditions, (b) service conditions with a temperature excursion 
reaching 380"C, and (c) temperature excursion with the peak of 550°C during operation. 
Figures 16-18 show the stress results for the tube crown and the membrane fireside for 
the three cases. The results presented are for the 0.45-mm-thick chromium layer. 
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Note that there is no significant difference in stresses between the tubes with 0.45-mm or 
0.25-mm-thick chromium layer (the results are within 5% to 10%). 

Based on the results the following observations can be made. Heating to service 
conditions tends to create tensile stresses in the chromized surface layer. The reason is 
lower coefficient of thermal expansion of Cr compared to SA210. The chromizing 
process creates high enough compressive stresses in the surface layer to keep the stresses 
from becoming tensile when the floor is brought to operating conditions (see Figure 16). 
Therefore, the chromizing process can be considered beneficial by creating high 
compressive stresses at the outside surface of the tubes. However, the axial stresses at the 
membrane surface are tensile during operation. 
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Figure 16. Axial and tangential stresses at the fireside surface of the tube crown and the 
membrane for a normal operating cycle. 
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The tangential stresses at the fireside crown of the tube become tensile after the 65°C 
temperature excursion, but the magnitude is not significant. The stresses at the 
membrane fireside surface remain unchanged. The stresses in the chromized layer are 
well below the yield stress throughout the assumed temperature cycle. One may conclude 
that a temperature excursion with the peak of 380°C does not critically affect the stresses 
at the fireside surface of the tube or the membrane (see Figure 17). 

The chromized tube surface within the 55OOC hot-spot region yields and the stresses at 
service conditions after the temperature excursion become tensile. The plastic 
deformation occurs due to a high-temperature gradient through the tube thickness. The 
magnitude of these stresses is not significant. The tensile axial stresses at the membrane 
fireside surface are reduced by the temperature excursion (see Figure 18). 

The coefficient of thermal expansion (CTE) of the chromized layer is smaller than CTE 
of the carbon-steel base causing a tendency towards tensile (less compressive) stresses in 
the chromized layer during heating to operating temperature. An interesting phenomenon 
occurs during a temperature excursion. Because of the explained difference in CTE one 
would expect the stresses at the surface to grow higher in tension at a temperature 
excursion. For a temperature excursion that imposes high temperature gradient to the 
tube, this does not happen (see Figure 18). Contrary, the stresses grow towards 
compression, because of the temperature gradient in the tube, which is the reason that the 
surface layer tends to expand more than the base tube even though the CTE of the 
chromized surface layer is smaller than the CTE of the base tube. 
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Figure 17. Axial and tangential stresses at the fireside surface of the tube crown and the 
membrane for a normal operating cycle with a 65OC temperature excursion. 

Time 

Time 

Figure 18. Axial and tangential stresses at the fireside surface of the tube crown and the 
membrane for a normal operating cycle with a 235°C temperature excursion. 

. 
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4.4 Response surface study 

Response surface study gives a generalized solution of the values of dependent variables 
over the selected array of independent variables by performing finite element 
computations according to an appropriate response surface design. Initially, two 
independent variables and two dependent variables were selected. The independent 
variables are the yield stress and CTE of the overlay material, and the dependent variables 
are the axial stress and the tangential stress at some particular locations in the tube and 
the membrane. Note that only the properties of the overlay material were assumed as the 
independent variables and that SA210 was assumed as the base tube material. The 
selected range for the yield stress is between 100 MPa and 700 MPa, and the range from 
0.9 x 10-'j /"C to 2.1 x 10" /"C was selected for CTE. This is the range that covers most 
of the applicable materials. The materials already used in recovery boilers are also within 
the specified range. The dependent parameters were evaluated at the fireside and the cold 
side surface of the tube crown and the membrane. The normal boiler operation was 
considered (see Figure 19, transient A), and two temperature excursion scenarios with 
peak temperatures of 380°C (see Figure 19, transient C) and 550°C (see Figure 19, 
transient B). 

Figure 19. Temperature scenarios considered in response surface analysis. 
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The following assumptions were considered in the study: 

SA210 carbon steel material was considered as a base tube material in all 
calculations. 

The thermo-physical properties of SA210 carbon steel were considered 
for the base material and for the overlay material for all thermal analyses 
(assembly welding and in-service heating). 

The residual stresses from the tube manufacturing measured on 
a SS304L/SA210 tube by neutron dieaction were used in the analyses. 

The yield stress of the overlay materials was assumed to decrease linearly 
to 10 MPa at 1200°C. 

A linear work hardening was considered for overlay materials. 

The thermo-physical and mechanical properties of the weld material 
correspond to those of the overlay material. . 

Evaluation of the results was made according to the following criteria: stresses should not 
be tensile and stresses should be smaller than the yield stress. The evaluation was based 
on the axial and tangential stress components calculated at the fireside surface of the tube 
crown and at the fireside surface of the membrane for the three temperature scenarios. 
Figure 20 shows regions of the overlay material properties where the above criteria is 
(partially) met. The final results of the response surface study confirm that the SS304L 
overlay is not a suitable overlay material from the mechanical standpoint. A material that 
would satisfy the mechanical (stress-strain) requirements at normal operation and at 
temperature excursions of moderate magnitude (up to about 100OC) has the CTE of about 
1.2 x lo-’ and the yield stress higher than about 300 m a .  Alloy 625 best suits these 
requirements. No material within the selected range of properties would meet the criteria 
if subjected to a temperature excursion of about 235°C (peak temperature of 55OOC). 
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Figure 20. Regions of recommended overlay materials in terms of CTE and the 
yield stress. 

4.5 Conclusions 

Any temperature excursion higher than about 40C0 (fireside tube temperature of 355OC) 
causes tensile stresses at the fireside crown of the SS304L/SA210 tubes at operating 
conditions. 

On cooling to room temperature, stresses at the fireside crown of the SS304L/SA210 
tubes become tensile at about 275°C and they reach the yield stress at about 225OC. 
Stresses at the fireside surface of the membrane become tensile at about 270°C and they 
reach the yield stress at about 220°C. 

The stresses at the fEeside surface of the SS304L/SA210 floor are compressive after each 
restart of the boiler. 

Local heating during straightening does not critically affect the stresses in the tube panel. 

Stresses in the A625/SA210 weld overlay tubes are within the elastic region throughout 
the normal operating cycle. 

The chromizing process can be considered beneficial because it causes high compressive 
stresses at the outside surface of the tubes. The resulting residual stresses are high 
enough in compression to keep the stresses from becoming tensile when the floor is 
brought to operating conditions. A temperature excursion with the peak of 380°C does 
not critically affect the stresses at the fireside surface of the chromized tube or the 
membrane. The chromized tube surface within the 550°C hot spot region yields and the 
stresses at service conditions after the temperature excursion become tensile. The 
magnitude of these stresses is not significant. 
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A recommended overlay has the CTE around 1.2 x 10-' /"C and the yield stress higher 
than 300 MPa, in the case where SA210 carbon steel is used as the base material. The 
material that satisfies the criteria established in this work is alloy 625. 

The finite element analysis of the SS304L/SA210 composite tube floor reveals that 
SS304L is not a suitable clad material from the mechanical standpoint. The established 
facts supporting such conclusion show that compressive stresses in the SS304L overlay: 

exceed the yield stress at operating conditions, 

0 are reversed to tensile stress at operating conditions by a temperature 
excursion of 4OC" or higher, and 

.are reversed to tensile stress on cooling at about 270°C and exceed 
the yield stress at about 220°C. 

5. Stress Corrosion Testing 

Studies of stress corrosion cracking (SCC) in the molten hydrate of sodium sulfide 
(Na2Sm9H20) and mixtures of sodium sulfide and other salts have continued. A constant 
load tensile test apparatus was built and is now being used to investigate the influence of 
test temperature, alloy composition, salt composition, and applied load on stress corrosion 
cracking. The results obtained from these studies permit a number of conclusions to be 
drawn. 

5.1 Effect of test temperature on cracking 

Laboratory tests to investigate the influence of temperature on stress corrosion cracking 
of 304L stainless steel U-bend test specimens by Na2S.9H20 have led to the following 
conclusions: 
1 .) SCC occurs at temperatures approaching the boiling point of the hydrated salt, 

that is about 170"C, 

2.) In tests at temperatures significantly below the boiling point of the salt (i.e.,lSO"C) 
SCC has not been noted, 

3.) At temperatures above the boiling point (e.g., 2OO0C), the liquid salt dries out and 
SCC has not been observed, and 

4.) SCC can be promoted by repeatedly heating the hydrated salt above its boiling point, 
then cooling and rehydrating the salt by adding a small volume of water. 
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5.2 Observations on crack progression 

Based on observations of cracking of C-rings made fiom a 304L/SA210 composite tubes, 
several conclusions can be drawn: 

1.) Rates of crack progression are relatively rapid. Cracks have been found at the 
interface in composite tubes after tests lasting 48 hrs. 

2.) Rates of crack progression are affected by the applied stress. In highly stressed C- 
rings, cracks reach the interface more rapidly than they do in moderately stressed C-rings. 
In lightly stressed C-rings, cracking does not occur, i.e. there appears to be a threshold 
stress level for SCC. 

3.) In the tests conducted thus far7 there has not been a single case where a crack has 
proceeded across the interface between the stainless steel outer layer and the carbon-steel 
core. 

5.3 Resistance of potential boiler floor materials to SCC 

C-rings with outer layers of 304L7 309L, and 310 stainless steels have been exposed in 
SCC tests. Nickel-based alloys 825 (Sanicro 38) and 625 have also been included. The 
304L and Sanicro 38 C-rings were prepared from co-extruded tubes. The 309L and Alloy 
625 C-rings were made from weld overlaid tubes and the 3 10 stainless steel coupon was 
machined from a centrifugally cast tube with a Cr-Mo alloy steel core. Resistance to SCC 
has been assessed simply by comparing the lengths of the cracks produced. The 304L and 
309L showed poor resistance and the cracks progressed all the way to the interface (1.6- 
1.8 mm). There was a greater number of cracks in the 304L stainless. In the 310, the 
longest crack was approximately 500 pm. In the Sanicro 38, cracks were plentiful, but 
mostly less than 50 pm in depth. No cracks were found in Alloy 625. From these 
findings, it might be concluded that resistance to SCC in Na2S09H20 increases with 
nickel content. In one test to date, carbon steel also appeared resistant to SCC. 

6. Thermal Fatigue Studies of Composite Tubes 

The activity on thermal fatigue of composite tubes involves a review of 
thermaVrnechanica1 fatigue in composite tube materials, a compilation and production of 
the physical and mechanical properties needed for the modeling, the isothermal and 
thermaVrnechanica1 fatigue of tubes, and determination of cracking patterns for various 
thermaVmechanica1 loadings. Materials of concern include carbon steel (equivalent to 
SA-210, Gr A-l)7 304L stainless steel, Fe-Cr-Ni alloy 825, nickel-base alloy 625, 309L 
stainless steel filler metal, 3 12 stainless steel filler metal, and chromized carbon steel. 
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6.1 Review of thermaVmechanica1 fatigue in composite tube materials 

The review, completed during 1995 [12], reached nine conclusions that bear on the 
experimental and analytical work: (1) the physical and mechanical properties of 309L and 
3 12 stainIess steel filler metals were needed; (2) tensile properties of very-fine-grained 
304L stainless steel were required; (3) exploratory fatigue data to 600°C were needed for 
very-fine-grained 304L stainless steel, 309L deposited filler metal, 3 12 stainless steel 
deposited filler metal, and alloy 825; (4) the isothermal fatigue curves were required; (5) 
exploratory thermal-mechanical fatigue data were needed for alloy 825, alloy 625, 312 
stainless steel and 309L stainless steel; (6) procedures for the fatigue damage under 
multiaxial strains recommended in the ASME Code Section III were applicable; (7) 
fatigue crack growth testing was not required; (8) the constitutive equations 
recommended in DOE RDT F9-5T [13] were suitable for use in elastic plastic analysis of 
composite tubes; and (9) transient stress fatigue testing of tubing was needed to confirm 
the validity of the analysis methods. 
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6.2 Collection of physical and mechanical properties 

With the exception of chromized carbon steel, all physical properties measurements were 
obtained for the materials used in the composite tubing. Efforts were begun in this 
reporting period to gather data applicable to the chromized carbon steel at two chromium 
levels, namely 27% and 40% chromium. For 27% chromium, the literature data for 446 
stainless steel was used. For the 40% chromium steel, a special material was produced 
that contained 40% Cr, 0.5% Mn, and 0.25% Si. This steel was argon-induction melted, 
hot-extruded to 19-mm bar, and annealed. Specimens for thermal expansion, thermal 
difisivity, and specific heat were produced. 

Tensile yield curves for alloy 825 were produced for the temperature range of room to 
600°C. These curves to 1 % strain are in Figure 2 1. Important to the analysis of inelastic 
behavior are the observations that the yield strength of the annealed material is very well 
defined, the yield decreases monotonically with increasing temperature, and the rate of 
work-hardening is independent of temperature. These observations confirm the 
behavioral trends specified for stainless steels and embodied in the constitutive equations 
recommended in DOE RDT F9-5T. Tensile yield curves for the 40% Cr steel were 
produced for the temperature range of room to 550°C. These curves are shown in 
Figure 22. The 4OCrMnSi steel was found to be much stronger than 304L stainless steel 
and alloy 825. The 4OCrMnSi was also stronger than type 446 stainless steel and 
possessed a hardness (HVN 230) comparable to that observed in the chromized tube for a 
similar chromium level. 

--w- 300 
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Figure 21. Stress versus strain curves for alloy 825°C to 700°C. 
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Figure 22. Stress versus strain curves for 4OCrMnSi steel to 550°C. 

Isothenqal strain cycling tests were begun on alloy 825 to examine its hardening 
characteristics relative to 304L stainless steel. It was found that the material was stronger 
than 304L stainless steel at 300°C and 600°C. Further, the alloy exhibited hardening 
from one cycle to the next. The strain fatigue life was similar to that for 300-series . 
stainless steels, so the fatigue design curves given in ASME Sect VIII, Div. 2 were judged 
to be applicable to alloy 825. The cracking mode for alloy 825 was examined and found. 
to be similar to the cracking for type 304L stainless steel. A typical secondary fatigue 
crack produced in a test at 300°C (13,900 cycles at 0.9% strain range) is shown in Figure 
23. Here, the crack started at the surface and progressed inward in a transgranular mode. 
Crack branching was present, but this branching was limited to spurs originating from the 
"main" crack. 

Figure 23. Secondary fatigue crack in alloy 825 produced in 13,900 cycles at 0.9% ne at 
300°C. 
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Thermal cycling of 304L-clad carbon steel tubes was begun. In one experiment, a tube 
was uniformly surface-heated between 215°C and 610°C in 2 minutes by means of a 14 
KW radiant lamp furnace. The inside of the tube was cooled by air, and this produced a 
30EC thermal gradient through the wall. The tube was cooled over a period of 13 
minutes to produce a 15-min cycle, as shown in Figure 24. Stresses in the tube were self- 
induced and developed from the thermal gradient in the wall and the differential thermal 
expansion of the 304L stainless steel cladding and the carbon steel tube. After several 
hundred cycles the tube was examined for cracks but none were found. In a second 
experiment, a tube was heated on one side only between the temperature limits of 250°C 
and 450°C. Again, air cooling of the inside of the tube was introduced. The unheated 
side of the tube experienced some thermal cycling due to thermal conduction from the 
heated side. Temperature varied from 220°C to 320°C. The thermal gradient from the 
cold side to the hot side at the peak temperature was 130°C. After 1000 cycles, the tube 
was inspected. No cracks were found. 

700 I i 
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Figure 24. Thermal cycle for 304L-clad carbon steel tube. 

Efforts were begun to prepare a panel for thermal cycling. A five-tube panel was 
selected, and instrumentation of the tubes was begun. A 7.5-KW bank furnace was 
obtained to heat the crown of the center tube in the panel. The cold side of the tubes will 
be instrumented for strain gauges, A second panel will be prepared. In this case, residual 
stresses will be measured by neutron diffraction methods before and after thermal cycling. 
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MATERIALS FOR THE PULP AND PAPER INDUSTRY 

Section 2. Corrosion and Failure Analysis Studies in Support of the Pulp and 
Paper Industry 

J. R. Keiser, S. J. Pawel, R. W. Swindeman, and H. F. Longmire 

Metals and Ceramics Division 
Oak Ridge National Laboratory 

Post Office Box 2008, Oak Ridge, Tennessee 3783 1 

INTRODUCTION 

Technical support is being provided to various pulp and paper companies and related 
industries to help determine the cause of material degradation problems and identify 
alternate materials to prevent such degradation. During the past year, activities have 
included examinations of superheater tubes, economizer tubes, sootblower components, 
and tubes.from the lower section of recovery boilers and inspection of continuous 
digesters. The results of the analyses and inspections were communicated to the plant 
operators and, in some cases, recommendations were made. 

TECHNICAL PROGRESS - F Y  1997 

Examination of Failed Co-extruded tube 

A failed co-extruded floor tube from a decanting type boiler in the South-Central US. 
was examined to determine the cause of the leak. The tube had been located at the edge 
of the floor so that heat flux to the tube was less than for tubes away from a side wall. 
The tube as-received at ORNL had a band along the top of the tube that contained a series 
of parallel, circumferentially oriented cracks. A tube butt weld was located a few inches 
downstream of the cracked area, and there had been enough push through of the weld 
metal that the diameter of the tube is reduced at the position of the weld. Examination of 
cross sections of the tube revealed several important pieces of information. First, there 
are many cracks, in a well defined region, that often originate at pits on the inside surface 
of the pipe. The crack that led to failure of the tube originated on the ID. Microstructural 
evidence indicated that the region of the tube containing the cracks had been subjected to 
appreciable overheating while adjacent areas of the tube had not seen excessive heating. 

It was concluded that local overheating occurred as a result of irregular water flow with 
the subsequent development of a steam blanket. The weld metal push-through acted like 
a dam that trapped steam to form a gas pocket in the top of the tube. Pits developed on 
the tube ID beneath scale which was present because of, at least, periodically poor water 
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treatment. Cracks initiated at the stress concentrators (pits) in response to stresses from 
local overheating. Subsequent temperature and water quality cycles resulted in growth of 
scale in cracks generating a wedging action. Cracks propagated fiom the ID until the wall 
thickness at some point could not contain the load on the wall at which point tube failure 
occurred. 

PUBLICATIONS 
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PRESENTATIONS 

All researchers make oral presentations on their work at the triannual program reviews. 

Invited presentations reviewing the program’s progress have been made at two AF&PA 
and one BLRBAC meetings, at NACE International’s T-5H-1 committee meeting, at 
TAPPI’s Steam and Power Committee meeting, and at meetings of recovery 
superintendents for Mead Corporation, Weyerhaeuser Company, and Georgia-Pacific 
Corporation. 
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INDUSTRIAL INPUT and TECHNOLOGY TRANSFER 

An advisory committee composed of representatives of paper companies, boiler 
manufacturers, tube fabricators, and consulting companies meet three times a year to 
review the progress on the program. In addition, frequent contacts are made with 
representatives of several paper companies in order to discuss program activities with 
them. 

ESTIMATED ENERGY SAVINGS 

Recovery boilers provide sixty percent of the power for kraft mills, so continued 
operation is critical. Reductions in the downtime will provide an energy savings that is 
proportional to the number of operating days gained. 
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Ni3Al and FeAl TECHNOLOGY TRANSFER 

V. K. Sikka, G. Aramayo, M. L. Santella, R. W. Swindeman, and S. Viswanathan 

Metals and Ceramics Division 
Oak Ridge National Laboratory 

Post Office Box 2008, Oak Ridge, Tennessee 3783 1 

INTRODUCTION 

Ductile Ni3Al and Ni3Al-based alloys have been identified for a range of applications. 
These applications require the use of material in a variety of product forms such as sheet, 
plate, bar, wire, tubing, piping, and castings. Although significant progress has been 
made in the melting, casting, and near-net-shape forming of nickel aluminides, some 
issues still remain. These include the need for: (1) high-strengthhigh room-temperature 
hardness; (2) castability (mold type, fluidity, hot-shortness, porosity, etc.; (3) welding and 
weld reparability of castings; (4) workability of cast or powder metallurgy product to 
sheet, bar, and wire; and, (5) technology transfer. 

All of the issues listed above can be “show stoppers” for the commercial applications of 
nickel aluminides. 

In addition to Ni3Al-based alloys, FeAl-based alloys have progressed to a stage for 
commercial applications, For successful applications of FeAl-based alloys, some issues 
still remain. These include the need for: (1) identification of castable compositions, 
(2) development of melting practice to minlmize/eliminate the furnace build-up issue, 
(3) properties of castings, and (4) technology transfer. 

This report describes the work completed and to address some of these issues during FY 
1997. 

TECHNICAL PROGRESS - FY 1997 

Summary 

Major accomplishments have occurred during this year and are briefly summarized 
below. 

1. The cast compositions have been licensed to Sanduse International (Sanduse, Ohio) 
and Alloy Engineering & Casting Company. (Champaign, Illinois). These additions 
make a total of three licensees for castings of nickel aluminide compositions. 
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2. Castings of the cast alloy IC-221M were installed or continued to operate under 
commercial conditions at Delphi Saginaw (Saginaw, Michigan); Bethlehem Steel 
Corporation-Burns Harbor Plant (Chesterton, Indiana); United Defense LP (Anniston, 
Alabama); The Timken Company (Canton, Ohio); Chevron (Richmond, California); 
FMC Corporation (Pocotalo, Idaho); Wyman Gordon (Houston, Texas); and 
American Axle and Manufacturing (Detroit, Michigan). The alloy is also in test for 
chemical industry applications at E. I. DuPont de Nemours & Company (Wilmington, 
Delaware); FMC Corporation, and The Dow Chemical Company (Freeport, Texas). 

3. Ten additional rolls were cast at Sandusky International and installed at Bethlehem 
Steel Corporation-Burns Harbor Plant. 

4. A new weld wire composition was developed for the root pass. A patent application 
for this composition has been prepared. 

5. The weld wire compositions were licensed to Polymet Corporation (Cincinnati, Ohio) 
for commercial manufacturing. 

6. Test material was supplied to many new potential users for evaluation under their 
operating conditions. 

7. The cast grate bars and pallet tips of FeAl-based alloy were installed at the phosphate 
calcination plant of FMC Corporation. 

Task 1. High-Strength Castable Compositions (Start 10/96, End 9/97) 

The IC-221M [8.0 A1-7.7 Cr-1.43 Mo-1.7 Zr-0.008 B (weight percent)] is the base 
castable composition of Ni3Al-based alloy. This composition has been cast extensively 
into a wide range of cast components. Although it has excellent castability and 
weldability, its high-temperature applications are limited to I 1 150°C because of eutectic 
formation at 1174°C. Strong demand from the potential users to push the use temperature 
to above 1 150°C, it was necessary to eliminate the eutectic formation at 1174°C. This 
has been accomplished by modifying the composition of IC-221M, which is free of the 
eutectic formation. 

Two eutectic-free compositions have been identified: IC-396LZr and IC-438. The tensile 
properties of the compositions with the eutectic (IC-396M) and without the eutectic (IC- 
396LZr and IC-438) are compared at temperatures of 115O"C, 1175"C, and 1200°C in 
Figures 1 through 3. The three test temperatures chosen are below, at, and above the 
eutectic temperature. It is clear from Figures 1 through 3 that the IC-396M composition, 
which has 0.85 wt % Zr, still contains the eutectic. The indication of the eutectic is 

144 



reflected by its sharp drop in ,yield strength fiom 1150°C to 1175°C. Note, however, 
that the two new compositions (IC-396LZr and IC-438) with < 0.2 wt % Zr 
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Figure 1. Yield strength of IC-396M, IC-396LZr, and IC438 at temperatures of 1150, 
1175, and 1200°C. 

only show a gradual drop in yield strength at 1175°C and 1200°C. Between the two 
compositions, the IC438 is superior in strength at 1200°C as opposed to IC-396LZr. 
However, the IC-396LZr is superior to the IC438 interns of its ductility. Thus, the use 
of eutectic-free alloys at 1175°C to 1200°C will depend on the application requirements. 
A patent applications was filed for IC-438. The IC-396LZr is considered to be in the 
composition range of the currently patented IC-221M alloy. 
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Figure 2. Ultimate tensile strength of IC-396M, IC-396LZr, and IC438 at temperatures 
of 1 150"C, 1175"C, and 1200°C. 

Another composition, designated as B-13, has also been developed to provide two 
additional properties to IC-221M. The first additional property is the improvement in 
room-temperature hardness from RC 30 for IC-221M to RC 40 for B-13. The second 
improvement is the significant enhancement in acid solutions. Figures 4 through 6 show 
the improved corrosion resistance of B-13 as opposed to IC-221M and even a Ni3Si- 
based alloy. A patent disclosure has been filed on the B-13 type composition, and sample 
material has been provided to testing to various potential users. 
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Figure 3. Total elongation of IC-396M, IC-396LZr, and IC438 at temperatures of 
1 15OoC, 1175"C, and 1200°C. 

Creep and Fatigue Analysis of Joints in Ni3AI Rolls 
(R. W. Swindeman and M. L. Santella) 

Tensile, creep, and fatigue testing of materials used in transmission rolls is under way to 
provide data needed for fatigue analysis of the roll-to-trunnion joint. Materials include 
cast alloy HU from exposed rolls, sand cast HU test bars, cast IC-221M, and dissimilar 
metal welds in which IC-221LA was used as a filler metal. In Figure 7, the tensile data 
for HU, exposed HU, and HULMC-221M joints are compared to the ultimate strength 
versus temperature curve for cast HT. It can be seen that the strengths for the exposed 
materials are equal to or better than the strength of unexposed cast HT. In Figure 8, creep 
curves for exposed HU are shown for a temperature of 871°C (1600°F). The steel 
maintains good creep ductility, and strength is comparable to its original strength. An 
HULMC-22lM weldment exhibited the same creep behavior as the exposed HU. Creep 
testing of the IC-221LA weldments has continued, with testing temperatures as high as 
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1050°C (1922OF), and times as long as 6900 h. Fatigue testing to develop the modified 
Goodman diagram for the IC-221M/LA weldment continued with the most testing at 
871°C (1600°F). Testing was designed to include the evaluation of the stress ratio and 
cyclic fkequency on the stress-controlled fatigue life. 

Time (hr) 

Figure 4. Corrosion resistance of B-13 in hydrofluoric acid (48% to 51%) at room 
temperature as compared to IC-221M, IC-438, and a NisSi-based alloy. 
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Figure 5. Corrosion resistance of B-13 in 15% solution of hydrofluoric acid 
38.0%) at room temperature as compared to IC-221M and a Ni3Si-based alloy. 
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Figure 6 .  Corrosion resistance of B-13 in 15% hydrochloric acid (36.5% to 38%) at room 
temperature as compared to IC-332M and a Ni3Si-based alloy. 
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Figure 7. Ultimate tensile strength versus temperature for high alloy castings. 
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Figure 8. Creep curves for exposed cast HU alloys. 

Task 2. Castability of Nickel Aluminides (Start 10/96, End 9/97) 

This task examined the castability of nickel aluminide compositions for sand castings, 
investment castings, and centrifugal castings. Related to castability, the composition 
control was considered as the major issue. A total of 94 heats were poured at Alloy 
Engineering & Casting Company. Twenty-six of the heats were from virgin stock, and 68 
heats were from a 50:50 mix of virgin and revert stock. The detailed chemical analysis of 
the 94 heats are given in Table 1. From this table the achievable range of various 
elements in both the virgin and revert heats are derived and shown in Table 2. 

It is to be noted that silicon and iron are the two elements that continue to increase in the 
heats melted fiom the revert stock. The silicon comes fiom its entrapment in the runners 
and risers and onto the surface of pigs (the extra metal cast into molds). It also comes 
fiom the erosion of the crucible by the molten metal in which the Si02 reduced by 
aluminum in the alloy to silicon. 

The alloy silicon content can be kept low by controlling the foundry practice. In the first 
case, the runners and risers can be sand blasted to minimize the entrapped Si02 on the 
surface. The Si02 from the pigs can be eliminated by using cast iron pigs or by using a 
ZrOz mold wash of the pig molds to minimize the interaction of the molten metal with 
Si02 in the uncoated sand molds. 

The pickup of silicon from the furnace lining erosion can also be minimized by using 
A1203 or ZrO2 as the furnace lining. The final control of silicon in the alloy will depend 
on the extent to which the proposed solutions to silicon reduction are practiced in the 
foundry production conditions. We have worked very closely with Alloy Engineering & 
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Casting Company, Sandusky International, and United Defense LP in minimizing the 
silicon content of the castings. 

The pickup of iron in the revert heats primarily comes from the cross-contamination of 
melting nickel-based alloys in a iron-based alloy foundry. The only way to minimize the 
cross-contamination is to use nickel wash heats prior to melting nickel aluminides and to 
minimize any mixing of steel scrap with nickel aluminide melt stock. 

Task 3. Welding and Weld Repairability of Castings (Start 10/96, End 9/97) 

The major efforts during this reporting period were in: (a) continued development of the 
procedures for welding IC-221M castings in our licensees facilities, (b) technical support 
for fabrication (mainly transfer rolls at Sandusky International), (c) technical support for 
welding wire production, and (d) testing the mechanical properties of weldment. 
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Table 1. Chemical analysis of 94 heats of IC-221M melted to date at Alloy Engineering & Casting Company 

Alloy 
Date of Heat 

melt No. 
C Si Ni Cr Mo AI Zr B Fe 

1 0/3 0/96 

10/3 1/96 

1 1/04/96 

10/28/96 F2 169 
F2 170 
F2171 

10/29/96 F2 172 
F2 173 
F2 1 74 
F2 175 
F2 176 
F2 177 
F2178 
F2179 
F2 180 
E2559 

11/05/96 

0.018 
0.017 
0.019 
0.020 
0.023 
0.021 
0.023 
0.012 
0.013 
0.014 
0.022 
0.0 16 
0.013 

0.055 
0.034 
0.038 
0.039 
0.021 
0.050 
0.030 
0.043 
0.03 1 
0.035 
0.03 1 
0.03 1 
0.032 

26 virgin heats 

80.28 7.77 
80.24 7.89 
81.40 7.81 
79.90 7.71 
80.20 7.93 
8 1 .OO 7.83 
81.10 8.1 1 
80.68 7.81 
8 1.20 7.80 
80.85 7.76 
80.70 7.83 
80.50 7.89 
80.67 7.86 

F2 182 0.021 0.038 80.30 7.63 
F2 183 0.022 0.026 80.60 7.78 
F2184 0.023 0.03 1 80.70 7.70 
F2185 0.021 0.032 80.00 7.68 
F2186 0.029 0.03 1 80.60 7.70 
F2 187 0.030 0.034 80.30 7.68 

1.46 
1 S O  
1.46 
1.46 
1.43 
1.46 
1.43 
1.45 
1.46 
1.47 
1.44 
1.49 
1.43 

7.86 
8.19 
8.20 
8.16 
8.20 
7.67 
7.50 
7.91 
7.70 
7.79 
7.75 
7.80 
7.98 

1.87 
1 .go 
1.79 
1.96 
1.96 
1.94 
1.96 
2.02 
1.96 
1.98 
1.97 
2.02 
1.93 

.44 7.71 1.93 

.38 7.63 1.93 

.4 1 7.72 1.88 

.42 8.12 1.93 

.42 7.95 1.97 

.4 1 8.03 1.96 

0.005 
0.008 
0.006 
0.006 
0.005 
0.005 
0.006 
0.005 
0.005 
0.006 
0.006 
0.005 
0.004 
0.005 
0.005 
0.006 
0.005 
0.005 
0.005 

0.06 
0.03 
0.73 
0.06 
0.08 
0.08 
0.041 
0.077 
0.15 
0.12 
0.1 1 
0.08 
0.063 
0.10 
0.09 
0.52 
0.06 
0.07 
0.181 

i 
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Table 1. Chemical analysis of 94 heats of IC-221M melted to date at Alloy Engineering & Casting Company (Continued) 

Date of 
melt 

Heat 
No. 

Alloy 

C Si Ni Cr Mo A1 Zr B Fe 

11/08/96 

1111 1/96 

11/18/96 

11/19/96 

11/20/96 

11/22/96 

11/26/96 

F2188 
F2 189 
F2 190 
F2191 
F2 192 
F2 193 
F2 1 94 

F2 195 
F2 196 
F2 197 
F2198 
F2 199 
F2200 
K1241 
K1242 
F2202 
F2204 

0.026 
0.023 
0.024 
0.03 1 
0.029 
0.03 1 
0.032 

0.021 
0.025 
0.03 1 
0.021 
0.020 
0.03 1 
0.016 
0.018 
0.020 
0.03 1 

0.042 81.10 
0.040 81.10 
0.032 80.95 
0.037 80.05 
0.049 80.10 
0.046 80.05 
0.040 80.90 

7.90 
7.73 
7.85 
8.00 
7.85 
7.85 
7.81 

0.05 1 
0.045 
0.053 
0.052 
0.046 
0.056 
0.050 
0.055 
0.063 
0.063 

50% revert heats 
80.40 7.82 
80.20 
80.90 
80.60 
81.10 
80.27 
80.50 
8 1 .OO 
8 1.05 
80.87 

7.7 1 
7.68 
7.90 
7.80 
7.78 
7.70 
7.76 
7.76 
7.90 

1.42 
1.48 
1.46 
1.44 
1.47 
1.47 
1.45 

1.41 
1.43 
1.43 
1.50 
1.46 
1.51 
1.49 
1.46 
1.40 
1.41 

7.70 
7.60 
8.10 
7.90 
7.75 
7.75 
7.80 

8.08 
8.10 
7.60 
7.63 
8.01 
7.90 
7.30 
7.80 
7.68 
7.60 

1.81 
1.73 
1.93 
1.92 
1.98 
1.97 
1.93 

.96 

.96 

.94 

.77 

.80 
1.91 
1.90 
1.83 
1.85 
1.93 

0.005 
0.007 
0.005 
0.005 
0.005 
0.006 
0.005 

0.006 
0.005 

. 0.006 
0.007 
0.006 
0.007 
0.008 
0.006 
0.005 
0.006 

0.15 
0.08 
0.056 
0.034 
0.1 1 
0.067 
0.066 

0.05 
0.045 
0.06 
0.05 
0.1 1 
0.16 
0.11 
0.13 
0.07 
0.086 
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Table 1. Chemical analysis of 94 heats of IC-221M melted to date at Alloy Engineering & Casting Company (Continued) 
Alloy 

Date of 
melt 

Heat 
No. 

C Si Ni Cr Mo A1 Zr B Fe 

12/02/96 

12/03/96 

12/04/96 

12/10/96 

1 1/27/96 F2205 
F2206 
F2207 
F2208 
F2209 
F2211 
F22 12 
F22 13 
F2214 
F22 15 
F2216 
F22 17 
K1243 
K1244 

1211 1/96 

1211 2/96 

K1245 
F22 18 
F22 19 
F2220 
F222 1 
F2222 
F2223 
F2224 

0.02 1 
0.024 
0.023 
0.023 
0.024 
0.03 1 
0.025 
0.03 1 
0.041 
0.036 
0.050 
0.045 
0.016 
0.020 
0.018 
0.025 
0.023 
0.022 
0.016 
0.020 
0.021 
0.026 

0.068 
0.05 1 
0.05 1 
0.046 
0.05 1 
0.029 
0.026 
0.045 
0.091 
0.128 
0.1 19 
0.155 
0.069 
0.058 
0.046 
0.060 
0.070 
0.063 
0,060 
0.058 
0.050 
0.061 

80.25 
80.04 
80.50 
80.76 
80.50 
79.91 
80.17 
79.69 
78.97 
79.26 
79.57 
78.64 
81.00 
80.72 
80.90 
80.40 
80.50 
80.30 
80.76 
80.05 
80.60 
80.50 

7.75 1.43 
8.01 1.42 
7.9 1 1.44 
7.93 1.43 
7.88 1.44 
8.30 1.45 
8.50 1.42 
8.10 1.56 
7.66 1.43 
7.67 1.41 
7.82 1.34 
7.61 1.45 
7.80 1.40 
7.65 1.45 
7.90 1.43 
7.75 1.45 
7.93 1.41 
7.89 1.45 
7.95 1.43 
7.65 1.40 
7.85 1.45 
7.8 1 1.41 

7.80 
7.7 1 
7.7 1 
7.8 1 
7.79 
7.30 
7.50 
7.88 
7.91 
7.80 
7.30 
8.30 
7.8 1 
7.60 
7.71 
7.75 
7.93 
7.89 
7.60 
7.75 
7.80 
7.68 

1.96 0.006 
1.94 0.006 
1.85 0.006 
1.73 0.005 
1.85 0.006 
1.70 0.003 
1.90 0.003 
1.85 0.004 
1.98 0.006 
1.89 0.006 
1.93 0.007 
2.03 0.006 
1.90 0.005 
1.93 0.006 
1.85 0.005 
1.89 0.006 
1.95 0.006 
1.90 0.005 
1.75 0.006 
1.81 0.006 
1.90 0.005 
1.73 0.005 

0.08 1 
0.056 
0.12 
0.04 
0.05 
0.03 
0.04 
0.04 
0.55 
0.80 
0.70 
0.39 
0.47 
0.36 
0.91 
0.82 
0.52 
0.80 
0.6 1 
0.1 1 
0.13 
0.25 
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Table 1. Chemical analysis of 94 heats of IC-221M melted to date at Alloy Engineering & Casting Company (Continued) 
Allov 

Date of 
melt 

Heat 
No. 

.I 

C Si Ni Cr Mo A1 Zr B Fe 

1211 8/96 

121 19/96 

12/20/96 

12/23/96 

12/24/96 

F2226 
F2227 
F2228 
F2229 
F2230 
F223 1 
F2232 
F2233 
F2234 
F2235 
F2236 
F2237 
F223 8 
F2239 
F2240 
F224 1 
F2242 
F2243 
F2244 
F2245 
F2246 
F2247 

0.025 
0.026 
0.026 
0.025 
0.030 
0.029 
0.023 
0.025 
0.023 
0.024 
0.027 
0.030 
0.03 1 
0.0 10 
0.010 
0.010 
0.010 
0.010 
0.0 10 
0.010 
0.010 
0.010 

0.060 
0.057 
0.041 
0.045 
0.036 
0.041 
0.041 
0.058 
0.053 
0.056 
0.057 
0.048 
0.059 
0.078 
0.077 
0.065 
0.72 
0.066 
0.070 
0.091 
0.082 
0.050 

80.10 
80.80 
8 1 .oo 
80.50 
10.80 
80.80 
80.80 
80.80 
80.20 
80.80 
81.30 
80.50 
80.20 
80.80 
79.84 
80.58 
80.7 1 
80.13 
80.26 
79.55 
80.54 
79.40 

7.68 
7.71 
7.87 
7.90 
7.76 
7.99 
7.75 
7.98 
7.85 
7.98 
8.20 
7.96 
7.90 
8.09 
8.06 
8.16 
8.02 
8.26 
8.15 
7.56 
8.08 
7.83 

1.39 
1.41 
1.36 
1.43 
1.42 
1.41 
1.39 
1.40 
1.38 
1.41 
1.46 
1.45 
1.49 
1.46 
1.43 
1.46 
1.43 
1.47 
1.43 
1.45 
1.50 
1.50 

7.70 
7.81 
7.50 
7.40 
7.70 
7.60 
7.71 
7.63 
7.76 
7.60 
7.89 
7.81 
7.91 
7.85 
7.76 
7.66 
7.83 
7.63 
8.00 
7.41 
8.05 
7.69 

1.78 
1.80 
1.75 
1.80 
1.85 
1.83 
1.80 
1.88 
1.90 
1.84 
1.86 
1.92 
2.00 
1.98 
1.82 
2.00 
1.80 
1.80 
1.77 
1.90 
1.62 
1.97 

0.005 
0.006 
0.005 
0.004 
0.005 
0.005 
0.005 
0.006 
0.005 
0.006 
0.005 
0.005 
0.006 
0.004 
0.004 
0.005 
0.005 
0.004 
0.005 
0.006 
0.005 
0.005 

0.19 
0.21 
0.07 
0.09 
0.1 1 
0.22 
0.15 
0.07 
0.08 
0.069 
0.055 
0.044 
0.1 1 
0.09 
0.06 
0.1 1 
0.1 1 
0.13 
0.09 
0.066 
0.13 
0.05 
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Table 1. Chemical analysis of 94 heats of IC-221M melted to date at Alloy Engineering & Casting Company (Continued) 

Date of 
melt 

Heat 
No. 

01/06/97 

0 1/07/97 

0 1 /08/97 

0 1/20/97 

0 1/22/97 

F2249 
F2250 
F225 1 
F2252 
F2253 
F2254 
F2255 
F2256 
F2257 
F2258 
F2259 
F2260 
F226 1 
F2262 

0.025 
0.03 1 
0.026 
0.030 
0.025 
0.03 1 
0.029 
0.030 
0.025 
0.02 1 
0.025 
0.02 1 
0.025 
0.030 

0.053 
0.060 
0.056 
0.056 
0.06 1 
0.060 
0.056 
0.05 1 
0.061 
0.060 
0.061 
0.065 
0.060 
0.090 

79.95 
80.50 
80.48 
80.20 
80.40 
80.70 
80.20 
80.40 
80.40 
80.60 
80.10 
80.12 
80.10 
80.10 

7.85 
7.76 
7.79 
7.81 
7.96 
7.79 
7.80 
8.01 
7.89 
7.70 
7.95 
8.00 
7.90 
7.93 

1.41 
1.44 
1.41 
1.42 
1.36 
1.38 
1.41 
1.42 
1.38 
1.40 
1.35 
1.34 
1.40 
1.35 

7.75 
7.65 
7.77 
7.60 
7.70 
7.65 
7.7 1 
7.80 
7.65 
8.10 
8.01 
7.68 
7.90 
7.60 

1.99 
1.92 
1.91 
1.86 
1.75 
1.73 
1.93 
1.96 
2.05 
1.78 
1.75 
1.73 
1.80 
1.71 

0.006 
0.005 
0.006 
0.005 
0.005 
0.005 
0.005 
0.006 
0.005 
0.006 
0.005 
0.005 
0.006 
0.005 

0.088 
0.09 
0.45 
0.2 
0.15 
0.07 
0.06 
0.1 1 
0.08 
0.06 
0.04 
0.03 
0.6 
0.12 

~ ~ ~~~~~ 

C si Ni Cr Mo .A1 Zr B Fe 
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Table 2. Comparison of nominal chemical analysis of IC-221M with the range observed for heats made using virgin and revert 
stock in a pilot commercial melt run of 94 heats carried out at Alloy Engineering & Casting Company 

Element Nominal 
(wt %) 

Virgin heats (wt %) 

Range Average 

Revert heats (wt %)a 

Range Average 

A1 
Cr 
Mo 
Zr 
B 
C 
Si 
Fe 
Ni 

8.0 
7.7 
1.43 
1.70 
0.0080 

-- 
81.1 

7.5 CI 8.2 
7.63 0 8.11 
1.38 0 1.50 
1.73 0 2.02 
0.004 0 0.008 
0.012 0 0.032 
0.021 0 0.055 
0.03 0 0.15 

b 

7.86 
7.8 1 
1.45 
1.93 
0.0054 
0.022 
0.036 
0.077 

80.81 

7.3 0 8.3 
7.56 0 8.5 
1.34 0 1.56 
1.62 0 2.05 

0.003 0 0.008 
0.01 0 0.05 
0.026 0 0.155 
0.03 0 0.91 

b 

7.74 
7.88 
1.43 
1.86 
0.0054 
0.024 
0.06 1 
0.194 

80.8 1 

a50% virgin and 50% revert. 
bBalance. 
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’ Weld Procedure Development 

The weld joint design originally specified for attaching trunnions to roll shells for transfer 
roll fabrication was a single U-groove geometry that included a type 304 stainless-steel 
backing ring. Several roll assemblies were made using this configuration. Another 
feature incorporated into this design was an extension of the trunnion under the weld joint 
area that was referred to as a “catcher.” The purpose of the catcher was to provide some 
insurance from having a roll shell drop to the furnace floor in the event of a weld failure. 
One result of the weld joint design and the catcher was that machining of the trunnion 
was relatively difficult. This caused undesirable delays in trunnion manufacturing and 
contributed to high trunnion costs. 

Meetings with our licensees (United Defense LP and Sandusky International) led to a 
major modification of the weld joint design. The revised design included a single 
v-groove, eliminated the stainless steel backing ring, and eliminated any machining 
requirements for the catcher detail. Mock assemblies of the revised design were 
machined and welded at ORNL to establish a welding procedure. 

The stainless steel backing ring was used in our original design to gain some mechanical 
compliance in depositing the root pass of the weld. The sensitivity to the effects of 
mechanical restraint is highest for the root pass meaning it is the most likely to experience 
cracking problems during welding. A byproduct of eliminating the backing ring was that 
depositing crack-free root passes with IC-221LA filler metal became much more difficult. 
A wide variety of commercial weld filler metals was evaluated as alternatives to IC- 
221LA, but none was capable of producing high-quality weld beads on the IC-221M 
castings. Analysis of weld wire chemistries and weldment specimens suggested that 
chemical elements (e.g., niobium and titanium) added to the commercial weld filler 
metals were creating cracking problems when they were deposited on IC-221M. Efforts 
were then renewed to develop additional weld filler metal alloys for welding IC-221M 
castings under conditions of high mechanical restraint. Two alloys were identified as 
acceptable candidates and were fabricated into wire at O W .  The metallurgical 
compatibility of these wires with IC-221M was demonstrated and several small lots were 
produced at ORNL for supply to our licensees. An invention disclosure was prepared for 
these alloys and patent application is under consideration. Also, negotiations to establish 
a commercial supply through a welding wire manufacturing company were initiated. 
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Technical Support for Fabrication 

In January, two IC-221M rolls were fabricated at Sandusky International. ORNL staff 
supervised in the entire activity and participated in the welding. Training was also 
provided to Sandusky International employees. Both of these roll assemblies used the 
original u-groove joint design incorporating the stainless steel backing ring. 

In May, O W  participated in the fabrication of another roll assembly using the revised 
joint design. 

In June, ORNL participated in the fabrication of another roll assembly, but this time the 
trunnions .were made of HK and HP stainless steel. The trunnions were obtained from 
Bethlehem Steel’s Burns Harbor Plant and had previously been in service in their heat- 
treating fiknace. The use of the stainless steel trunnions was viewed as a significant 
opportunity to reduce the overall cost of roll assemblies, thereby making them more 
attractive to potential customers including Bethlehem Steel. The ability to weld this 
assembly was a direct result of the new weld filler metal discussed above, and of our 
continued efforts to develop welding procedures. 

Technical Support for Welding Wire Production 

Efforts at Stoody Company (Bowling Green, Kentucky) to perfect production procedures 
for the IC-221LA weld filler metal were supported by coordinating the establishment of 
chemical analysis standards and composition ranges for the IC-221LA wire, and by 
confirming that Stoody’s approach for making the wire produced weld deposits with 
acceptable tensile properties. The chemical analysis work involved making weld deposits 
at ORNL and at Stoody Company with identical procedures and the same weld filler 
metal wire, The, chemical compositions of specimens from these deposits were then 
determined at Stoody Company and at the Metallurgical Services Laboratory of ABB 
Combustion Engineering (ABB-CE, Chattanooga, Tennessee). ABB-CE has a long 
history of analyzing nickel aluminide alloys, and comparison of their techniques and 
results with those of Stoody Company enabled Stoody to establish the chemical analysis 
procedures required for composition control in their weld wire manufacturing facilities. 
Part of this effort also involved working with Stoody to establish chemical element ranges 
that are consistent with established commercial practice. 

Much of our early work to develop welding procedures and determine weldment 
properties was done using weld filler metal supplied by Ametek. The Ametek wire was 
produced as metal-powder-cored product by Cor-Met, Inc. (Brighton, Michigan) using 
standard commercial processing. The unique feature of this product was that the welding 
wire was fabricated from a nickel sheath containing prealloyed powder. The prealloyed 
powder was melted and atomized by Ametek. The chemical composition of the powder 
was formulated so that when it was combined with the nickel sheath and melted during 
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welding, it produced a weld deposit of the desired IC-221LA composition. Stoody 
Company viewed the process of prealloying the powder as an unnecessary complication 
and expense. They desired to make IC-221LA from unalloyed, elemental powders. It 
was decided to duplicate a weldment made with the Ametek wire to help establish 
whether the elemental powder approach would yield acceptable operating characteristics 
during welding and comparable tensile properties. To accomplish this, a weld was made 
with Stoody wire in 95-mm-OD centrifugally cast tube made by Alloy Engineering & 
Casting Company. The weld was made using gas-tungsten-arc (GTA) welding with 
0.062-in.-diam wire as was previously done. The operating characteristics of the Stoody 
wire were acceptable and no unusual problems were encountered during the welding. 
The appearance of the finished weld was good. For comparison, a series of cross-weld 
tensile specimens were made fiom the tube and tested up to 1100°C. A plot of yield 
strength for the IC-221M base metal, the weld made with AmeteWCor-Met wire, and the 
weld made with the Stoody wire is given in Figure 9. The yield strength values for 
specimens from the Stoody weld are within the expected scatter band for tensile tests of 
similar materials. This data led to the conclusion that Stoody’s approach of using 
unalloyed powder to fabricate IC-221LA weld filler metal was acceptable. 

Testing the Mechanical Properties of Weldments 

Tensile testing was done on two weldments, centrifugally cast IC-221M welded to itself, 
and centrifugally cast IC-221M welded to Alloy 800. The IC-221M pieces were rings 
about 14.375-in-dia. by 4-in. length that were cut from a centrifugal casting produced by 
Sanduslq International (Heat 184876). The Alloy 800 piece was fabricated from a 
OS-in.-thick plate that was rolled and welded into a ring to match the dimensions of the 
IC-221M. Both welds were made by GTA welding with 0.062-in.-diam wire produced by 
AmeteWCor-Met. A schematic drawing showing the joint design and bead placement for 
the IC-221MhC-221M weld is shown in Figure 10. Identical joint design and similar 
bead placement were used for the IC-221M-alloy 800 weld. Alloy 800 was chosen for 
this test because it is a relatively common alloy used for elevated temperature service, and 
because it was readily available. It was believed that the success of this weld would 
indicate that welding of IC-221M to other alloys would be feasible. A photograph of the 
finished weld of IC-221M-to-Alloy 800 is shown in Figure 11. 
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Figure 9. Variation of yield strength with temperature for 95-mm-OD centrifugally cast 
pipe and pipe weldments made with IC-221LA filler metal made by AmeteWCor-Met and 
Stoody Company. 

Figure 10. Joint design and schematic representation of bead placement for weld of 
14.375-in. rings of centrifugally cast IC-221M. 
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Figure 11. Photograph of centrifugally cast IC-221M ring welded to Alloy 800 ring with 
IC-22 1 LA filler metal. 
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The yield strength results from cross-weld specimens from the IC-221MAC-221M weld 
are given in Figure 12. The strengths of the weldment specimens were comparable to 
those of the base metal specimens at test temperatures up to 800°C. Above 800°C, the 
yield strengths of the weldment specimens were slightly lower than those of the IC-22 1M 
base metal, as might be expected. All of the weldment specimens broke with the weld 
metal which is consistent with the weld metal having a lower strength than the base metal 
and with stress concentration effects in cross-weld test conditions. 
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Figure 12. Variation of yield strength with temperature for centrifugally cast IC-221M 
base metal and weldment. 

The yield strength results fiom testing of the IC-221M/Alloy 800 weld are given in Figure 
13. The strengths values of these specimens was controlled by the strength of Alloy 800, 
which is much lower than those of IC-221M or IC-22lLA at all test temperatures. All of 
the IC-221WAlloy 800 specimens broke within the Alloy 800 base metal. 
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Figure 13. Variation of yield strength with temperature for centrifugally cast IC-221M 
welded to Alloy 800 with IC-221LA filler metal. 

Task 4. Workability of Cast or Powder Metallurgy Product to Sheet, Bar, 
and Wire (Start 10/96, End 9/97) 

Workability of nickel aluminides using conventional processing techniques such as 
forging, rolling, and extrusion are essential in developing a wide spread use of these 
materials. In order to be successful in processing aluminides, we need a comprehensive 
knowledge of flow stress data at a wide range of temperatures and strain rates 
approaching those used in commercial techniques. A test program to develop such data 
was set up with Prof. Y.V.R.K. Prasad at the Indian Institute of Science @S), Bangalore, 
Karnataka State, India. The program is best on the unique capability of equipment and 
expertise of ITS in developing such data and its analysis into deformation maps. The test 
program exchanges no funds and is based on ORNL supplying the specimens and some 
metallurgical characterization of tested specimens, and IIS to carry out the data 
development. The program has been in place since September 1997, and specimen 
preparation is currently under way. 

The end product of this program is expected to be the window of temperature and strain 
rate that will result in hot workability of nickel aluminides. The first set of results are 
expected during the first quarter of FY 1.998. 
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Task 5. Technology Transfer Activities (Start 10/96, End 9/97) 

Strong technology transfer activities continued with the current and potential users and 
producers. Specific examples of interactions are listed below. 

Bethlehem SteeYSandusky Interactions 

ORNL continued to play a very active role in the successful manufacturing and 
installation of rolls in the austenitizing furnace at Bethlehem Steel. Specific contributions 
included: (1) visits to Burns Harbor Plant for examination of rolls in service; and, (2) 
visits to Sandusky International to assist in welding issues and welder training, 
conducting stress analysis for various combinations of roll and trunnion combinations and 
examination of weld versus pinned roll design. A lot of additional mechanical property 
data were developed along with the production of a lot of scale weld wire for welding at 
Sandusky International. This has been the most demanding interaction with significant 
benefits to the steel industry, once the nickel aluminide technology is fully implemented. 

United Defense LP 

In this interaction, ORNL assisted with the computer modeling of the castings, weld 
repair of the castings, and training the welders. Technology transfer efforts also included 
assistance with machining of trunnions and other castings, chemical analysis standards, 
and obtaining centrifugal cast tubes for the radiant burner tube applications. 

Alloy Engineering & Casting Company 

A major activity of the technology transfer effort was a three-hour workshop session on 
the nickel aluminide development with the sales staff at Alloy Engineering & Casting. 
We also provided assistance in the preparation of a data sheet for cast nickel aluminide 
for heat-resistant component applications. Other technology transfer activities included 
extensive support with the preparation of chemical analysis standards, weld repair of 
castings, and training of the welders. 

Chemical Industry Interactions 

Strong interactions occurred with the three major players (E. I. DuPont, Dow Chemical, 
and FMC Corporation) in the chemical industry. In each case, visits were made, data 
exchanged, and test coupons provided. Results of the test coupons are expected during 
the second quarter of FY 1998. 
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Coronado Steel 

Coronado Steel Company (Youngstown, Ohio) is a small foundry that can produce small 
production orders on a very rapid basis. ORNL personnel have trained several of 
Coronado's personnel on the Exo-Melt" process and property data on nickel aluminides. 
They have demonstrated skills in the production of small pilot heats of specialty shapes 
and are currently looking at a potential license. They are developing applications in the 
area of cast heating elements, dies for intricate extrusion processed shapes, and 
permanent molds for copper alloy casting and burners for gas-fired furnaces. Coronado 
Steel is a very progressive company, and a strong interaction with them has a strong 
potential for many new applications of nickel aluminides. 

Multi-Metals and Truecast 

Our interactions with Multi-Metals (Louisville, Kentucky> indicated that they have 
potential applications for nickel aluminide components for their heat-treating baths. 
We worked with Multi-Metals and Truecast (Louisville, Kentucky) in identifling the melt 
and cast parameters to investment-cast the initial set of components. These components 
are currently in test at Multi-Metals. This interaction has resulted in a potential 
investment casting foundry? which did not exist to date. 

Other Interactions 

Many other companies were sent the data packages and test coupons of nickel aluminide 
for new potential applications. 

FeAl 

The technology transfer activities resulted in the production of sand-cast shapes at 
Anaconda Foundry Fabrication Company, Inc. (AFFCO, Anaconda, Montana) for 
aluminum industry applications and sand-cast shapes (grate bars and pellet tips) for the 
phosphate calcination process. The shapes were cast at United Defense LP. The grate 
bars and pellet tips have been in service for almost one year. The centrifugal-cast FeAl 
tubes were cast at Alloy Engineering & Casting Company. These tubes were cast to 
demonstrate the commercial melting and casting process and for potential applications in 
molten salt baths and specialty applications in the steel industry. 

Test coupons of iron aluminides were supplied to potential users for heat treating and 
sulfidation-related applications. 
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PUBLICATIONS 

V. K. Sikka, M. L. Santella, and J. E. Orth, “Processing and Operating Experience of 
Ni3Al-Based Intermetallic Alloy,” Mater. Sci. Eng. A239-240 (1 997), pp. 564-569. 

S .  C. Deevi, V. K. Sikka, and C. T. Liu, “Processing, Properties, and Applications of 
Nickel and Iron Aluminides,” Progress in Materials Science 42 (1 997), pp. 177-1 92. 

V. K. Sikka, “Commercialization of Nickel and Iron Aluminides,” pp. 361-375 in 
Proceedings of the International Symposium on Nickel and Iron Aluminides: Processing, 
Properties, and Applications, ed. S .  C. Deevi, V. K. Sikka, P. J. Maziasz, R. W. Cahn, 
ASM International, Materials Park, Ohio (1 997). 

S. C. Deevi and V. K. Sikka, “Reaction Synthesis and Processing of Nickel and Iron 
Aluminides,” pp. 283-299 in Proceedings of the International Symposium on Nickel and 
Iron Aluminides: Processing, Properties, and Applications, ed. S .  C. Deevi, V. K. Sikka, 
P. J. Maziasz, R. W. Cahn, ASM International, Materials Park, Ohio (1997). 

M. L. Santell, “An Overview of the Welding of Ni3Al and Fe3Al Alloys,” pp. 321-327 in 
Proceedings of the International Symposium on Nickel and Iron Aluminides: Processing, 
Properties, and Applications, ed. S .  C .  Deevi, V. K. Sikka, P. J. Maziasz, R. W. Cahn 
ASM International, Materials Park, Ohio (1 997). 

PRESENTATIONS 

S .  C. Deevi and V. K. Sikka, “Reaction Synthesis and Processing of Nickel and Iron 
Aluminides,” Proceedings of the International Symposium on Nickel and Iron 
Aluminides: Processing, Properties, and Applications, ASM-TMS Materials Week ‘96, 
Cincinnati, Ohio (October 8, 1996). 

V. K. Sikka, “Commercialization Status of Ni3Al-Based Alloys,” Materials Research 
Society 1996 Fall Meeting, Boston, Massachusetts, December 2, 1996, to be published in 
Materials Research Society. 

V. K. Sikka, “Development and Commercialization of Intermetallics,” Resource Group 
Meeting, Clearwater Beach, Florida (February 24, 1997). 

V. K. Sikka, M. L. Santella, and C. T. Liu, “Processing, Properties, and Applications of 
Ni3Al-Based Alloys,” Golden Jubilee Celebrations, International Conference on Recent 
Advances in Metallurgical Processes (ICRAMP ‘97), Indian Institute of Science, 
Bangalore, India (July 16-19, 1997). 
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V. K. Sikka, S. Viswanathan, and J. E. Orth, “Net Shape Fabrication of Aluminides,” 
Near Net Shape Manufacturing Conference, Session 4: Net Shaping of Advanced 
Materials, Indianapolis, Indiana, September 17-18, 1997, to be published in ASM 
International. 

V. K. Sikka, “Intermetallics,” CANMET-IRAP Forum on Latest Developments and 
Applications of Emerging Technologies in Metallic Materials, Humber College, Toronto, 
Ontario, Canada (September 30, 1997). 

HONORS & AWARDS 

Lockheed Martin NOVA Award for Teamwork, Oak Ridge National Laboratory, 
Oak Ridge, Tennessee, presented June 27, 1997 at Third Annual NOVA Awards 
Ceremony, National Air and space Museum, Washington, DC. 

PATENTS/DISCLOSURES 

“High-Strength, Thermally Stable, and Oxidation Resistant Alloy for Die and Cutting 
Tool Application,” V. K. Sikka, S. C. Deevi, J. D. Vought, and C. R. Howell, Lockheed 
Martin Energy Research Corporation, Invention Disclosure No. ESID 1877-X, S-85,549. 

“Ductile Filler Metal Alloys for Welding Nickel Aluminide Alloys,” M. L. Santella, J. D. 
McNabb, and V. K. Sikka, Lockheed Martin Energy Research Corporation, Invention 
Disclosure No. ERID 0410, S-88,672. 

LICENSES 

Three new licenses were signed: Alloy Engineering & Casting Company, Sandusky 
International, and Polymet Corporation. Two other licensing agreements are currently 
under negotiation. 

INDUSTRIAL INPUT AND TECHNOLOGY TRANSmR 

Delphi Saginaw 

Two pusher furnace fixtures have been in operation for two years at Delphi Saginaw. 
Sixty-three pusher furnace fixtures have completed nine months in commercial operating 
furnaces. Six batch furnace trays have been operating for almost ten months at Delphi 
Saginaw. 
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Bethlehem Steel Corporation 

A total of 14 rolls were installed in Bethlehem Steel Corporation's furnace. Two of these 
rolls have been operating for 42 months. The others have seen different operating 
periods. Four of the rolls had to be taken out of service for weld repairs. 

FMC 

Nickel aluminide pellet tips have been operating for nearly two years. The FeAl grate 
bars have completed ten months. 

Ford Motor Company 

Ford Motor Company (Dearborn, Michigan) has ordered fifty trays for their carburizing 
heat-treating furnaces. 

The Timken Company 

The Timken Company (Canton, Ohio) has completed the first round of use of nickel 
aluminide with twice the use of the currently used forty trays. They are currently waiting 
on a supply of new sets of fixtures to go into their furnaces. 

Chevron 

Chevron (Richmond, California) has completed the use of the first set of tube hangers and 
is awaiting the supply of a'larger batch. 

COST INFORMATION 

None. 

COST SHARING 

A significant amount of industrial cost sharing occurred through the testing of nickel 
aluminide under commercial production conditions. 

Research performed at the Oak Ridge National Laboratory, sponsored by the U.S. 
Department of Energy, Assistant Secretary for Energy Efficiency and Renewable Energy, 
Office of Industrial Technologies, Advanced Industrial Materials Program, and the Steel 
Industry Team under contract DE-AC05-960R22464 with Lockheed Martin Energy 
Research Corporation. 
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PARALLEL IMPLEMENTATION OF CASTING 
MODELING PROGRAM 

T. Zacharia, S. Simunovic, S .  Viswanathan, and P. F. Locascio 

Metals and Ceramics Division 
Oak Ridge National Laboratory 

Post Office Box 2008, Oak Ridge, Tennessee 3783 1 

INTRODUCTION 

Casting modeling is important to the design and optimization of casting processes for the 
production of ordered intermetallic alloy components. Due to the large size of some 
components such as heat treating trays and centrifugally cast rolls, and complex coupled 
physical phenomena involved, simulation time on even high-end workstations, can range 
from a few days to a week or more. The objective of this project is to develop a 
massively parallel processing capability for modeling of casting processes. Parallel 
implementation of the simulation program will allow for rapid analysis and will enhance 
projects on improved castability on metallic and intermetallic alloys. 

The commercial casting code ProCAST, from UES, Inc., has been chosen to be 
implemented on massively parallel computers at ORNL. ProCAST is a finite element 
code that can be used for the analysis of complex casting shapes by modeling coupled 
effects of heat flow, fluid flow, solidification, and stress. The program also has very good 
capabilities for simulating radiation that is important for investment casting. 

The first step in project was to parallelize the heat conduction module in ProCAST. This 
task was done using Parallel Virtual Machine (PVM) approach. The next step was to port 
this implementation onto ORNL massively parallel computers. Consequently, the 
assessment of this implementation is to be performed by analyzing the performance on 
the parallel computers and identifying the areas that need to be improved. A detailed 
parallelization strategy, data structures, and function design have to be developed next in 
collaboration with UES so that the developments in the serial and parallel versions of the 
code be compatible and complement the overall objective of improvement of casting 
simulation capabilities. Successive parallelization of ProCAST modules (heat flow, fluid 
flow, and stress analysis) is to be done next following the developed strategy. 

TECHNICAL PROGRESS - FY 1997 

A parallel version of a heat flow conduction module in ProCAST has been ported on 
ORNL's parallel computers SGI Onyx and Intel Paragon. The performance of the 
implementation is currently being assessed. The function call trees and program profiling 
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were performed to identify the main program functions for each of the modules and 
determine a proper sequence and subsets of functions that need to be parallelized. The 
meeting with industrial collaborators has been scheduled in order to coordinate the efforts 
and develop a strategy for development of parallel implementation of fluid flow module 
of ProCAST. 
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SYNTHESIS AND DESIGN OF SILICIDE INTERMETALLIC MATERIALS 

J. J. Petrovic, R. G. Castro, D. P. Butt, Y. Park, 
K. J. Hollis, and H. H. Kung 

Los Alamos National Laboratory 
Los Alamos, New Mexico 87545 

INTRODUCTION 

The overall objective of this program is to develop structural silicide-based materials with 
optimum combinations of elevated temperature strengthkreep resistance, low- 
temperature fkacture toughness, and high-temperature oxidation and corrosion resistance 
for applications of importance to the U.S. processing industry. A further objective is to 
develop silicide-based prototype industrial components. The ultimate aim of the program 
is to work with industry to transfer the structural silicide materials technology to the 
private sector in order to promote international competitiveness in the area of advanced 
high temperature materials and important applications in major energy-intensive U.S. 
processing industries. 

The program presently has a number of developing industrial connections, including a 
CRADA with Johns Manville Corporation targeted at the area of MoSi2-based high- 
temperature materials and components for fiberglass melting and processing applications. 
We are also developing an interaction with the Institute of Gas Technology (IGT) to 
develop silicides for high temperature radiant gas burner applications, for the glass and 
other industries. With Combustion Technology, we are developing silicide-based 
periscope sight tubes for the direct observation of glass melts. 

TECHNICAL PROGRESS - FY 1997 

CRADA with Johns Manville Corporation 

Corrosion Behavior of MoSiz in Molten Glass 

We have been examining the corrosion behavior of MoSi2 in molten glass. This has 
involved both static and dynamic corrosion experiments in fiberglass composition glass, 
at temperatures in the range of 1O5O0C -155OOC. Corrosion rates of MoSiz are 
comparable to those of A Z S  refractory. Dynamic corrosion is similar to static corrosion, 
indicating no corrosion rate effects. Maximum corrosion rates for MoSiz occur at the 
glass-air line. Above the glass line, the formation of a protective Si02 layer occurs, while 
below the glass line, a protective Mo-rich layer is formed. At the glass line, no protective 
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layers are formed in pure MoSi2. Efforts are now concentrating at optimizing the 
corrosion behavior at the glass line, through composite, alloying, and anodic protection 
approaches. 

MoSi2 Coating of Refractory Bricks 

Silica refractory bricks were coated with MoSi2 and tested in a Johns Manville oxy-fuel- 
fired glass melting furnace. Coated and uncoated bricks were exposed in the furnace at a 
temperature of 1554OC for a period of eight weeks. After this exposure, the MoSi2 
coating was still present, although some of the coating spalled off of the brick upon 
removal from the furnace. Analysis showed the formation of an amorphous silica layer 
between the MoSi2 and the silica refractory brick. 

Interaction with Institute of Gas Technology 

We have been interacting with the Institute of Gas Technology (IGT) to test MoSi2 and 
MoSil composite materials in a gas radiant tube environment, to initially assess these 
materials for potential melting, heat treating and drymg applications which employ gas 
radiant tubes. Planning was initiated to conduct a 500-hr test at 1800'F of bend test 
specimens of the following materials: (1) Pure MoSiz; (2) 30 vol.% Sic-MoSi2 matrix 
composite; (3) 30 vol.% Si3N4-MoSi2 matrix composite; (4) Reaction bonded Sic; 5 )  
Plasma sprayed MoSi2 and M0jSi3. Specimens of aluminide materials from ORNL will 
also be included in this test. 

Mechanical Properties of MoSi2 Materials 

Impression creep tests were performed on MoSi2 materials, in the temperature range of 
1000°C-12000C, and impression creep stresses of 260-370 MPa. The impression creep 
behavior of air plasma sprayed (APS) and hot pressed (Hp) MoSi2 was compared. In 
general, the creep rates of APS materials were higher than the creep rates of HP materials, 
by roughly one order of magnitude. Impression creep rates at 120OoC were in the range of 
10-6-10-8 s-'. Creep activitation energies were in the vicinity of 350 kJ/mole, and creep 
stress exponents were in the range of 1.4-2.0. The higher creep rates observed for APS 
material as compared to HP material were probably related to the somewhat smaller .grain 
size and greater porosity in the APS material. 

Joining of MoSi2 Materials 

Our efforts on the joining of MoSi2 to important engineering metals were scaled back 
somewhat due to funding constraints. However, somewhat limited efforts continued on 
the joining of MoSi2 to 316L stainless steel. Finite element analyses and neutron 
diffraction experiments were employed to obtain estimates of the residual stresses in the 
MoSiz-stainless steel joints, using Nb, Ni, and Ni-Fe interlayer materials. An Ni-Fe 
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interlayer material with a coefficient of thermal expansion intermediate between the 
MoSi2 and the stainless steel provided the most favorable residual stress states in the 
joints. 

Reinforced Elements of 
MoSi2 

(Y203-ZrO2)+MoSi2 

CRADA with Johns Manville Corporation 

MoSi2 Composites 
20% YAG -MoSiz 
40% YAG -MoSiz 
60% YAG -MoSiz 
80% YAG -MoSi2 

100% YAG 
20% (ZrO2)-MoSi2 

20% (2.5 Y~O~-ZTO~)-MOS~~ 
20% (8.0 Y~O~-ZTO~)-MOS~~ 

Corrosion of MoSi;! in Molten Glass 

The primary task this quarter was to evaluate and compare the corrosion resistance of 
MoSi2-based composite materials in the molten glass. Yittria alumina garnet (YAG)- 
reinforced and yittria-partially- or fully-stabilized ZrO2-MoSi2 composites were 
fabricated by hot pressing. The compositions of the composites and their basic properties 
are listed in Table 1. Tests were performed under static conditions at 1300°C for 3 or 12 
hours at 1300°C in molten alkali borosilicate glass. 

Figure 1 summarizes the results of the static tests and compares the rates of corrosion to 
those of other refractory materials above, below, and at the glass line. Although other 
physical properties may be improved, the addition of the aforementioned oxides do not 
significantly improve the corrosion resistance over that of pure MoSi2. Figure 2 
illustrates the relative effect of YAG concentration in the YAG-MoSi2 composites on 
corrosion. It is apparent that the corrosion rate of the composite is inversely proportional 
to the concentration of YAG. The effect of various types of Y2O3-ZrO2 additions on the 
corrosion of MoSi2 is illustrated in Figure 3. In this case, the corrosion rate of the 
composite was inversely proportional to the concentration of yittria. 

Research next quarter will continue to focus on the corrosion testing of plasma sprayed 
MoSi;! and MOjSi3 at longer exposure times. In addition, we will investigate MojSi3 and 
FeCrSi coated alumina and will continue with electrochemical measurements of 
corrosion. We are also designing an apparatus for studies of the sulfidation resistance of 
MoSi2. It is anticipated that we will begin constructing the apparatus near the end of the 
first quarter of FY 1998. 

Table 1. Test matrix of MoSi2 composites. 

. 

YAG -MoSi2 

Theoretical density (%) 
96.65 
92.72 
86.33 
80.86 
75.91 
91.2 
94.2 
94.1 
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Figure 1. Material loss (thickness change) of composite materials exposed to molten 
alkali borosilicate glass under static corrosion conditions at 1 3OO0C, showing mass loss 
above (top), at (middle), and below the glass line (bottom). 

MoSiz Coatings 

Powders and coatings of Ti3SiC2 and FeCrSi are being evaluated for potential 
applications for glass refractory coatings. Both powders have been produced by a 
combustion synthesis process and have been manufactured by Exotherm Corporation. 
Initial results have shown that the SHS Ti3SiC2 powders are single phase and fairly 
uniform in composition as determined by backscattered electron imaging (BEI) and X-ray 
diffraction. The FeCrSi SHS powders, however, were very non-uniform with a number 
of unidentifiable phases present in the X-ray diffraction pattern. Plasma sprayed coatings 
of the FeCrSi were produced and are currently being tested for their glass compatibility. 
We were unsuccessfully in producing plasma sprayed coatings of the Ti3SiC2 powders. 
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Figure 2. Effect of YAG reinforcement on the corrosion of YAG -MoSiz composites 
exposed at 1300°C for 12 hrs showing (a) postmortem composites and (b) comparative 
mass losses after exposure. 
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Figure 3. Effect of Y203 concentration on the corrosion resistance of 20% 
(Y203+Zr02)-MoSi2 composites in molten alkali borosilicate glass at 1300°C for 3 hrs. 

IGT Interaction 

Ordered and received radiant U-tube for high-temperature testing of silicide and 
aluminide-based materials at IGT. Designed and fabricated six holding fixtures for the 
four-point bend test samples which will be evaluated in a combustion 'and endothermic 
environment at IGT. Plasma sprayed three MoSi2 spray formed tubes and three MogSi3 
tubes as machining stock for the bend test samples. A total of 365 s ~ p l e s  will be 
machined from the following materials for testing at IGT: 

Plasma sprayed-formed MoSi2 tubes on graphite rods 
Plasma sprayed-formed Mo& tubes on graphite rods 
SCRB210 Sic plate 
MoSi2 "C" hot-pressed discs 
MoSi2 - AlO/SiC hot-pressed discs 
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MoSi2. - EIO/Si#4 hot-pressed discs 
ORNL will provide two types of aluminide materials (approx. 60 samples) for testing at 
IGT. Testing of the samples is expected in December 1997. 

Combustion Tec Interaction 

Started investigating the plasma spray-forming of a periscope sight tube for observing 
glass processes. CTI specializes in monitoring systems of glass furnaces, and heat flux 
and gas sampling probes for glass processing operations. CTI closed circuit television 
furnace monitoring system is one of the most advanced systems for observing flame 
characteristics and batch distribution inside glass melting furnaces. They currently have a 
need to use advanced silicide-based materials to enhance the performance of a periscope 
site tube which is used for directly viewing the glass during processing. MoSiz powder 
produced by Exotherm Corporation has been purchased and used on the initial spray 
trials. 

Oxford University Interaction - 

Hosted Dr. Patrick Grant and Adam Baker of the Materials Department at Oxford 
University. Dr. Grant is currently interested in developing continuous reinforced 
composites of MoSiz/SiC using monotape technology. Monotapes of MoSiz/SiC are 
produced by filament winding continuous fibers of Sic  on a mandrel followed by plasma 
spray deposition of MoSi2 on the fibers. This process technology has been used to 
produce continuous reinforced composites of Ti-based material. Mr. Adam Baker was 
sponsored by R. Castro of MST-6 for a two-month period to characterize monotape 
composite which were successfully produced at LANL by atmospheric plasma spraying. 
A collaborative research program is being established with the Materials Department at 
Oxford University to investigate spray/wind techniques for produced continuous 
reinforced composites of MoSi2/SiC. An abstract of this work will be submitted to the 
International Conference on High Temperature Structural Silicides. R. Castro visited 
Oxford University in September 1997 and presented a seminar on “MoSi2 Composites 
Produced by Plasma Spraying.”. 

Joining of MoSiz to Common Metals: 

Work this past quarter has focussed on making residual stress measurements on joints and 
on using new interlayer materials, in particular, amorphous alloy foils. The new 
experimental work has just begun and will be reported in future reports. Much of the 
residual stress data has been reported in previous reports and has been- summarized in 
detail in a recent paper which was submitted and accepted for publication in Acta Mater. 
et Metall. 
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PUBLICATIONS 

Journals 

M. Sandlin, D. P. Butt, T. N. Taylor, and J. J. Petrovic, “Aqueous Zeta Potential of 
Molybdenum Disilicide,” J. Mater. Sci. Lett., 16, 1336-1338 (1997). 

S. D. Conzone, D. P. Butt, and A. H. Bartlett, “Joining MoSi2 to 316L Stainless Steel,” J.  
Mater. Sci., 32,3369-3374 (1997). 

T. N. Taylor, D. P. Butt, and C. G. Pantano, “Auger Parameter Determination of Bonding 
States on Thinly Oxidized Silicon Nitride,” accepted for publication in Su$ace and 
Inte$ace Analysis (1 997). 

R. U. Vaidya, P. Rangaswamy, M. A. M. Bourke, and D. P. Butt, “Measurement of Bulk 
Residual Stresses in Molybdenum Disilicide/Stainless Steel Joints Using Neutron 
Scattering,” accepted for publication in Acta Mater. et Metall., (1997). 

J. J. Petrovic, M. I. Pena, I. E. Reimanis, M. S. Sandlin, S. Conzone, H. H. Kung, and D. 
P. Butt, “Mechanical Behavior of MoSiz Reinforced-Si3N4 Matrix Composites,” J. Am. 
Ceram. SOC. (December 1997). 

R. U. Vaidya, A. H. Bartlett, H. H. Kung, and D. P. Butt, “Joining of MoSi2 to Itself and 
Reactions with Aluminum Interlayers,” accepted for publication in J.  Mater. Sci. Lett. 
(1997). 

D. P. Butt, D. Albert, and T. N. Taylor, “Kinetics of Thermal Oxidation of Silicon Nitride 
Powders,” J.  Am. Ceram. SOC., 79 [l 11 2809-2814 (1996). 

H. Kung, Y. C. Lu, A. H. Bartlett, R. G. Castro, J. J. Petrovic, and E. Shtessel, “Structural 
Characterization of Combustion Synthesized MoSi2-Si3N4 Composite Powders and 
Plasma Sprayed MoSiz-Si3N4  composite^,'^ J. Mater. Res., in press. 

A.H. Bartlett and R.G. Castro, “Elevated Temperature Mechanical Properties of 
Molybdenum Disilicide/Silicon Nitride Molybdenum DisilicidelSilicon Carbide 
Composites Produced by Self-propagating High Temperature Synthesis,” accepted for 
publication in the Journal of Material Science (1996). 

A. H. Bartlett and R. G. Castro, “High Temperature Deformation and Damage for 
Plasma-Sprayed Layered Molybdenum Disilicide/Aluminum Oxide Beams,” accepted for 
publication in the J. of Acta Materiali (1 997). 
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A. H. Bartlett and R. G. Castro, “Residual Stress in Net-Shape Plasma Sprayed Tubes” 
submitted for publication in the J. of American Ceramics Society (1997). 

J. J. Petrovic, M. I. Pena, and H. H. Kung, “Fabrication and Microstructures of MoSi2 
Reinforced-Si3N4 Matrix Composites”, J. Am. Ceram. SOC., 80, 11 11-1 116 (1997). 

Other Publications 

K. J. Hollis, D. P. Butt, and R. G. Castro, “Impression Creep Behavior of Atmospheric 
Plasma Sprayed and Hot Pressed MoSi2/Si3N4,” in Proceedings of the 1997 United 
Thermal Spray Conference, Indianapolis, Indiana (1997). 

A.H. Barlett and R.G. Castro, “Measurement and Modeling of Residual Stress in Net- 
Shape Plasma Sprayed Tubes,” 9th National Thermal Spray Conference Proceedings, 
ASM International, Materials Park, Ohio, (October 1996), 841-845. 

K.J. Hollis, R.G. Castro, A.H. Bartlett and R. Neiser, “Investigation of the Silicon Loss in 
APS MoSi2 Under Typical Spray Conditions,” 9th National Thermal Spray Conference 
Proceedings, ASM International, Materials Park, Ohio (October 1996) 429-437. 

PRESENTATIONS 

Invited Presentations 

D. P. Butt, S .  L. Conzone, A. H. Bartlett, “Partial Transient Liquid Phase Joining of 
MoSi2 to Commercial Alloys,” presented at the 98th Annual Meeting of the American 
Ceramic Socie@, Indianapolis, Indiana (1 996). 

R.G. Castro and J.J. Petrovic, “MoSi2 Based Composites,” DOE Workshop on 
Intermetallic Alloys, Atlanta, Georgia (June 3-4, 1996) (Invited). 

Other Presentations 

T. N. Taylor, D. P. Butt, and C. G. Pantano, “Charge Independent Surface Analysis of 
Chemical States on Thinly Oxidized Silicon Nitride,” to be presented at the 100th Annual 
Meeting of the American Ceramic Society, Cincinnati, Ohio (1998). 

Y. S. Park, K. J. Hollis, R. G. Castro, and D. P. Butt, “Corrosion Behavior of MoSi2 in 
Molten Glass Environments,” presented the 99th Annual Meeting of the American 
Ceramic Sociely, Cincinnati, Ohio (May 1997). 

R. U. Vaidya, A. H. Bartlett, D. P. Butt, M. A. M. Bourke, and P. Rangaswamy, 
“Measurement of Residual Stresses in MoSiz/Stainless Steel Joints Using Neutron 
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Difli-action,” presented the 99th Annual Meeting of the American Ceramic Society, 
Cincinnati, Ohio (May 1997). 

A. H. Bartlett, D. P. Butt, and R. U. Vaidya, “Mechanical and Chemical Issues in Joining 
MoSi2,” presented the 99th Annual Meeting of the American Ceramic Society, Cincinnati, 
Ohio (May 1997). 

T. N. Taylor, D. P. Butt, and C. G. Pantano, “Auger Parameter Determination of Bonding 
States on Thinly Oxidized Silicon Nitride,” presented at the 33rd Annual Symposium of 
the New Mexico Chapter of the American Vacuum Society, Albuquerque, New Mexico 
(May 1997). 

K. J. Hollis, D. P. Butt, and R. G. Castro, “Impression Creep Behavior of Atmospheric 
Plasma Sprayed and Hot Pressed MoSi2/Si3N4,” presented at the 1997 United Thermal 
Spray Conference, Indianapolis, Indiana (September 1997). 

S. Park, D. P. Butt, K. J. Hollis, R. G. Castro, and J. J. Petrovic, “Viability and 
Degradation of Molybdenum Disilicide Materials in Molten Glass Environments,” to be 
presented at the 22nd Cocoa Beach Conference on Composites, Advanced Ceramics, 
Materials and Structures, American Ceramic Society Engineering Division, Cocoa Beach, 
Florida (1 998). 

R.G. Castro and J. J. Petrovic, “Development of Molybdenum Discilicide,” Advanced 
Industrial Materials Program Annual Review (June 1997). 

K.H. Hollis, A.H. Bartlett and R.G. Castro, “Investigation of the Silicon Loss in Plasma 
Sprayed MoSiz Under Typical Spray Conditions,” gth National Thermal Spray 
Conference, Cincinnati, Ohio (October 7-1 1, 1996) 

A.H. Bartlett and R.G. Castro, “esidual Stress in Net-Sprayed Plasma Sprayed Tubes: 
Measurement, Modeling and Modification7”9th National Thermal Spray Conference, 
Cincinnati, Ohio (October 7-1 1, 1996). 

R.G. Castro and J.J. Petrovic, yMoSi2-Based Composites for the Glass Industry,” 2nd 
Industrial Energy Efficiency Symposium & Exposition, Arlington, Virginia Pebruary 24- 
27, 1997). 

R.G. Castro, “MoSiz-Based Composites by Plasma Spraying,” Oxford University 
(September 1997). 
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HONORS AND AWARDS 

James I Mueller Memorial Award, presented to John J. Petrovic, American Ceramic 
Society Engineering Ceramics Division Cocoa Beach Meeting, Cocoa Beach, Florida ( 
January 1997). 

Robert L. Coble Award for Young Scholars, presented to Darryl Butt at the 9gth Annual 
Meeting of the American Ceramic Society, Cincinnati, Ohio (May 1997). 

PATENTSDISCLOSURES 

None. 

LICENSES 

None. 

INDUSTRIAL INPUT and TECHNOLOGY TRANSF'ER 

Johns Manville Corporation 

We have a CRADA with Johns Manville Corporation to develop MoSi2-based materials 
for fiberglass processing. 

Institute of Gas Technology (IGT) 

We are interacting with IGT to perform tests on MoSi2-based materials in radiant gas 
combustion tube environments. 

Exotherm Corporation 

We have been investigating the plasma spraying of advanced MoSi2, MOjSi3, and 
composite powders from the Exotherm Corporation. 

Combustion Tec, Inc. 

We are interacting with Combustion Tec to develop a MoSi2 sight tube for a glass furnace 
monitoring system, that can withstand 3000T at the glass furnace wall. 

183 



LightPath Inc. 

We are working with Lightpath Inc., to help solve problems with Pt crucible cracking in 
the fabrication of their Gradium optical glasses. 

Mississippi State University 

We are exploring the possibility of using MoSi2 materials as part of a system for 
measuring the viscosity of molten glasses with personnel at the Diagnostic 
Instrumentation and Analysis Laboratory. 

Oxford University 

We are interacting with Oxford University to examine the plasma spray fabrication of 
continuous Sic fiber-MoSi2 matrix composites. 

Research performed at the Los Alamos National Laboratory, sponsored by the U.S. 
Department of Energy, Assistant Secretary for Energy Efficiency and Renewable Energy, 
Office of Industrial Technologies, Advanced Industrial Materials Program, and the Glass 
Industry Team under contract to the Los Alamos National Laboratory. 
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UNIFORM-DROPLET PROCESS 

C. A. Blue and V. K. Sikka 
Metals and Ceramics Division 
Oak Ridge National Laboratory 

Post Office Box 2008, Oak Ridge, Tennessee 37831 

J.-H. Chm 
Massachusetts Institute of Technology 

Laboratory of Manufacturing and Productivity 
77 Massachusetts Avenue 

Cambridge, Massachusetts 02139 

T. Ando 
Department of Mechanical Engineering 

Northeastern University, 334SN 
Boston, Massachusetts 021 15 

INTRODUCTION 

This report summarizes the joint study titled, Uniform-Droplet Spray (UDS) Process 
sponsored by the U.S. Department of Energy, Assistant Secretary for Energy Efficiency 
and Renewable Energy, Office of Industrial Technologies, Advanced Industrial Materials 
(AIM) Program, under contract DE-AC05-960R22464 with Lockheed Martin Energy 
Research Corp. and conducted jointly at the Oak Ridge National Laboratory ( O W ) ,  
Massachusetts Institute of Technology (MU), and Northeastern University with the 
objective of studying the uniform-droplet spray O S )  process for advanced industrial 
materials processing. The UDS process is a nongas atomization process developed in the 
Laboratory for Manufacturing and Productivity at MIT and uses the concept of controlled 
break-up of a laminar jet to produce uniform alloy droplets having identical thermal 
histories [l-51. Unlike other methods for producing thermal sprays [6-141, the spray 
parameters in the UDS process are fully decoupled and, therefore, permit materials 
processing under conditions inaccessible by conventional thermal spray processes. 
Systematic studies are conducted to optimize the process parameters, understand the 
solidification of droplets and spray deposits and develop UDS apparatuses appropriate for 
processing engineering alloys. The study was initiated in March 1995. 
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TECHNICAL PROGRESS - FY 1997 

Oak Ridge National Laboratory 

Summary 

The main focus of the work at ORNL has been in the area of extending the UDS process 
to high-temperature engineering alloys. This development started with the construction 
of a low-temperature apparatus (300°C) which was utilized to gain the appropriate base 
technology and verify results previously produced by Massachusetts Institute of 
Technology (MU). Upon completion of this phase, a medium-temperature apparatus was 
developed and constructed which is capable of spraying up to temperatures of 
approximately 1200°C. This work is included in the 1997 calendar year. With this 
system, aluminum-based alloys and copper-based alloys have been successfully sprayed: 
6061 Al, Cu-8% P, Cu-10% Sn, and Cu (all in the 150- to 300-mm powder size range). 

This previous calendar year consisted of finishing the work with the medium-temperature 
system while developing the high-temperature system. Challenges with the high- 
temperature systems include materials compatibility, temperature gradients through high- 
temperature crucibles, orifice clogging, and orifice placement. When spraying higher 
melting alloys, reaction kinetics have to be looked into extensively for each material to be 
sprayed. This must be accomplished for both the crucible and the orifice material. In an 
effort to spray as many materials as possible with the same crucible, alumina was chosen 
for preliminary high-temperature spraying. This is the same material utilized for the 
nozzle. Preliminary calculations revealed that temperature gradients as large as 3 00°C 
could be observed from the inside of the crucible to the outside of the crucible. This 
caused freezing in the nozzle. External insulation on the bottom of the ceramic crucible 
was incorporated to minimize these temperature gradients. The other area of critical 
importance is orifice placement in the bottom of the crucible. A series of high- 
temperature adhesives and a orifice housing design have been implemented to eliminate 
orifice blowout. Work with Hoeganaes and Jim Ingram was accomplished in order to 
extract industrial spraying experience. Presently, ORNL, has UDS spray capabilities up to 
1500°C. Because ORNL has the highest temperature spray capabilities, two separate 
companies, Uniform Metals Technologies, Inc. (Watertown, Massachusetts) and Micro 
Engineering (Cinnaminson, New Jersey) spent a total of three weeks at ORNL to better 
understand the UDS process and systems. Uniform Metals Technologies, Inc.'s president, 
Chris Brown, and MIT's UDS masters-level. graduate worked with ORNL on the 
spraying of copper-based alloys for filtration applications' potentially in the petroleum 
industry. Uniform Metals Technologies, Inc., is presently finalizing exclusive licensing 
of the UDS process for porous products and free-form fabrication. 

This year, the primary focus will be in the area of multinozzle spraying and high- 
temperature spraying. The multinozzle work will be accomplished in conjunction with 
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the splat and spreading work accomplished at MIT in order to develop the necessary 
parameters for spraying aluminum sheet. The basic work here will be able to be 
translated to other materials. 

The initial high-temperature spraying will be in the area of low-temperature 
intermetallics. Upon successful completion of this work and gaining M e r  high- 
temperature knowledge, work with high-temperature intermetallics, and stainless steels 
will commence. A list of industrial interactions and collaboration is shown in the back 
section. 

TECHMCAL PROGRESS - FY 1997 

Northeastern University 

Summary 

Scope of the Joint Project 

Understanding the in-flight thermal state of traveling uniform droplets is a critical issue 
for the commercial application of uniform-droplet spray for advanced materials 
processing and, thus, is a primary task in our joint effort. A major emphasis has been on 
studying droplet enthalpy and droplet solidification. One of our goals was to extend the 
previous model developed at MIT in which a simple solidification model based on local 
equilibrium and the Scheil equation was used to provide crude estimations of the solid 
fraction in the droplets. To achieve this, we needed to develop a more sophisticated 
solidification model, which accounted for the prior droplet undercooling and deviations 
from local equilibrium conditions [15,16] to better describe the thermal state of the 
traveling uniform droplets. This capability, together with the understanding of the micro- 
impact behavior of the droplets upon deposition onto a substrate, was essential for the 
prediction of resultant microstructures from the process conditions applied. 

The application of the UDS process to engineering alloys requires further optimization of 
melt delivery and jet break-up together with a higher temperature processing capability. 
In this area, efforts were made, primarily at MIT, to study the uniform break-up of a 
molten jet for the steady production of aluminum alloy droplets, while apparatus 
construction for higher temperature capability was achieved at O W .  
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Unique opportunities exist in the area of producing uniform powders with controlled size 
and microstructure. Potential applications of such uniform powders include micro-solder 
balls, shots, and rapidly solidified high-performance powders. One of the areas that was 
targeted in the joint study was the application of the UDS process to the mass production 
of micro-solder balls for ball-grid array IC packaging. Our work at Tufts University and 
Northeastern University in the area of uniform powder processing was aimed at 
characterizing and controlling the thermal state and solidification of uniform droplets by 
the aforementioned rigorous modeling and experimental verification to allow for precise 
control of the microstructure evolution in the powders produced by the UDS process. 

With uniform-droplet sprays, controlled spray forming with completely decoupled spray 
and substrate parameters is possible at ultimate levels of microstructural control. Novel 
microstructures that can result include equiaxed microstructures with controlled uniform 
grain size, rapidly solidified single or polycrystalline microstructures with controlled 
texture and a bulk amorphous material. Also, the capability of controlling droplet 
trajectory permits spray forming of near-net-shape products at an essentially 100% spray 
yield. Thus, an important goal of the joint project was to develop a controlled spray 
forming process suitable for the production of high-performance materials having desired 
microstructure and geometry directly &om the molten state. 

Objectives 

The objective of the work at Tufts University and Northeastern University was to 
characterize the solidification and microstructural evolution in the UDS process through 
experimentation and modeling, with the eventual goal of developing novel 
microstructures by the UDS process in a controlled manner. The specific tasks of our 
work were: (1) construction of experimental apparatuses suitable for studying the in- 
flight solidification of traveling uniform droplets and controlled spray forming, 
(2) characterization and modeling of the solidification of traveling droplets, 
(3) characterization and development of uniform powders, and (4) controlled spray 
forming for advanced materials processing. 

Thermal State and Solidification of Traveling Droplets 

The in-flight thermal state of traveling uniform droplets is the most important parameter 
that affects the microstructure of the material produced by the UDS process, whether it is 
a powder or a spray deposit. All droplets in a uniform droplet spray have identical 
thermal histories, which depend only on the distance traveled C1-41. It is for this 
capability that the UDS process is very uniquely different from other existing rapid 
solidification powder production and spray-forming processes. 
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Apparatus Construction 

We constructed a UDS apparatus that could process low-melting-point alloys for the 
study of droplet in-flight solidification. Figure 1 shows the apparatus. The main features 
of the apparatus include a Pyrex glass chamber 9-in.-dia. x 1-m in height, a melting 
crucible with band heaters, a melt vibrating system, a gas supply system, a droplet 
charging system, a jet break-up monitor system, a, melt temperature control system, and a 
data acquisition system consisting of a personal computer, a Keithly Metrabyte DAS-TC- 
DAQ board and Labtech Notebook software. The droplet monitoring system consists of a 
CCD video camera, a VCR monitor, and a stroboscope, which is synchronized with the 
piezoelectric transducer through a function generator. The melting furnace is made of 
AIS1 304 stainless steel and can accommodate approximately 0.5 kg of low-melting 
temperature alloys up to a maximum temperature of about 600°C. This low-temperature 
apparatus was also used to tesdproduce uniform powders and balls of tin and tin-based 
alloys. 

. 

Figure 1. Uniform droplet spray apparatus constructed at Northeastern University. 
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Modeling of the In-Flight Solidification 

We developed a new model for the fiee dendritic solidification in a binary system that 
accounts for nonlinear phase boundaries. Assuming linear liquidus and solidus lines (as 
done in existing models), can lead to significant errors particularly at high undercoolings 
where the metastable extensions of the phase boundaries are typically nonlinear. The new 
solidification model, which consists of four implicit equations, were numerically solved 
for the case of Sn-Pb alloys. The model applies readily to other binary systems and can 
be extended for ternary and multicomponent systems for which thermodynamic data are 
available. The types of information that this model generates include the dendrite tip 
velocity, radius, solute partitioning, and the values of the four components of the 
undercooling (i.e., the curvature, constitutional, kinetic, and thermal). The latter 
capabilities are very essential in predicting the resultant microstructures in the UDS 
process. Figures 2 and 3 show the tip velocity and solute partitioning in Sn-Pb alloys 
computed as a function of total undercooling. 
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Figure 2. Predicted dendrite tip velocity versus undercooling for various tin-lead alloys. 
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Figure 3. Predicted solute partitioning versus undercooling for Sn-5 wt % Pb alloy. 

The developed solidification model is readily applicable to simulating the Solidification 
of traveling uniform droplets. We adopted the schemes developed earlier at MI", which 
were used to simulate droplet solidification with no undercooling. In our modification, 
both the prior undercooling and recalescence are taken into account using the developed 
solidification model. The recalescence stage is computed separately so that the rapid 
change in temperature can be simulated with accuracy. Also, the use of the Scheil 
equation is abandoned as it requires complete solute homogenization in the remaining 
liquid, which is unrealistic in rapid solidification. The new simulation model predicts the 
droplet temperature, fiaction solid, enthalpy, and solute partitioning as a function of the 
flight distance. Figures 4 and 5 show simulated enthalpy loss and fraction solid for loo-, 
200-, and 300-mm uniform droplets of a Sn-5 wt % Pb alloy. - 
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Figure 4. Enthalpy loss per unit mass of uniform droplets calculated as a function of 
flight distance 
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for loo-, 200-, and 300-vm Sn-5 wt % Pb alloy droplets. 
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Figure 5. Fraction solid calculated as a function of flight distance for loo-, 200-, and 
300-pm Sn-5 wt % Pb alloy droplets. 

Droplet Enthalpy Measurement 

The enthalpy of droplets produced in the UDS process must be determined as a function 
of flight distance in order to accurately predict the thermal state of a spray deposit and, 
consequently, the droplet microstructure. Also, critical information is required for 
controlled spray forming with uniform droplet sprays. We have developed a nonadiabatic 
calorimetric method that can consistently determine droplet enthalpy values over a range 
of flight distance. Figure 6 shows a schematic of the calorimetric apparatus. The need 
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for collecting droplets in the calorimeter requires a calorimeter design with a large top 
opening. Such 
nonadiabatic calorimetry can be carried out only if the heat loss during droplet collection 
is accounted for. In our method, this is achieved by a calibration technique as described 
in our publications that resulted from this work [ 18-20]. 

This inevitably causes significant, heat loss from the calorimeter. 

Figure 7 shows the values of enthalpy released from 185-mm Sn-5 wt % Pb uniform 
droplets for a series of runs performed in a N2 atmosphere containing 35 ppm oxygen 
together with simulated values of droplet enthalpy. The simulation was done using our 
droplet solidification simulation model [ 171. The simulated droplet enthalpy exhibits 

13 cm and increased cooling rates of about 3.0 lo4 J/droplet (cm at greater distances up 
to about 25 cm. The initial moderate cooling rate result from the aerodynamic shielding 
effects due to droplet alignment in the travel direction, which decreases the convective 
heat transfer coefficient. As the droplets scatter due to the repulsive Coulombic forces 
between them, convective heat transfer increases resulting in the increased cooling rates 
about 13 cm. 

moderate cooling rates of about 1.5 J/droplet(cm at flight distances up to about 
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Figure 6.  Nonadiabatic calorimetric apparatus. 
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Figure 7. Measured and simulated droplet enthalpy as a function of flight distance. 
Chamber atmosphere: nitrogen (35 ppm oxygen). 

0 Experimental Data 

The measured values of released enthalpy decrease at the same rate as simulated droplet 
enthalpy values but are consistently lower than the simulation by about 3 .O J/droplet 
up to the flight distance of 25 cm. The sudden increase in measured values of released 
enthalpy at about 25 cm corresponds to nucleation and subsequent recalescence, which 
occurred rapidly over a very short flight distance. Above 25 cm, the measured values 
agree with the simulation. The discrepancy between model and experiment below 25 cm 
reflects retention of enthalpy in the droplet, which solidified into a metastable 
microstructure. The priori undercooling at 25 cm was calculated to be 74 K. The 
simulation shows a further increase in cooling rate above 25 cm, which reflects increased 
droplet temperatures after recalescence. The measured values closely follow the 
simulation and decrease at faster rates than those at shorter distances, indicating that the 
droplets indeed recalesced at 25 cm. 

Figure 8 shows the released enthalpy and simulated droplet enthalpy for a series of runs 
performed in a CaSO4-desiccated N2 - 2% H2 atmosphere containing 9 ppm oxygen. 
Nucleation occurred at a much larger flight distance of about 43 cm, which corresponded 
to a droplet undercooling of 146 K. Thus, the use of the CaSO4-desiccated N2 -2% H2 
atmosphere increased the prior undercooling by suppressing the formation of oxides on 
the droplet surface. 
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Figure 8. Measured and simulated droplet enthalpy as a function of flight distance. 
Chamber atmosphere: nitrogen - 2% H2 (9 ppm oxygen). 

Microstructure Evolution 

The close agreement between the simulated droplet and experimentally determined 
enthalpy values after nucleation and recalescence suggests that the solidified droplets 
collected after recalescence have lost most of the structural metastability, regardless of 
the degree of prior undercooling. This means that droplets in a thermal spray, whether it 
is produced by gas atomization or the UDS process, do not solidify into rapidly soIidified 
powders unless they are subjected to secondary quenching while they are still molten. 
(This argument does not necessarily apply to glass-forming alloys nor to very fine 
droplets that undergo hypercooling prior to solidification.) In the UDS process, however, 
controlled droplet quenching in the molten state, or in any stage of droplet solidification, 
is possible. This secondary quenching may be achieved by quenching into a fluid 
medium or onto a solid substrate. 

Figures 9 and 10 compare the microstructures of 185-mm Sn-5 wt % Pb alloy droplets 
quenched under different conditions. Clearly, the most uniform rapid solidification 
microstructures resulted in droplets that were quenched while they are molten [Figures 
9(a) and lO(a)]. Segregation and structural coarsening are much more apparent in 
droplets that were quenched after recalescence whether in oil or on a substrate [Figures. 
9(b), lO(b), and lO(c)]. Thus, secondary quenching of uniform droplets combines the 
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effects of controlled large undercooling and rapid heat removal, a concept which has not 
been realized in most existing rapid solidification processes. This ultimate level of rapid 
solidification effects, together with the assurance of structural uniformity, has profound 
implications in industrial applications. 

Figure 9. The 185 pm Sn-5 wt % Pb alloy droplets quenched in (a) oil before nucleation 
and (b) after nucleation and recalescence. 

Figure 10. The 185-ym Sn-5 wt % Pb alloy droplets quenched on a metallic substrate (a) 
before nucleation at a flight distance of 35 cm, (b) after nucleation and recalescence at a 
flight distance of 45 cm, and (c) after nucleation and recalescence at a flight distance of 
50 cm. 
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Industrial Applications 

Uniform Powders 

Using the low-temperature UDS apparatus that we constructed (Figure l), we processed 
tin and tin alloys to produce uniform powders in diameters range from 50 to 1000 mm. 
Among them, uniform powders 750-mm-dia. are of particular industrial importance due 
to their potential use as micro-solder balls for ball-grid array IC packaging. Uniform tin- 
lead alloy solder balls, 750-mm-dia. for the ball-grid array application have been 
successfully produced by the UDS process and compared with commercial balls produced 
by the less efficient, cut-wire remelting technique employed in current ball-grid array 
solder ball production. Our results have been published jointly with MIT and ORNL 
[21,22]. Use of UDS solder balls in ball-grid array packaging is expected to increase in 
future, particularly in conjunction with the development of lead-free andor higher 
melting-point solder alloys. Thus, further process optimization is necessary and are 
continued in our study with the particular goals of improving the sphericity, surface 
quality, and size distribution in mass production. 

We have also improved our apparatus to enable the stable production of 4 0 0  mm 
powders. Fine uniform powders have many potential applications such as metal injection 
molding. However, producing fine uniform powders by the UDS process is difficult due 
to orifice clogging and vibration damping effects at high frequencies. We are modifjmg 
the crucible bottom design to allow for stable uniform breakup. Figure 11 shows a 78- 
mm uniform powder of a Sn-5 wt YO Pb alloy produced using a modified crucible bottom. 
Work is under way to further optimize conditions and design for the mass production of 
finer uniform powders. 
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Figure 11. The 78 -pm uniform powder of a Sn-5 wt % Pb alloy. 

Controlled Spray Deposition 

In order to extend our capabilities of the UDS process for controlled spray deposition of 
engineering alloys, a high-temperature UDS apparatus has been designed and constructed 
(Figure 12). The spray deposition system consists of a deposition chamber, a motion- 
controlled substrate system, and a high-temperature droplet generator. The deposition 
chamber measures 40-in-dia. x 26-in.-high with a top-mounted furnace section that 
houses a high-temperature melting furnace. The chamber is rated as a high vacuum 
chamber and permits complete preevacuation prior to backfilling with an inert gas. It also 
permits controlled spray deposition in vacuum. The substrate motion is computer- 
controlled in the X- and Y-directions using two linear motion control tables powered by 
dc stepper motors. Another table is to be added to control the motion in the Z-direction. 
Optical encoders determine motor velocity and position and control is implemented using 
a MC Basic motion control package and cascaded single axis servo controllers. Substrate 
temperature can be controlled via water circulation or arrays of thermoelectric cooling 
modules. 
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Figure 12. Controlled spray deposition system built at Northeastern University. 

Controlled spray deposition is the main focus in the final stretch of our work. The 
planned areas of our work in controlled spray deposition are: (1) production of novel 
deposit microstructures, (2) spray forming for aluminum sheet, and (3) processing of 
immiscible alloys. 

List of Supported Graduate Students 

The following graduate students obtained partial or full support from this grant from the 
Advanced Materials Program of the U.S. Department of Energy under contract DE- 
AC05-960R22464 with Lockheed Martin Energy Research Corporation (subcontract 
19X-ST367V) for their work towards their degrees. The graduate students are listed in 
Table 1. 
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Table 1. Graduate students. 

Name Institution Degree 

Rajesh Shingavi Tufts University M.S. 
Alfred G. DiVenuti Tufts University M.S. 
Charles D. Tuffile Tufts University M.S. 

Northeastern University Ph.D. 
Younes Abesi Northeastern University M.S. 
Walter Fortner Northeastern University M.S. 
Xiaotao Dong Northeastern University M.S. 

Graduation date I 

May 1995 
May 1996 
May 1996 
June 2000" 
June 1998a 
June 1998a 
June 199ga 

aExpected graduation date. 

TECHNICAL PROGRESS - FY 1997 

Massachusetts Institute of Technology (MIT) 

Summary 

Task 1. Study of the impact behavior of uniform droplets 

One of the primary motivations to study droplet spreading behavior is to find the 
conditions which determine the impact types such as nicely spreading, splashing, etc. 
Impact types have direct influences on the porosity formation, packing (deposition) 
efficiency, oxygen incorporation, etc. In general, it is desirable to keep the spray 
conditions to achieve the impact behavior of nicely spreading for the best quality of 
sprayed deposits or coatings. Experimental efforts are being exerted to monitor the actual 
spreading behavior of droplets using microdroplet spreading sensors. At the same time, 
an analytical model is being developed to predict the impact types with given impact 
conditions. 

A currently developed model predicts and quantifies the mechanism of splashing 
unstable wave propagation around a splat periphery. Figure 13 shows an example of a 
splashed droplet. As an origin of the splashing, it is proposed that the instability on a 
periphery of a droplet be induced by high-impact inertia and that the growth rate 
overcome the elastic limit of the liquid resulting in a splashed splat, Furthermore, the 
Rayleigh-Taylor instability theory suggests that the instability of a rapidly decelerating 
interface and the subsequent formation of surface tension-dominated waves be the basic 
mechanism of splashing. 
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Figure 13. Splashed droplet. 

When two fluids of different densities are accelerated towards each other, the instability 
occurs at the plane interface between the two fluids. The current model ignores the 
viscosity of both fluid and environment, and estimates the maximum deceleration of the 
spreading droplet using the characteristic spreading time and the initial rim-jet velocity 
(about three times higher than impact velocity). This order-of-magnitude model was used 
to predict the wavelength of the tin splat shown below, whose initial diameter was 321 
mm and impact speed, 6.2 m / s .  The calculated wavelength was 160 mm. The radius of 
the splat is 449 mm, the number of major fingers shown is approximately 17, and the 
corresponding actual wavelength is 166 mm, which is in good agreement with the model. 
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It has been shown that Rayleigh-Taylor instability can be a possible mechanism of the 
star-like finger formation in the droplet splashing. The model presented above has 
included an effect of surface tension, but a viscosity effect has been neglected. In 
addition, the deceleration rate assumes several uncertain quantities. Therefore, a more 
complicated model which accounts for viscosity needs to be employed, and an exact 
experimental value of liquid spreading speed is necessary. 

According to the theory, although it assumes inviscid flow, instability always exists for 
sufficiently long wavelengths. For this theory to be useful in the determination of the 
splashing threshold, a M e r  study on the disturbance stabilizing factors such as viscosity 
as well as surface tension should be conducted. The bifurcation behavior of liquid fingers 
emerging from the spreading droplets needs to be studied if the disintegration of the 
splashed droplets is to be understood. 

Task 2. Applications to engineering alloys and processes 

Optimization of closed-loop control of the UDS system apparatus for the production of 
uniform powders. Repeatability tests were performed after the ball-sized control was 
implemented to the UDS process. These tests showed that the control system can deliver 
a very high percentage of the solder ball production within specification limits. In every 
run, more that 99.9% of the total production was within specifications. However, the 
current control algorithm is consistently placing the mean ball diameter below the target 
diameter. This behavior is predictable from the dynamics of the process; the ball 
diameter is constantly decreasing as the hydrostatic pressure inside the crucible decreases 
with time. The control algorithm does not make a fiequency correction until the ball 
diameter hits the lower control limit. Then, the ball diameter is brought back to the target 
diameter, and then it starts to decrease again. Thus, the final mean ball diameter is placed 
between the target diameter and the lower control limit. The evidence shows that the 
control system is biased towards the lower control limit. 

Currently, new control algorithms are being tested. The first approach used to solve the 
biasing problem was to combine the current control algorithm with statistical process 
control (SPC). This way, the SPC part of the new control algorithm will be able to 
identify any trend and make the necessary corrections. Preliminary results have shown 
that, in fact, the mean ball diameter is no longer biased; but the variation of the ball size 
distribution increased considerably. The new SPC control algorithm offers a nonbiased, 
high-variation, ball size distribution. After the lack of success in implementing SPC into 
the control algorithm, a new control method is being developed. This new control 
method includes the dynamics of the UDS process in the computation of the control 
corrections. In other words, it uses the current control algorithm to maintain the ball 
diameter within the 
hydrostatic pressure. 
bias and variation. 

control limits, while constantly compensating for the change in 
This method was implemented and is being tested for mean ball 
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Spray forming of continuous aluminum strip 

Previous studies have shown that the quality of spray-formed parts strongly depends on 
the heat and mass flux distribution of the spray as it impacts the deposit surface. In our 
efforts to apply the UDS process to the production of aluminum sheet material, we have 
modeled the thermal and dynamic states of the droplets during flight. Using a droplet 
quenching technique, the evolution of microstructure in traveling droplets of A1-4.5 wt % 
Cu and A1-4.3 wt % Fe was observed. However, due to the existence of a mushy zone in 
the AI-Cu droplets and undercooling of the A1-Fe droplets, it was not possible to measure 
the liquid fiaction of the droplets to validate the droplet solidification model. Currently, 
our efforts have been focused on developing an alternative method to measure the thermal 
state of the traveling droplets. 

Microelectronic temperature sensors based on the resistive temperature detection concept 
were designed and fabricated to measure the impact temperature of droplets at different 
flight distances. Using boron-doped silicon as the sensing material, the temperature 
sensors are expected to show a sensitivity of about 0.7%/K. Each chip device has three 
arrays of sensor pads, as shown in Figure 14, which can be used to detect droplet impact 
temperature as well as the temperature profile of the droplet during spreading. Due to the 
nonlinear behavior of the sensors resistance as a function of temperature and the contact 
resistance between the droplet and the sensor, each chip is currently being calibrated. 
After calibration, the goal is to place the sensors in the path of the droplet spray and 
acquire the droplet impact temperature with high-speed data acquisition hardware. 

Conductive 
aluminum lines 

Boron-doped 
silicon sensing 
areas: 2 prn x : 

Wir8-bonding 
pads 

Coarse resolution 
sensor arrays: 
200 pm spacing 

Fine resolution 
sensor array: 
50 pm spacing 

Figure 14. Schematic of microelectronic temperature sensor. 
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ADVANCED INDUSTRIAL MATERIALS (AIM) FELLOWSHIP PROGRAM 

D. Duncan McCleary 

ScienceEngineering Education Division 
Oak Ridge Institute for Science and Education 

Oak Ridge, Tennessee 37830 

P. S .  Sklad 

Metals and Ceramics Division 
Oak Ridge National Laboratory 

P. 0. Box 2008, Oak Ridge, Tennessee 3783 1 

INTRODUCTION 

The Advanced Industrial Materials (AIM) Program administers a Graduate Fellowship 
Program focused toward helping students who are currently under represented in the 
nation's pool of scientists and engineers, enter and complete advanced degree programs. 

The objectives of the program are to: 1) establish and maintain cooperative linkages 
between the Department of Energy (DOE) and professors at universities with graduate 
programs leading toward degrees or with degree options in Materials Science, Materials 
Engineering, Metallurgical Engineering, and Ceramic Engineering, the disciplines most 
closely related to the AIM Program at Oak Ridge National Laboratory (ORNL); 
2) strengthen the capabilities and increase the level of participation of currently under 
represented groups in master's degree programs, and 3) offer graduate students an 
opportunity for practical research experience related to their thesis topic through the 
three-month research assignment or practicum at O W .  

The program is administered by the Oak Ridge Institute for Science and Education 
(ORISE). The following abstracts summarize the activities of three of the participants. 
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SECTION 1. 

OPTICALLY MONITORING CONDUCTIVE Biz03 CONTENT IN 
FERROELECTRIC CAPACITORS 

, 

B. D. Dickerson 

Materials Science and Engineering Department 
Virginia Polytechnic Institute and State University 

Blacksburg, Virginia 24061-0237 

E. A. Kenik and S. B. Desu* 

Metals and Ceramics Division 
Oak Ridge National Laboratory 

P. 0. Box 2008, Oak Ridge, Tennessee 37831 

* author to whom correspondence should be addressed 

INTRODUCTION 

A systematic analysis method based on effective-media approximations @MA) enabled 
variable angle spectroscopic ellipsometry (VASE) to accurately characterize second- 
phase Biz03 contamination in ferroelectric SrBizTa209 (SBT) films. Excess Biz03 is 
often included in precursor solutions for metal-organic deposition (MOD) of SBT to 
promote grain growth at lower annealing temperatures. However, any second phase 
Biz03 which remains in the final crystallized film may significantly increase the leakage 
current through the SBT capacitor, which would degrade performance by increasing 
noise and power consumption in pyroelectric thermal imaging arrays and nonvolatile 
random-access memories. It will be shown that VASE analysis could estimate Biz03 
concentrations in SBT films even when x-ray diffraction (XRD) could not. 

TECHNICAL PROGRESS - FY 1997 

Samples were optically characterized using a Woollam spectroscopic ellipsometer 
(Lincoln, NE) to measure the polarization angles, A and Y!, as a function of wavelength, 
A, and incident angle, 0. The D and Y spectra were also simulated using Bruggeman 
effective-media approximations to estimate the behavior of a homogeneous 
mixture of SBT and BizO3. These two materials were found to have distinct optical 
properties in the wavelength range from 300 nm to 500 nm, due to high absorption in 
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Biz03 near 4.0 +- 0.1 eV. Therefore the Biz03 contents of contaminated SBT films could 
be estimated using WVASE curve fitting software. 

As expected firom the presence of a more conductive second phase, the conductivity of 
contaminated films was generally several orders of magnitude higher than that of 
standard SBT. The standard SBT sample had a low-leakage current density of lo-' 
A/cm2 under an applied field of 100 kV/cm. For films with 5 % to 10 % Bi2O3, according 
to the EMA method, the leakage current flux was 0 to 3 orders of magnitude higher than 
in standard SBT, but SBT grains were sufficiently large (-150 nm) to produce acceptable 
remnant polarizations of 8 x C/cm2. Films that contained 15 f 2 % Bi203 had 
leakage current densities that were 2 to 6 orders of magnitude higher than standard SBT, 
and the grains were 50 % smaller (-75 nm). For infrared detectors and ferroelectric 
memories, larger grains are desired to develop stronger reversible polarizations for higher 
signal to noise ratios. Ellipsometry was able to estimate second phase Biz03 contents that 
were consistent with measured electrical properties. 

X-ray diffiraction (XRD)  is a traditional method of monitoring phase formation. 
However, in this case both normal and defective films produced nearly identical XRD 
patterns. Although trace amounts of Bi2O3 were detected, could not detect any 
significance difference in Bi203 content. Two factors may explain the limitations of 
XRD in this materials system. SBT and Bi203 are crystallographically similar. The 
Biz03 particles may have been so small that many Bi203 difiaction peaks became wide 
and lost in background noise. 

CONCLUSIONS 

Using EMA principles, VASE measured the amount of second phase Bi2O3 in SBT films 
made by MOD. Optically detectable Bi2O3 in SBT films generally reduced grain size and 
increased leakage current. Ellipsometry was particularly useful in this system because 
XRD did not show any consistent trends in Bi2O3 peak heights, even between films with 
drastically different electrical properties. A more detailed description of these results has 
been submitted for publication. 
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SECTION 2. 

1. PHASE TRANSFORMATION STUDIES IN MECHANICALLY 
ALLOYED Fe-Zn-Si INTERMETALLICS 

2. EFFECTS OF MINOR ALLOYING ADDITIONS ON THE PHASE 
TRANSFORMATIONS AND KINETICS OF FeAl AND Ni3AI BASED ALLOYS 

A. Jordan and 0. N. C. Uwakweh 

Materials Science and Engineering Department 
University of Cincinnati 

498 Rhodes Hall, Cincinnati, Ohio 45221-0012 

P. J. Maziasz 

Metals and Ceramics Division 
Oak Ridge National Laboratory 

P.O. Box 2008, Oak Ridge, Tennessee 37831 

INTRODUCTION 

The first part of this study is a continuation of work done in FY 1996, which is a more 
detailed analysis characterizing the influence of Si in the Fe-Zn system and how it affects 
the overall properties of an Fe-Zn coating. The zinc coating of Si bearing steels @e., Si 
in the range of 0.12 wt. %) during galvanization processes, is generally plagued with an 
abnormal development of the coating thickness, otherwise known as the Sandelin effect. 
The microstructural changes cause problems such as, diminished corrosion resistance, 
poor coating adherence and uncontrollable coating thickness. To study this phenomenon, 
the effect of Si in the Fe-Zn system through a solid-state reaction process involving non- 
equilibrium means was used. This entails the use of a high-energy processing technique 
involving the ball-milling of elemental powders of appropriate compositions, which yield 
metastable materials, whose transformation to equilibrium following thermal anneals are 
evaluated. 

The second part of this study is a joint project with Oak Ridge National Laboratory 
( O W )  to evaluate the effects of minor elemental additions on the microstructure, and 
phase transformations of iron and nickel based aluminides. These materials have great 
potential for use in structural applications because they have an excellent combination of 
high strength, corrosion, and oxidation resistance properties. However, a major concern 
is that these materials possess low ductility and poor resistance to fracture in room 
temperature environments. In addition, these alloys are also susceptible to solidification 
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cracking, which in turn, affects their ability to be welded. While an extensive amount of 
work has been geared towards improving the ductility and resistance to brittle fracture in 
these materials, little information exists concerning their solidification behaviors and 
pertinent phase transformations due to the addition of minor elements. The phase 
transformation kinetics occurring during the heating and cooling of these materials (Le., 
simulated welding process), is essential to tailoring a specific welding technique in order 
to create sound welds that are free from defects. The focus of this study is to evaluate the 
phase transformation sequence of the alloys in their pre-existing condition, for the 
purpose of understanding and predicting the behavior of these materials during certain 
process applications such as welding. 

TECHNICAL PROGRESS - FY 1997 

1. Alloy Processing 

The alloy compositions used in this study are listed in Tables 1, 2 and 3. The Fe-Zn-Si 
alloys studied were prepared from high purity powders @ 99.9 %). A total of 10 grams 
was ball milled continuously for 8 hours under a controlled argon atmosphere. The FeAl 
and Ni3AI based alloys, which are previously being studied, were provided by ORNL. 
The 1" x 0.5" x 0.5" ingots were prepared by arc melting under argon and drop casting 
into copper chilled molds. 

Table 1. Fe-Zn-Si Compositions Ball-Milled. 
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Table 2. Compositions of FeAl based alloys provided by ORNL, composition in wt. %. 

Alloy Ideiitificatioii Pe & 1&l E a 
~ Heat #564 77.48 22.10 0.42 
! Heat #565 77.475 22.10 0.420 0.005 
1 Heat #567 76.630 22.10 0.420 0.150 0.700 
~ Heat#568 76.625 22.10 0.420 0.005 0.150 0.700 

Table 3. Compositions of Ni3Al based Alloys provided by ORNL, composition in wt. %. 

23 Alloy Ideiitificatioii a Al - Ci- - 
Heat #560 84.295 8.000 7.700 0.005 
Heat #561 82.595 8.000 7.700 0.005 1.700 
Heat #562 81.295 8.000 7.700 0.005 3.000 
Heat #563 81.095 8.000 7.700 0.005 1.700 1.500 

2. FeSi Phase Formation in Fe-Zn-Si Ternary Alloys 

Based on DSC thermal analyses, and X-ray diffraction (XRD) measurements, an 
equilibrium isopleth of the Fe-Zn-Si system at a constant Si content of 0.12 wt. % was 
determined, and is shown in Figure 1. The figure depicts a plot of temperature versus Fe 
content identifying points obtained from XRD patterns. The hatched area shows where 
FeSi is expected to be an equilibrium phase in a two- or three-phase field. In essence, 
this figure shows that the FeSi phase forms in the Fe-Zn-Si system even when limited 
amounts of Si are present in the Fe-Zn binaries. This shows that the kinetic reaction, as 
opposed to the thermodynamic evolution, accounts for the Sandelin process. Thus, the 
suppression of the FeSi formation during coating processes lead to various 
microstructures associated with the Sandelin process. 
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Data on the isopleth at constant 0.12 wt% Si in the Fe-Zn-Si system is shown in Figure 1. 
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Figure 1. Isopleth at constant 0.12 wt.% Si in the Fe-Zn-Si system. The region of 
stability for FeSi is shown by the cross-hatched lines. 

3. Microstructural Features and Thermal Analyses of FeAl Alloys (selective results) 

Optical micrographs of the as-cast FeAl materials containing, (Fe-22.1 OA1-0.420Mo- 
0.005BY Heat #565), and (Fe-22.100Al-0.70OC-0.420Mo-0.1 50Zr-0.005BY Heat #568), 
are shown in Figures 2 and 3, respectively. There is an obvious change in the 
microstructure with the addition of Zr and C. The Fe-AI-Mo-B material shows a 
structure with varying grain sizes, whereas, the Fe-Al-Mo-B-Zr-C alloy forms a dendritic 
structure. DSC results on heating and cooling of the Fe-AI-Mo-B alloy material are 
shown in Figures 4 and 5, respectively. The endothermic and exothermic reactions, along 
with the reaction temperatures, are indicated on the plots for the various heating rates 
selected. 
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Figure 2. Optical micrograph of Fe-AI-Mo-B (heat #565) material. Magnification=SOX. 

The melting and solidification temperatures are listed in Table 4. The first endothermic 
process observed upon heating the Fe-AI-Mo-B material occurs between 741 "-755°C. 
Although not confirmed, this peak is most likely a result of the materials transformation 
through the Fe3Al phase field. This is based of the fact that some segregation may have 
occurred during material processing. Preliminary kinetics analysis of the endothermic 
reaction reveals that the process is difision controlled with an activation energy of 89 
ldmole. The second endothermic reaction is only observed at a heating rate of 4O"C/min 
and is associated with the ordeddisorder temperature @.e., 12OO0C), as shown in Figure 4. 
The last endothermic peak is associated with melting of the material. On cooling, two 
reactive processes are observed from Figure 5. The exothermic reaction between 1446"- 
1434°C is the solidification peak. The peak which occws at 1162°C for a heating rate of 
40°C/min is where the material re-orders. 

Figure 3. Optical micrograph of Fe-Al-Mo-Zr-C-B (heat #568) material. 
Magnification=SOX . 
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Figure 4. DSC heating curves for the FeAlMoB (heat #565) alloy at 
heating rates of 10,20,30 and 40°C/min. 
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Figure 5. DSC cooling curves for the FeAlMoB (heat #565) alloy at 
cooling rates of 10,20,30 and 40°C/min. 
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Table 4. Melting and soldification temperatures for the Fe-AI-Mo-B 
(Heat #565) material. 

MILESTONES 

Goals for the FY 1998 will be to complete the joint project with ORNL concerning the 
effects of minor alloying additions on the phase transformation and kinetics of FeAl and 
Ni3Al alloys received by ORNL while continuing to publish various articles related to 
the results obtained from this research. Kinetic analyses of the metastable or non- 
equilibrium material will be used in discussinglexplaining the influence of the minor 
elements of addition. 
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Compound c-FeZnl3," accepted for publication in, Metallurgical and Materials 
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POSTER SESSIONS 

A. Jordan, "Phase Evolution in Mechanically Alloyed Fe-Zn-Si Ternary Alloys," 
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SECTION 3. 

MECHANICAL BEHAVIOR OF EPOXY-BONDED JOINT FOR PIPE REPAIR 

M. K. Lian and B. J. Love 

Department of Materials Science and Engineering 
Virginia Polytechnic Institute and State University 

Blacksburg, Virginia 24061 

J. R. Keiser and D. F. Wilson 

Metals and Ceramics Division 
Oak Ridge National Laboratory 

P. 0. Box 2008, Oak Ridge, Tennessee 3783 1 

INTRODUCTION 

There are instances where efficiency and safety may be compromised as a result of 
damaged pipes. Thus, it is worth investigating other methods that can repair the damage 
for a temporary period without shutting down the operation. The objective of this project 
is to evaluate the mechanical properties of the epoxy-bonded joint in aqueous 
environments that might be the conditions of such repair. 

TECHNICAL PROGRESS - FY 1997 

The epoxy adhesive studied consisted of EPON@ resin 828, dicyandiamide, and 
2-methylimidazole. Low-alloy carbon steel was chosen as the substrate. The epoxy 
bonded joints were exposed in either distilled water or 3.4% NaCl solution at 50°C for 
one or two weeks. 

Three-point bend test was used to evaluate the mechanical properties o f  the bonded 
joints. The shear stress at the interface between the epoxy and the steel was calculated 
and the results are shown in Figure 1. 

CONCLUSIONS 

The average shear stress of the epoxy-bonded joints decayed with time for all three 
surface treatments in both aqueous environments. The environment might have 
penetrated and weakened the interface. Therefore, the bond strength decreased with 
increasing exposure time. The samples made with soap- and water-scrubbed steel had the 
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highest initial shear stress. After two weeks of exposure in distilled water, the shear 
stress differences between three surface treatments were not statistically significant. It 
was recommended that scrubbing the steel with soap and water was sufficient for 
applications in distilled water, since it is the easiest surface pretreatment method. 

Surface 1 - soap and water scrubbed; Surface 2 - 220 grit sandpaper sanded; Surface 3 - 
sandblasted. 

0 1 
Exposure Time (week) 

2 

Surface 1 - soap- and water-scrubbed; Surface 2 - 220 grit sandpaper sanded; Surface 3 - sandblasted. 

Figure 1. Shear stress for epoxy-bonded steel. 

The samples made with sandblasted steel had the highest shear stress after two weeks of 
exposure in 3.4% NaCl solution. If longer lifetime of the bonded joint is needed, 
sandblasting is recommended for the surface pretreatment. If the simplicity of the surface 
pretreatment is preferred, scrubbing the surface with soap and water is adequate. 
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Future Work 

This was a model study of sample fabrication and mechanical testing. Curing agent that 
is capable of curing the EPON' resin 828 underwater is being evaluated, The bonded 
joints will be fabricated their mechanical behavior will be studied using the same 
technique. 

ACKNOWLEDGMENTS 

This research was sponsored by the U.S. Department of Energy, Assistant Secretary for 
Energy Efficiency and Renewable Energy, Office of Industrial Technologies, Advanced 
Industrial Materials (AIM) Program; and Division of Materials Sciences, under contract 
DE-AC05-960R22464 with Lockheed Martin Energy Research Corporation as an AIM 
Fellowship administered by the Oak Ridge Institute for Science and Education. 

227 





DEVELOPMENT OF IMPROVED REFRACTORIES 

A. A. Wereszczak and K. C. Liu 

Metals and Ceramics Division 
Oak Ridge National Laboratory 

P.O. Box 2008, Oak Ridge, Tennessee 3783 1 

R. E. Moore 
University of Missouri-Rolla 

1870 Miner Circle, 222 McNutt Hall 
Rolla, Missouri 65409-0330 

INTRODUCTION 

The goal of the project is to provide expertise and facilities for the high-temperature 
mechanical properties characterization of refractory materials which are of interest to the 
U.S. DOE'S Office of Industrial Technologies' Advanced Industrial Materials Project. The 
project dedicates refractory testing facilities which are capable of generating 
representative engineering creep data to a temperature of 3300°F (1 8 15OC) in ambient air. 
The generated engineering creep serves R&D requirements of refi-actories/manufacturers 
and its glass manufacturer end-users and designers. The relevance of this effort to the 
refractory and glass-making industries is ensured by coordinating our research activities 
(1) with Glass Industry Advisory Committee (GIAC), comprised of recognized technical 
representatives from refractory vendor and glass manufacturing companies, (2) receiving 
input from key representatives and furnace refractory specialists from the glass 
manufacturing community, and (3) through a subcontract with the University of 
Missouri-Rolla (UMR), whose reputation in refi-actory research is internationally 
recognized. 

Valid engineering creep data currently do not exist for almost all commercial refractories. 
Refractory end-users such as glass-manufacturers require such data for (1) comparing 
competing brands, and (2) the efficient and economical design of their various glass- 
melting furnace superstructures. Refractories in glass production furnaces may be 
subjected to extreme temperatures as high as 3200°F (1760°C). With the simultaneous 
imposition of mechanical and thermal stresses, creep deformation of the refractory 
material occurs as a consequence. Designers must ensure that the structural integrity is 
maintained for optimal service, so these high-temperature deformations must be 
considered for successful glass furnace superstructure design. These criteria can only be 
satisfied with the utilization of representative engineering creep data for the refractory 
materials that are chosen for the design of the refractory superstructures. 
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The high-temperature refractory testing facilities are equipped with instrumentation to 
accurately control and monitor refractory creep tests. Two test frames are used for the 
project. Each testing station is comprised of a testing frame, a computer and appropriate 
software for test control and data acquisition, a furnace and load train capable of 
achieving and maintaining loads and temperatures to 3300"F, and a high-temperature 
extensometer to monitor strain as a function of time or stress. High-temperature test 
conditions will be selected that mimic those of refractory service (determined through 
consultation with the GIAC). Success of this subtask will be demonstrated when 
representative engineering creep data become available to those scientists, engineers, and 
technicians, and academicians requiring it for use in refractory materials development 
and furnace superstructural design. 

TECHNICAL PROGRESS - FY 1997 

Two test frames were constructed during FY 1997. The load cells and extensometers for 
both frames were conditioned and calibrated. The frames are capable of accurately 
measuring compressive creep strain in refiactory specimens up to 1800°C. A glass 
industry advisory committee (GIAC), comprised of refractory vendors and glass 
manufacturing representatives, was formed so the present project would receive insight, 
advice, and input fiom them. Representatives from thirty-four domestic glass 
manufacturers were surveyed to determine which refractory materials their furnace 
designers desired engineering data for. Eight refractory materials were identified as the 
most popular: fused-cast alumina, andalusite, bonded AZS, fused-cast AZS, fused-grain 
mullite, conventional silica, fused silica, and bonded zircon. Conventional silica and 
fused-cast alumina were prioritized and will be tested first. Commercially available 
conventional silica brands were received (six in all) and speciments were core-drilled 
from the bricks. Density measurements were made on all six brands and 
metallographically prepared speciments from each of the six were prepared from grain 
size and grain-size-distribution measurements. Near the end of FY 1997, a subcontract 
was initiated at the UMR. Staff at UMR will characterize the refractory materials tested 
in the present project with the aid of their catholuminesce imaging. 

MILESTONES 

Completed initial compressive creep testing and modulus of elasticity testing of 
refractories (September 1997). 

PUBLICATIONS 

None. 
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PRESENTATIONS 

Oral Presentations 

"Characterization of Refractories for the Glass Manufacturing Industry," 1997 Glass 
Industry Project Review, Washington, DC, September 25, 1997. 

"Development of Improved Refractories," 2nd Annual OIT/AIM Program Review, 
Albuquerque, NM, June 18,1997. 

"High Temperature Mechanical Properties and Corrosion Resistance of Refractories," 
2nd Industrial Energy E'ciency Expo, Arlington, VA, February 27, 1997. 

"Compressive Creep Performance of Glass Furnace Crown Refractories," University of 
Missouri-Rolla Ceramic Engineering Department Seminar Series, Rolla, MO, October 
10, 1996. 

HONORS AND AWARDS 

None. 

PATENTSDISCLOSURES 

None. 

LICENSES 

None. 

INDUSTRIAL INPUT and TECHNOLOGY TRANSFER 

A survey was completed in which container-, fiber-, flat-, and special-glass 
manufacturing representatives identified which refractory materials the present project is 
to mechanically test. The results from this s w e y  were significant because they were the 
first of their kind (Le., glass manufacturing competitors willingly identified refractory 
materials of interest) used in a manner to identify refractory materials and mechanical test 
matrices for such an objective test program. 

23 1 





GELCASTING POLYCRYSTALLINE ALUMINA 

M. A. Janney 

Metals and Ceramics Division 
Oak Ridge National Laboratory 

P.O. Box 2008, Oak Ridge, Tennessee 3783 1 

INTRODUCTION 

This work is being performed as part of a CRADA with Osram-Sylvania, h c .  (OSI), a 
major U.S. manufacturer of high-intensity lighting. Among its products is the LumaluxQ 
line of high-pressure sodium vapor arc lamps, which are used for industrial, highway, and 
street lighting. The key to the performance of these lamps is the polycrystalline alumina 
(PCA) tube that is used to contain the plasma that is formed in the electric arc. That 
plasma consists of ionized sodium, mercury, and xenon vapors. The key attributes of the 
PCA tubes are their transparency (95% total transmittance in the visible region), their 
refractoriness (inner wall temperature can reach 14OO0C), and their chemical resistance 
(sodium and mercury vapor are extremely corrosive). The current efficiency of the lamps 
is very high, on the order of several hundred lumenslwatt. (Compare incandescent lamps 
-1 3 lumens/watt; fluorescent ,lamps -30 lumens/waft.) 

Osram-Sylvania, Inc., would like to explore using gelcasting to form PCA tubes for 
LumaluxB lamps, and eventually for metal halide lamps (known as quartz-halogen 
lamps). Currently, OS1 manufactures PCA tubes by isostatic pressing. This process 
works well for the shapes that they presently use. However, there are several types of 
tubes that are either difficult or impossible to make by isostatic pressing. It is the desire 
to make these new shapes and sizes of tubes that has prompted OSI’s interest in 
gelcasting. 

The purpose of the CRADA is to determine the feasibility of making PCA items having 
sufficient optical quality that they are useful in lighting applications using gelcasting. 

TECHNICAL PROGRESS - FY 1997 

Introduction 

Gelcasting is a process for forming ceramic and metal powders into complex shapes. It 
was originally developed for ceramic powders. It is a generic process that has been used 
to produce complex-shaped ceramic parts from over a dozen different ceramic 
compositions ranging from alumina-based refractories to high-performance silicon 
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nitride. The present application is to gelcast thin-walled tubes of polycrystalline alumina 
(PCA) having high enough quality that they are useful in high-pressure sodium vapor arc 
lamps. Background information on the gelcasting process is given in another section of 
this Annual Report, entitled Advanced Powder Processing. 

Results and Discussion 

During FY 1996, we successfully gelcast straight, thin-walled tubes (0.3-in. OD, 0.020- 
in. wall, 1-in. long) in molds supplied by OSI. The tubes were fired using a standard 
schedule and produced translucent material having total transmittance values that were 
equivalent to those obtained in commercial materials, Figure 1. 

Figure 1. A thin-walled gelcast PCA tube (0.3-in. diam, 0.020-in. wall) with excellent 
transmission. 

The goal for FY 1997 was to further demonstrate that we could gelcast complex-shaped 
tubes of a proprietary design while maintaining high transmittance. To accomplish this 
goal, we investigated several fugitive core strategies. A fugitive core is one that can be 
used during gelcasting and can then be removed without damaging the gelcast part, even 
if the part contains re-entrant angles or closed ends. Two of the approaches investigated 
used meltable cores made from pattern wax and a fusible alloy-Wood's metal. Both of 
these materials were used successfully as cores. The procedure involved in gelcasting 
using removable cores follows. 
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A standard gelcasting mix was used for making the complex-shaped tubes. The slurry 
consisted of 45 vol % high-purity alumina, 500 ppm MgO (as spinel) and 1 wt% Darvan 
821A dispersant, with 15 wt % hydroxymethylacrylamide in water as the vehicle. 

After filling, the molds were placed in a 50°C convection oven. Gelation was 
accomplished at 50°C to avoid melting the wax or metal cores. Typically, the molds 
were enclosed in a high-humidity box during gelation to prevent drying of the top of the 
molded part. We used a covered polyethylene box which had towels saturated with water 
covering the bdtom of the box. About 45 min was allowed for gelation. This was not an 
optimized time; the parts may have gelled in much less time. 

When the parts were gelled, the wax core was removed. The molds were disassembled 
under flowing deonized water. This served to cool the mold and the part, which helped 
prevent undesired drying. It also tended to eliminate meniscii, which could make 
opening the mold somewhat more difficult. After the part was removed from the mold, it 
was placed in hot deionized water (85OC). It took several minutes for the wax or metal 
in the part to melt and become fluid enough to flow from the interior of the part. The 
parts were rinsed repeatedly to make sure that all of the core material was removed from 
the interior of the part. 

The parts were dried using conventional high-humidity drying. First, the part was rinsed 
in cold, deionized water to reduce its temperature to ambient. Then it was placed in a 
95% RH chamber for 24 h followed by 24 h in a 75% RH chamber. Final drying was 
accomplished at ambient conditions on the lab bench. 

Firing was done at OS1 using standard binder burnout and high firing techniques such as 
are used for isopressed parts. Using meltable core materials such as wax or fusible alloy 
allowed us to produce thin-walled objects in large numbers (over 100 were cast and fired) 
with excellent quality and repeatability. 

MILESTONES 

Demonstrated the ability to gelcast complex-shaped tubes of optical quality. 

PUBLICATIONS 

None. 

PRESENTATIONS 

None. 
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HONORS AND AWARDS 

None. 

PATENTS/DISCLOSURES 

One in preparation. 

LICENSES 

None. 

INDUSTRIAL INPUT and TECHNOLOGY TRANSFER 

OS1 is actively pursuing applications of gelcast tubes to their product line. 
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UTERIALS R&D - STUDENT INTERNSHIPS 

R. B. Thompson and S. Chumbley 
Materials Science and Engineering Department 

Ames Laboratory 
Iowa State University 

Ames, Iowa 50014 

INTRODUCTION 

This program’s objective is to the conduct of programmatic research for the Advanced 
Industrial Concepts Materials Program while training minority students in the process. 

Well-known demographics indicate that minorities will constitute an increasing fraction . 

of our future work force. Consequently, efforts have been initiated to increase the 
fraction of minorities and women who choose and successfully follow technical career 
paths. Included are a wide ranging set of programs beginning with pre-school education, 
progressing through efforts to retain students in technical paths in grades K-12 and 
undergraduate education, and ending with encouraging graduate education. The 
Materials R&D - Student Internships is a unique approach ih the latter category. Here, 
we have focused on a particular area of applied materials research, the Advanced 
Industrial Materials (AIM) Program. Our goal, then, is to educate minority graduate 
students in the context of this program. The Ames Laboratory was selected as a site for 
this pilot project since it is a DOE national laboratory, located on the campus of a major 
research university, which includes in its research interest programs with a strong 
technological flavor. Many of the Laboratory staff hold shared faculty appointments. 

More specifically, the pattern through which a student will pass involves a sequence of 
steps progressing through recruitment, project selection, research, mentoring, and 
graduation. Recruiting is being accomplished by nationally advertising “Advanced 
Industrial Materials Program Technology Fellowships for Minorities.” We feel that it 
would be desirable to offer at least one such fellowship each year to maintain continued 
visibility on minority campuses and to establish effective working relationships with 
appropriate personnel. Other factors which we believe to be essential to the success of 
the project include offering each student a variety of project opportunities-active choice 
in project selection will greatly increase the student’s motivation and likelihood of 
success-and continued mentoring throughout the program. The projects offered to the 
students are consistent with the guidelines of the AIM program. 
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TECHNICAL PROGRESS - FY1997 

Summary 

During FY 1997, our second student, Ms. LaVonne Carson, completed her Master’s 
Degree in Materials Science. Her work concerns the preparation of nanocrystalline 
materials and deposition of Cr layers using an inductively-coupled RF plasma. She has 
now accepted employment with the American Competitiveness Institute in Indianapolis, 
IN. Technical progress on her project is summarized below. 

The project which used the RF-ICP plasma torch to produce nanocrystalline material 
involved the construction of a system that allowed powder to be fed into the plasma 
stream. Early studies had shown that if TigSi3 and Cr3Si were processed by plasma 
heating, nanocrystalline material resulted. However, if MoSi2 were processed the 
resulting powder consisted of a mixture of Mo-rich phases as well as nanocrystalline Si. 
In this study a number of different intermetallic compounds, primarily silicides, were 
processed and the dissociatiordrecombination kinetics were studied to determine the 
relevant physical properties of the compounds that favoreaindered nanocrystalline 
formation. These compounds included TiSi2, CrSi2, CrgSi3, MogSi3, Mo3Al8, and 
WgSi3. These compounds were chosen because they represented a range of possibilities 
that might affect the recombination kinetics. For example, the effect of compound 
stoichiometry could be studied by comparing the recombination of line compounds to 
those which exist over a compositional range. The effect of compound melting and 
vaporization temperature, and thermodynamic heats of formation could be examined as 
these compounds vary widely in this areas. Finally, the effect of compound and 
individual constituent density was considered. 

No consistent trends were seen when thermodynamic factors of recombination were 
considered. Similarly, the composition range over which the compound existed seemed 
to only slightly affect the results. The ease with which some compounds formed 
nanocrystalline material as opposed to others seem to be most closely related to the 
differences in vapor pressure between the elemental constituents. If the. difference in 
vapor pressure between the constituents was small, such as for the Cr-silicides, 
nanocrystalline material was readily produced. If the difference were large, (e.g., Mo and 
W silicides) a mixture of compounds was produced. If the difference was somewhat in 
between the two extremes, such as for the Ti-silicides, factors such as the compositional 
range then seem to play a role. For example, these compounds produced a range of 
results, the line compounds being less likely to form nanocrystalline material than those 
with a compositional range. 

The second project used the RF-ICP torch to deposit Cr coatings and also met with mixed 
results. It was possible to deposit films of desirable thickness on metallic substrates 
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using two different feed materials: Cr metal powder and the compound chromium 
hexacarbonyl. However, the quality of the deposited films was poor. The adherence of 
the film was low and they could easily be scraped from the surface of the substrates. The 
presence of oxygen in the system is a major factor in the poor quality as all of the 
deposited films contained oxides of one form or the other. This was confirmed by Auger 
analysis and transmission electron microscopy studies. The source of the oxygen in the 
film is not known with certainty, although a number of possibilities exist. For example, 
although the surfaces of the substrates were cleaned it is almost certain that a small layer 
of oxide is still present on the surface. Similarly, the Cr powders used as feed material 
would contain a small oxide layer. The vaporization of the chromium hexacarbonyl as it 
passed through the torch would be a source of oxygen in these samples. The presence of 
small amounts of oxygen in the feed gas and chamber is also a possibility. Finally, 
oxidation of the substrate upon removal fiom the chamber can occur. All of these factors 
need to be considered. 

If the oxygen can be removed fiom the system the possibility of producing adherent Cr 
coatings using a plasma torch presents several advantages over conventional 
electroplating in the area of waste reduction. Monitoring of the effluent gases from the 
plasma torch over the course of a deposition revealed no particulate present and no 
harmful gases. The only affect to the environment was a slight increase in the amount of 
C02. However, the amount present was still within the range of levels found in cities in 
the US. Thus, a clean method for producing a Cr plate might be developed if the 
adherence can be improved by maintaining a stricter control over the feed material and 
chamber atmosphere. 

Both studies were completed in FY 1997. The results are given in detail in the Master’s 
thesis of L. J. Carson, Iowa State University. Two papers on the separate studies were 
also prepared. The first paper, covering the Cr deposition study, has been published and 
the bibliographic information is given below. The second paper, covering 
nanocrystalline production, was returned for further work and information to be provided 
before publication. That work is still in progress. 

MILESTONES 

A new method of depositing a thin layer of hard Cr was investigated. The method allows 
the deposition of Cr without toxic chemicals or the generation of hazardous wastes. The 
drawback is that at this time the mechanical properties exhibited by the coatings are 
greatly inferior to those of electroplated Cr. More work needs to be done to see if these 
properties can be improved. 
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PUBLICATIONS 

Journals 

L. Carson and L. S. Chumbley, “The Deposition of Chromium by the Use of an 
Inductively-Coupled Radio-Frequency Plasma Torch,” Scripta Materialia, Vol. 37, No. 
10, pp. 1531-1538, (1997). 

Other Publications 

Plasma Processing of Materials, L. J. Carson, Master’s Degree Thesis, Materials Science 
and Engineering Department, Iowa State University. 

PRESENTATIONS 

Oral Presentations 

None. 

HONORS AND AWARDS 

None. 

PATENTSIDISCLOSURES 

None. 

LICENSES 

None. 

INDUSTRIAL INPUT AND TECHNOLOGY TRANSFER 

John Deere provided samples for the Cr coating portion ofthis study. 
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METALS PROCESSING LABORATORY USER CENTER (MPLUS) 

G. Mackiewicz-Ludtka and H. W. Hayden 

Metals and Ceramics Division 
Oak Ridge National Laboratory 

P. 0. Box 2008, Oak Ridge, TN 37831 

INTRODUCTION 

The Metals Processing Laboratory Users (MPLUS) Center was officially designated as a 
DOE User Facility in February 1996. It’s primary purpose is to assist researchers in key 
US industries, universities, and federal laboratories in improving energy efficiency and 
enhancing US competitiveness in the world market. The MPLUS Center provides users 
the unique opportunity to address technology-related issues to solve metals processing 
problems from a fully integrated approach. DOE facilitates the process and catalyzes 
industrial interactions that enables technical synergy and financial leveraging to take 
place between the industrial sector identifying and prioritizing their technological needs, 
and MPLUS, which provides access to the technical expertise and specialized facilities to 
address these needs. 

MPLUS was designed to provide US industries with access to the specialized technical 
expertise and equipment needed to solve metals-processing issues that limit the 
development and implementation of emerging metals-processing technologies. As 
originated, MPLUS includes the following four primary user centers: Metals Processing, 
Metals Joining, Metals Characterization, and Metals Process Modeling. These centers are 
devoted to assisting US industries in adjusting to rapid changes in the marketplace and in 
improving products and processes. This approach optimizes the complementary 
strengths of industry and government. Tremendous industrial response, has resulted in 
MPLUS expanding to meet the ever-growing technical needs and requests initiated by US 
industry. 

TECHNICAL PROGRESS - FY 1997 

Summary 

1. From the official inception of MPLUS as a DOE designated User Center on February 
9, 1996, MPLUS has grown continuously, always initiated by industrial needs and 
requests, from representing only the Engineering and Materials Section within the Metals 
& Ceramics Division, to include other User Centers within ORNL (e.g., the High 
Temperature Materials Laboratory (HTML), and the Computational Center €or Industrial 
Innovativeness (CCII)), and even beyond. MPLUS has provided industry (based upon its 
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need and request) with access to unique capabilities and technologies beyond those 
originally designated within ORNL as DOE User Centers,(e.g., the Microwave Facilities 
within the Fusion Energy Division). In fact, it is becoming quite clear, with the growing 
response and needs being identified via MPLUS, that MPLUS is a viable 
vehicle/mechanism to unite other National Laboratory User Facilities to provide industry 
with a mechanism to access these National Resources as a Distributed Laboratory . 

2. As of September 30, 1997, a total of 76 MPLUS Proposals were received from 60 
companies and universities representing 26 states (Figure 1). This represents 
approximately a 50% increase in proposals, and >50% increase in the number of states 
that have requested MPLUS facilities and expertise since FY96. The demand for and 
success of the MPLUS User Facilities are evidenced by a.) the sheer number of users (60 
Companies); b.) the twelve (12) organizations who requested repeated assistance and 
submitted multiple (2 to 4) proposals for different MPLUS projects; and c.) the five (5) 
companies who chose to do Proprietary (P) MPLUS projects. In fact, two of these five P 
Users did multiple MPLUS projects. 

3. 
were initiated (a 60% increase). 

Of the 76 proposals, 53 were reviewed, and 31 of these 53 MPLUS User projects 

4. Ten (10) MPLUSprojects were completed (-a 300% increase), and the other 23 
proposals were either a.) accepted contingent on legal approval, b.) under development, 
or c.) being modified. 

4. As of September 30, 1997, a total of 546 user days were logged during FY 1997, 
which is approximately a 100% increase since FY 1996. 
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1. Westinghouse (2) 
2. Reynolds(2) 
3. ForMat Industries 
4. Memtec 
5. E.R Johnson 
6. Sandusky Int’l 
7. Waukesha Electric 
8. Weyerhauser(2) 
9. A.Finkl(3) 

10. Jeffrey Chain Corp 
11. Materials Tech. 
12. ABB C-E Serv.(3) 
13. Union Camp Corp 
14. United Defense(2) 
15. CO School of Mines 

16. Doehler-Jarvis 
17. General Motors 
18. Univ. of AL(2) 
19. Cornell Univ. 
20. Cummins Engine(3) 
21. Bethlehem Steel(2) 
22 Anchor Glass 
23. FMC Corp. 
24. Arizona State U 
25. Ohio State Univ. 
26. Goldendale AI 
27. Lincoln Electric 
28. CarboMedics 
29. IPST 
30. Univ. of TN 

31. PPG industries (4) 
32. Owens Corning(2) 47. MicroPyretics 
33. Columbia Falls AI 
34. AFFCO 49. Stoody 
35. Allison Engine 50. Torrington(2) 
36. MacMillan-Bloedel 
37. Gray-Syracuse 52. Eaton 
38. Wagner Castings 
39. Rhenium Alloys 
40. Uniform Metal Tech 
41. Amoco 56. B.F.Goodrich 
42. J&L Specialty Steel 
43. Process Simulations (B.C.)58. LTV Steel 
44. Milliken Res. Ctr. 
45. Welding Services 

46. General Electric 

48. Pathway Bellows 

51. Ford Motor Co. 

53. Hoskins Mfg.(2) 
54. AHT Inc 
55. Timken Co. 

57. INCO Alloys Int’l 

59. Park OH Transp. 
60. VA Poly.& St. U. 

Figure 1. As of September 30,1997, a total of 76 MPLUS Proposals were received from 
60 companies and universities representing 26 states. 
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MILESTONES 

FY 1997 
Developed a 1-Page MPLUS Summary Sheet 
Developed an MPLUS Vision Industry Summary Notebook 
Investigate Partnering with additional Facilities 
(Adv. Steel Processing Center) 
Developed internet-downloadable version of MPLUS 
Proposal form September 1997 
(h ttp:llwww. ms. ornl.gov/emfacilitylmplus&orms. h tmJ 
Initiated 53 MPLUS Proposals (48 NP and 5 Proprietary) September 1997 
Completed 10 MPLUS Projects (1 Proprietary) September 1997 

May 1997 
June 1997 

June 1997 

PUBLICATIONS 

Metals Processing Laboratory Users Center Report, ORNLM4466. 

ORNL Internal Report, “Metals Processing Laboratory User Facility - Facilities 
Capabilities, Interactive Programs, and Recent Experience, ” March 1997. 

One (1) -Page MPLUS DOE User Facilities Summary Sheet, May 1997 

Summary Binder of MPLUS User Projects according to Vision Industry, June 1997. 

MPLUS User Program Brochure (updated April 1997). 

Internet Information/ Web Pages (updated May 1997). 
(URL: http ://m .ms . ornl. gov/emfacility/mplus/mplus . htm) 

PRESENTATIONS 

Poster Sessions 

“Metals Processing Laboratory User Center,” Oak Ridge National Laboratory User 
Center, for Poster Session at 1997 Advanced Industrial Materials (AIM) Program Annual 
Meeting in Albuquerque, NM, June 16 -18,1997. 

“Metals Processing Laboratory User Center,” Oak Ridge National Laboratory User 
Center, for Poster Session AIM booth at the OIT Exposition (1 997). 

“Metals Processing Laboratory User Center,” Oak Ridge National Laboratory User 
Center, for Poster Session for the ASM Materials Exposition at the 1997 ASWAIME 
Annual Technical Meeting (October 1997). 
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“Metals Processing Laboratory User Center,” Oak Ridge National Laboratory User 
Center, for Poster Session at the Advanced Industrial Materials (AIM) Program Annual 
Meeting in Pollard Auditorium, Oak Ridge, TN, June 24 -26,1996. 

Informal Oral Presentations 

“Metals Processing Laboratory Users Center (MPLUS),” for visit by Ford Motor Co. 
Rough Part Forming Forum, emphasis on Metal Casting & Forging (October 8,1997). 

“Metals Processing Laboratory Users Center (MPLUS),” for visit by Sara Dillich 
Program Mgr. Of the Aluminum Vision Industry Team for DOE/OIT, emphasis on 
Aluminum & Metal Casting (October 2, 1997). 

“Metals Processing Laboratory Users Center (MPLUS) Update” for Program Managers 
(Tony Schaflhauser and Mike Karnitz) Meeting (July 25,1996). 

“Overview of the Metals Processing Laboratory Users Center (MPLUS)”, for the 
Directors and staff members of 10 State Energy Offices, as well as representatives from 
the Southern States Energy Board, the Harmony Project from Charleston, SC, and the 
DOE Atlanta Regional Support Office (November 20,1996). 

“Metals Processing Laboratory Users Center (MPLUS)” for DOE/OIT Bill Parks and 
Charlie Sorrell, (December 5, 1996). 

HONORS AND AWARDS 

November 1996: The President’s Award for Continuous Improvement for the MPLUS 
Users Center Metals Processing Users Project 

LICENSES 

None. 

INDUSTRIAL INPUT and TECHNOLOGY TRANSFER 

As of September 30, 1997, a total of 76 MPLUS Proposals were received from 60 
companies and universities representing 26 states. This represents almost a 50% 
increase in the nynber of proposals submitted, and greater than a 50% increase in the 
number of states that have requested MPLUS facilities and expertise since FY 1996. The 
demand for and success of the MPLUS User Facilities are evidenced by a.) the sheer 
number of users (60 Companies); b.) the twelve (12) organizations who requested 
repeated assistance and submitted multiple (2 to 4) proposals for different MPLUS 
projects; and c.) the five (5) companies who chose to do Proprietary (P) MPLUS projects. 
In fact, two (2) of these five (5) P Users did multiple P MPLUS projects. 
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Of the 76 proposals, 53 were reviewed, and 31 of these 53 MPLUS User projects were 
initiated (a 60% increase). Ten (10) MPLUS projects were completed (a 300% increase), 
and the other 23 proposals were either a.) accepted contingent on legal approval, 
b.) under development, or c.) being modified. A total of 546 user days were logged 
during FY 1997, which is approximately a 100% increase since FY 1996. 

ESTIMATED ENERGY SAVINGS 

This amount is different for each individual MPLUS project. 
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MICROWAVE JOINING OF S ic  

R. Silberglitt and G. A. Danko 

FM Technologies, Inc. 
10529-B Braddock Road 
Fairfax, Virginia 22032 

P. Colombo 

University of Padua 
via Marzolo 9 

35 13 1 Padua, Italy 

INTRODUCTION 

The purpose of this work is to optimize the properties of Sic-Sic joints made using 
microwave energy. ' The current focus is on identification of the most effective joining 
methods for scale-up to large tube assemblies, including joining using Sic produced in 
situ fiom chemical precursors. 

During FY 1997, continuous fiber-reinforced SiC/SiC composite (CFCC) and sintered 
Sic  specimens were joined with Sic formed in situ fiom pyrolysis of either polysiloxane 
(silicone resin) or allyhydridopolycarbosilane (AHPCS) precursors. This work used the 
microwave applicator that was designed, fabricated and tested during FY 1996, which 
provides the capability for vacuum baking of the specimens and insulation and for 
processing under inert environment. 

Maximum values of average shear strengths of the microwave-processed CFCC joints 
were comparable to those of similar joints produced with conventional heating. The 
effect of processing conditions on mechanical strength of sintered Sic specimens was 
investigated, and processing conditions were selected for fabrication of 8" long, 1" outer 
diameter (,OD) sintered Sic-joined specimens. These specimens were joined under the 
DOE HiPHES project and will be evaluated by high temperature tensile testing at Oak 
Ridge National Laboratory ( O W ) .  
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TECHNICAL PROGRESS - FY 1997 

Summary 

Joining of Continuous Fiber-Reinforced SiC/SiC Composites 

Joining experiments on continuous fiber-reinforced (CFCC) SiC/SiC composites were 
performed using a 16" x 16" multimode applicator, together with a 0-6 kW continuous 
wave ( C y  microwave source operating at 2.45 GHz. The experiments were performed 
inside an insulated enclosure that was lined on the inside with a S ic  microwave 
susceptor, thus providing hybrid (microwave plus radiant) heating. Specimens were 3 
mm thick plates with a 5 mm x 8 mm cross-section. Two types of composites were used, 
both of which had been fabricated using chemical vapor infiltration (CVI) methods from 
either 2-dimensional (2D) or 3-dimensional (3D) woven preforms. The interlayer 
material, polysiloxane (silicone resin), was mixed with either metallic or Sic powder. 
The silicone resin is a preceramic polymer which upon pyrolysis yields silicon 
oxycarbide. Pairs of composite plates were assembled with the interlayer material and 
cross-linked by heating in a h a c e  at 200°C (located at the University of Padua) prior to 
the microwave processing, which was performed at FM Technologies. 

Prior to inserting the specimens to be joined, the multimode applicator was pumped to a 
vacuum of 2 x ~ O - ~  torr to remove water vapor and other impurities from the heating 
enclosure and supporting structures. The applicator was then back-filled with inert gas 
and opened for sample placement. The specimens were placed inside the hybrid heating 
enclosure, using a 2" high reaction bonded Sic  tube as a setter platform so that the 
specimens were at the same height as a hole in the hybrid heating enclosure and the 
interface could be viewed directly through a vacuum window using a two-color optical 
pyrometer. After sample placement, the chamber was evacuated to 5 x lo-' torr , back- 
filled with inert gas, evacuated again to 5 x lo-' torr, and back-filled again with inert gas. 

The variables that were investigated in this study were the processing environment (Ar, 
N2, or air), the processing temperature (1200°C or 138OoC), and the filler material 
(metallic or S i c  powders). Microwave input power for the 1200°C processing was 
approximately 1600 watts and for the 1380°C processing was approximately 2600 watts. 
Microwave input power was initially 600 watts and was increased gradually to 
1200 watts within 30-40 minutes at which time the specimen temperature reached 800"C, 
as observed using the pyrometer. The input power was then adjusted to achieve a 
temperature ramp from 800°C to the processing temperature of approximately 
10-20°C per minute. Soak time at the processing temperature was 1 hour. A total of 29 
specimens were processed, as follows: 
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10 each, 3D composites with filler material consisting of the silicone resin and Sic  
powder, 5 of which were processed at 1200°C in Ar and 5 of which were processed at 
1200°C in N2; 

11 each, 3D composites with filler material consisting of the silicone resin and 
metallic powder, 5 of which were processed at 1200°C in Ar, 2 of which were processed 
at 1200°C in N2, 2 of which were processed at 1380°C in N2, and 2 of which were 
processed at 1200°C in air; 

8 each, 2D composites with filler material consisting of the silicone resin and metallic 
powder, 3 of which were processed at 1200°C in N2, 3 of which were processed at 
1380°C in N2, and 2 of which were processed at 1200°C in air. 

The mechanical strength of the joints was determined at the University of Padua by 
measurement of fracture shear stress according to ASTM D905-89, using a crosshead 
speed of 1 mm/min, and the values were compared to those for similar specimens that 
were processed at the University of Padua under the same temperatures and 
environmental conditions using a conventional furnace. As shown in Table 1, the results 
for the microwave-processed specimens are somewhat different than those for the 
conventionally processed specimens, but the maximum values of average shear strength 
for the two types of processing are quite similar. (Since there were not significant 
differences between the data for the specimens described above that were prepared with 
metallic filler and those with Sic  filler, these data have been combined.) 

Table 1. Average Shear Strengths (MPa) for Microwave and Conventionally Processed 
SiC/SiC Composite Joints. 

I2OO0C, N2 13.00 2.80 10.17 22.33*, 4.80** 

I2OO0C, Ar 
I I20OoCy air 
138OoC, Nz(MU3 
I40OoCy N~(Conv)  
I35OoC, Ar(MW) 
140O0C,Ar(Conv) 

24.8*** 

7.19 

16.06 

12.8""" 

6.67 

1.59 
3.40 

4.23*, 7.59** 

6.2 

15.8 

4.80 

~~~~ ~ 

* Processed for 1 hour; ** Processed for 8 hours; *** Previous work, single specimen. 
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Joining of Sintered alpha-Sic 

Microwave joining experiments were also performed during this period using monolithic 
sintered Sic. The specimens were 12-mm diam, 12-mm high cylinders of HexoloyTM (St. 
Gobain, NY), that were surface ground to 400 grit and cleaned with acetone, but not 
etched. The joining material in this case was a slurry composed of alpha-Sic powder 
mixed with the polymer precursor allylhydridopolycarbosilane (AHPCS), which was 
supplied by Starfire Systems, Inc. of Watervliet, NY. AHPCS is a preceramic polymer 
which yields stoichiometric Sic  upon pyrolysis, which then crystallizes upon further 
heating to beta-Sic. The joints were assembled by applying the slurry to the faces of the 
specimens and squeezing them together. The specimens were then inserted into the 
cavity inside the hybrid heating enclosure, without any loading or elevation. An 
additional 5-in. high Sic  tube was placed inside the enclosure was used as a sighting 
target for temperature measurement. 

In order to allow for temperature measurement below the 700"C-1700"C range of the 
optical pyrometer, the vacuum window was replaced with a vacuum fitting through 
which a type K thermocouple was inserted. The thermocouple extended slightly into the 
hybrid heating enclosure through the hole that also served as the pyrometer sighting port. 
The chamber was pumped to a vacuum of 6.2 x torr before processing was begun. 
Using the thermocouple, it was then possible to process the AHPCS at a slow heating 
rate, similar to that used in conventional processing, in order to minimize the formation 
of bubbles that could produce voids in the interlayer. The heating rate was increased 
once the polymer had been successfully cross-linked (300"-400"C), and the temperature 
was then increased to the pyrolysis temperature (1000°C). The cavity was back-filled 
with Ar at approximately 600"C, and pyrolysis was performed in Ar. Following this 
pyrolysis step, the specimens were allowed to cool and removed fi-om the cavity. A set 
of experiments was then performed to investigate the effect upon joint strength of an 
additional infiltration with neat AHPCS, followed by a second pyrolysis, as well as the 
effect of annealing the specimens at different temperatures (1200"C, 1300"C, 1400"C, 
1450°C). 

The relative strength of the 24 joined specimens processed as described above was 
determined by inserting them halfway into a vertical fixture with a machined hole that 
just fit the specimen diameter, and then loading with a downward force at the point of the 
specimen farthest from the fixture. Figures 1 and 2 are plots of the strength values 
obtained (load to failure) for the specimens processed under different conditions. From 
this study we concluded that there was benefit to the second infiltration and that an 
annealing temperature between 1300°C and 1400°C would provide the strongest joints. 
These conditions were then used to fabricate 8" long, 1" OD Hexoloy-joined specimens 
under the DOE HiPHES project. Eight of those joined tubes were delivered to ORNL for 
high-temperature tensile testing. 
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Figure 1. Strength vs. processing temperature for microwave joined sintered Sic (single 
infiltration). 
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Figure 2. Strength vs. processing temperature for microwave joined sintered Sic (double 
infiltration). 
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MILESTONES 

Investigation of the effect of joining parameters on the mechanical properties of both 
sintered Sic  and CFCC SiC/SiC composite materials joined with a pure S ic  interlayer 
formed in situ from pyrolysis of polymer precursors (September 1997). 

PUBLICATIONS 

I. Ahmad, R. Silberglitt, Y. L. Tian, and J. D. Katz, "Microwave Joining of Sic  
Ceramics and Composites,'' Ceramic Transactions, Vol. 80, American Ceramic Society, 
Westerville, OH (in press). 

PRESENTATIONS 

I. Ahmad, R. Silberglitt, Y.  L. Tian, and J. D. Katz, "Microwave Joining of Sic  
Ceramics and Composites," poster presented at the First World Congress on Microwave 
Processing, Lake Buena Vista, FL (January 5-9, 1997). 

R. Silberglitt, "Microwave Joining of Sic Tubes for High Temperature Materials 
Processing," presented at the Advanced Industrial Materials Annual Review Meeting, 
Albuquerque, NM (June 16-1 8, 1997). 

HONORS AND AWARDS 

None. 

PATENTS/DISCLOSURES 

None. 

LICENSES 

None. 

INDUSTRIAL INPUT and TECHNOLOGY TRANSFER 

Beginning with a meeting in September 1997 at the DuPont Lanxide Composites @Le) 
facility in Newark, DE, planning is underway between FM Technologies, DLC and 
Foster Wheeler to use joining methods developed under this program for fabrication of 
CFCC components, with particular emphasis on field joining and repair. A presentation 
of the results of the microwave joining experiments on CFCC SiC/SiC composites was 
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also planned for the CFCC Review Meeting and BESKFCC Workshop on Joining in 
Lake Tahoe, CA on October 6-8, 1997. 

ESTIMATED ENERGY SAVINGS 

Natural gas savings are estimated at $172,892 per year due to 4-7% higher efficiency of 
Sic radiant burner tubes. Use of a Sic tube heat exchanger in externally fired combined- 
cycle coal power plants is projected to produce a 20% increase in thermal efficiency, 
together with a 20% reduction in C02 emissions and a 90% reduction in SO, emissions. 
Energy savings through the reduction of feedstock consumption and decoke fuel and 
steam requirements with an advanced ethylene production process using a Sic  tube heat 
exchanger are projected at 63.9 tillion BTUs per year. 
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SELECTIVE INORGANIC THIN FILMS 

T. M. Nenoff, P. I. Pohl, C. J. Brinker and A. Martino 

Sandia National Laboratories 
Albuquerque, New Mexico 87 185 

INTRODUCTION 

Separating light gases using membranes is a technology area for which there exists 
opportunities for significant energy savings. Examples of industrial needs for gas 
separation include hydrogen recovery, natural gas purification, and dehydration. A 
membrane capable of separating H, from other gases at high temperatures could recover 
hydrogen from refinery waste streams, and facilitate catalytic dehydrogenation and the 
water gas shift (CO + H,O ) H, + CO,) reaction. Natural gas purification requires 
separating CH, from mixtures with CO,, H2S, H,O, and higher alkanes. A dehydrating 
membrane would remove water vapor from gas streams in which water is a byproduct or 
a contaminant, such as refiigeration systems. 

Molecular sieve films offer the possibility of performing separations involving hydrogen, 
natural gas constituents, and water vapor at elevated temperatures with very high 
separation factors. It is in applications such as these that we expect inorganic molecular 
sieve membranes to compete most effectively with current gas separation technologies. 
Cryogenic separations are very energy intensive. Polymer membranes do not have the 
thermal stability appropriate for high temperature hydrogen recovery, and tend to swell in 
the presence of hydrocarbon natural gas constituents. Our goal is to develop a family of 
microporous oxide films that offer permeability and selectivity exceeding those of 
polymer membranes, allowing gas membranes to compete with cryogenic and adsorption 
technologies for large-scale gas separation applications. 

The microporous media in these films consist of zeolites and nonaluminosilicate open 
framework structures such as zinc phosphates. Zeolites are microporous aluminosilicates 
with pore diameters in the 3-7 8, range; they are already used in bulk form for gas 
separations and dehydration. We are using the very narrow pore size of aluminosilicate 
zeolites, in particular those found (through diffusion modeling studies) to be specifically 
sensitive to arene isomer separations, to synthesize inorganic thin films. Specifically, we 
have begun a CRADA with Amoco Chemical Company to determine the feasibility of 
using membranes containing shape-selective zeolites to enrich p-xylene from mixtures of 
xylene isomers. Other studies focus on zinc phosphates ‘(ZnPOs) which have pore 
diameters that are generally smaller than those of zeolites; the range of sizes currently 
available is ideal for dehydration and hydrogen recovery. These phases are also stable at 
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'higher temperatures (up to 700°C) than those generally tolerated by typical alkali 
zeolites. Many of the ZnPO phases and all of the ZnPO films described here were 
synthesized for the first time in the course of this project. 

TECHNICAL PROGRESS - FY 1997 

Summary 

Selectivity is controlled in polymer membranes by differences in gas solubility and 
diffbsivity. In contrast, zeolitic phases can separate gases via molecular sieving. Gas 
molecules smaller than the critical pore diameter are allowed to permeate; larger 
molecules are completely rejected. A zeolite film with a pore diameter of 4.1 A (such as 
Linde Type A) would thus effectively separate methane (kinetic diameter = 3.8 A) from 
propane (kinetic diameter = 4.3 A) or higher alkanes (Figure 1). 

Figure 1. Molecular sieving ability of some zeolites. 
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The molecular sieve membranes described in this report consist of films of microporous 
phases deposited on porous supports, such as a-A1203 or ZnO wafers, and A1203 tubes 
(Figure 2). The latter are one-directional gas filter membranes in which pore size 
becomes progressively smaller toward the tube interior, terminating with a layer of 40 %i 
y-A1203 (Figure 2). The films must completely cover the substrate in order to 
demonstrate any selectivity based on molecular sieving, and the films must be thermally 
durable enough to withstand operating temperatures and/or calcination. In particular, the 
film must survive the thermal expansion mismatch between itself and the substrate 
without cracking or peeling. In our membranes this is accomplished by incorporating an 
amorphous phase that acts as a binder or "caulk". The limited porosity of the amorphous 
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phase reduces nonselective gas flow between zeolite crystals, while its flexibility 
mitigates the thermal expansion mismatch between the film and the substrate. We have 
used a number of different binders for this purpose, including sol-gel silicas (alone or 
combined with colloidal aluminas) organic-inorganic hybrid gels, and silicones. 

In FY 1997, we investigated methods of film deposition and caulking with Linde Type A 
and MFI-type zeolites. We have studied permeation of light gases through the resulting 
membranes. In addition, we synthesized films of new and known zinc phosphates, and 
identified numerous new ZnPO phases. In the course of this work we prepared the first 
ZnPO films with molecular sieving behavior, and the first organic-templated ZnPO in 
which the template can be removed without altering the host framework. 

1. Zeolite fdms 

In FY 1995, we demonstrated the synthesis of supported membranes consisting of pure 
LTA from d e  action of aqueous NaOH on kaolinite films deposited on porous alumina 
discs. We also collected gas permeation data from both unconverted clay films and from 
zeolite films. Permeation results from kaolinite and metakaolinite films revealed gas 
separation that is characteristic of Knudsen difision and surface flow; this showed that 
these precursor films can be prepared without macroscopic cracks or holes. However, the 
films cracked upon conversion to LTA. In FY 1996, we studied the effects of precursor 
film thickness and substrate porosity on cracking susceptibility. We found that reducing 
the thickness of the kaolinite film can eliminate macroscopic cracking, but that leakage 
still occurs through microscopic intercrystalline gaps. We then studied the effects of 
"caulking" the LTA film surface to fill in the intercrystalline voids. Caulking materials 
tested included silicone polymers, nonporous silica sols, colloidal boehmite suspensions, 
organic-inorganic silica-based sols, kaolinite (with subsequent conversion to LTA), and 
LTA mother liquor. 

The silica sol approach involves coating the films with silica sols (partially hydrolyzed 
solutions of tetraethyl orthosilicate [TEOS] in ethanol), then heat treating the membrane 
to render the films impermeable. We found that the intercrystalline gaps in the LTA films 
are too large (>0.1 pm) to be adequately caulked using these sols. We have since 
investigated regrowing the film crystallites in LTA mother liquor, and precaulking with 
boehmite (a-A100H) prior to SiO, film deposition to reduce intercrystalline voids prior 
to treatment with silica sol. In the mother-liquor approach, the LTA film is immersed in 
an aqueous solution of (CH,),NOH, Al,O,, SO,, and NaOH that precipitates colloidal 
LTA upon heating. In the precaulking approach, a boehmite sol is deposited onto the 
LTA film to reduce the intercrystalline surface porosity to = 40 A, which is fine enough 
to be caulked by the silica sol. 
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Both the kaolinite retreatment and mother-liquor methods yielded growth of additional 
crystallites on the surfaces of the films, rather than expansion of the original crystallites. 
Therefore, these processes alone have not reduced intercrystalline gaps to sizes that 
TEOS silica sols can effectively caulk. We have synthesized LTA films sequentially 
caulked with colloidal boehmite and SiO, sol, and will continue the studies with MFI 
zeolite films. 

It has been reported that the selectivities of silicone rubber films for light gases and 
water/alcohol mixtures can be altered by incorporating zeolite crystallites.[ 13 Previously, 
we performed a series of similar experiments to determine if a silicone rubber film can 
improve the selectivity of a pre-deposited LTA film via caulking. We found that the 
silicone inhibited viscous flow at coating concentrations in excess of lo%, but allowed 
some permeation of CO, and CH,, probably due to solution/difision. With sufficiently 
thick application, the silicone rubber can indeed stop gas flow through the membrane, 
though the required thickness is ca. 20 times that of the LTA film. We have concluded 
that the permeability of RTV silicone adhesive is probably too great to be used as a caulk. 

We further investigated deposition of thin LTA films from suspensions of colloidal LTA 
and metallic A1 films as an alternative to kaolinite films in order to control 
intercrystalline porosity. Colloidal LTA was prepared according to [2], and centrifuged 
onto alumina wafers. This yielded continuous thin films similar in appearance to those 
made from kaolinite, with similar macroscopic porosity. To test the possibility of 
synthesizing LTA films from thin A1 films, A1 coupons were soaked in sodium silicate 
solutions with N%0/Si02 ratios of 1 and 2, and held at 100°C for several days. This 
process yielded spongy masses of boehmite at a N%O/Si02 ratio of 1, and a mixture of 
boehmite and faujasite in the more alkaline solution. No syntheses were made using A1 
thin films. We are continuing in this mode with current research involving the deposition 
of this ZSM-5 films onto a-A1203 disks and y-Al2O3 tubes fiom suspensions of colloidal 
ZSM-5 (provided by Amoco). (See section 3: Shape selective membranes - qdene 
separation.) Results will be presented in the near future. 

ir 

2. Zinc Phosphates 

In recent years a number of phosphate-based molecular sieve phases have been identified. 
The most well-known of these are the AlPO, structures, which are neutral porous 
frameworks templated by organic bases. Anionic frameworks such as zinc phosphates 
and beryllophosphates (and arsenates) have been identified as well. These phases are not 
as thermally stable as the AlPOs, probably because of lower cation-oxygen bond order, 
and generally have not heretofore survived dehydration or template removal. Unlike the 
AlPOs, however, microporous zinc phosphates (ZnPOs) can be made using inorganic 
templates, which may not have to be removed in order for these phases to h c t i o n  as 
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molecular sieves. In addition, ZnPOs are much easier to synthesize as thin films than are 
the AlPOs. 

2.1. Thin film synthesis 

In FY 1994, we reported that certain ZnPOs thought to be microporous could be readily 
synthesized as films from metallic zinc-coated substrates. In FY 1996 we showed via 
computer modeling of gas permeation that the zinc oxide phosphates M,Zn,P,O,, and 
MZn,OPO, (M = Na, Li) should admit He and H,, but reject larger gas molecules.[4] In 
addition, these pores are interconnected in three dimensions, so that gas permeation 
through the lattice should be both rapid and independent of crystallographic orientation of 
the film. The phases containing smaller cations generally possess larger kinetic 
diameters. For example, N%Zn,O(PO,), should accommodate H,, but not CO,; while 
CsZn,OPO, should reject H,, but still be permeable to He, H,O and NH,. This prediction 
is partially corroborated by the observation that these phases can reversibly absorb and 
desorb both NH, and H,O (kinetic diameters = 2.6 A) without structural change. A 
Na,Zn,O(PO,), membrane could therefore be used for H, recovery, while a CsZn20P04 
membrane could be used for gas dehydration. 

In FY 1996, we devised routes to K,Zn,O(PO,), and CsZn20P04 films from ZnO wafers 
(prepared by cold pressing ZnO powder, then sintering) and Zn metal films (Figure 3). 
The K phase is particularly usehl, since it is readily ion exchanged to yield the more 
permeable Na and Li phases. We have also found that the ZnO wafers are gas permeable, 
allowing viscous flow, and are thus useful as membrane substrates. Early results from 
gas-flow experiments with CsZn2OPOq films made from ZnO wafers show significant 
permeabilities only to He, which is consistent with molecular sieving. While the films 
can be made leak-free, they are still fairly thick (= 20 pm), and thus do not yield high gas 
flow rates. To render these process compatible with conventional tubular gas 
membranes, a method for depositing Zn metal or ZnO film on the inside of an alumina 
tube must eventually be found. 
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Figure 3. Inorganic thin film of CsZn2OPO4. 

2.2. New zinc phosphate phases 

In addition to the inorganic ZnPOs described above, we are investigating organic ZnPOs 
as molecular sieves. Because organic cations are larger than alkali metal cations, it is 
possible to produce larger-pore structures using organic templates. Given the relative 
facility of preparing ZnPO films, we view this approach as an alternative route to 
molecular sieve films with pores in the 3-5 A range. However, all zinc phosphates stable 
with respect to dehydration or ion exchange have, to date, been inorganic zinc oxide 
phosphates. The goal of this project element is thus to identify large-pore ZnPOs that are 
stable enough to survive template removal without structural collapse. 

It is possible that Zn-0-Zn bonds, such as those present in the ZwO groups in the 
M,Zn,O(PO~), phases, may be responsible for their exceptional thermal stability. Extra 
ZnO units are generally absent from organic zinc phosphates, and these cannot be 
dehydrated or have template removed without structure collapse. However, all of the 
templates used in organic ZnPOs reported to date have been too weakly basic to stabilize 
the excess zinc oxide. Therefore, we have investigated ZnPO synthesis using template 
species that are basic enough to dissolve ZnO, and contain a high nitrogedcarbon ratio to 
facilitate post-synthesis template removal via calcination in oxygen. 

In FY 1997, we continue our survey of the aqueous phase space of ZnO and P,Oj with 
guanidine, dimethylamine, DABCO (1,4-diazobicyclo[2.2.2]octane), ethylenediamine, 
and propylamine. New phases synthesized include a new “dimethylammine ZnO P20 

H20”, its analog “dimethylammine ZnO As20j H20” and a “DABCO ZnO P20j 
H20”. These phases have all been characterized by single crystal and powder X-ray 
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difli-action, elemental and thermal analyses. The dimethylamine phases appear to retain 
their pore structures upon detemplation. Currently, studies are ongoing to grow thin 
films of these phases and to study their gas separation abilities. 

The “guanidine ZnO P,Oj H,O” phase space has yielded a new family of guanidine 
zinc phosphates, with six new phases discovered so far. Crystallographic structure 
solutions have been obtained for four of these phases by Prof. W. T. A. Harrison at the 
University of Western Australia, and were published in FY 1997. One phase in particular, 
“(CN,H,), Zn,(H,O),(PO,), H30”, contains the unusual structural feature of three 
guanidinium ions acting in concert to template an 18-membered ring. Rings of this size 
have never been identified in zeolites, and only recently in aluminophosphates [SI, and 
this is the first example of cooperative templation in metal oxide fiameworks (Figure 4). 

& 

Figure 4. 18-membered ring, containing 3 guanidine cations, of the “guano-zinc 
phosphate.” 

Two of the other three structures that have been solved contain unusual structural features 
as well. The phase (CN3H6), Zn(HPO,), has the lowest framework density (number of 
tetrahedral atoms per unit volume) of any crystalline microporous material identified to 
date. (CN,H,), zn2(oH)(Po,), H,O adopts a one-dimensional chain structure 
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involving three PO, groups tiply-bridging pairs of distorted ZnO, tetrahedra. This 
feature has been seen in long-chain metal phosphonates, but this phase appears to be the 
first simple phosphate to adopt this polymeric configuration. We have not yet 
demonstrated template removal with retention of structure in the guanoZnPOs, but are 
currently attempting to stabilize the framework by including alkali metal cations to 
increase the Zn/P ratio. 

Impact 

The petroleum and natural gas refining industries would benefit significantly from high 
permeability molecular sieve films capable of separating light, fixed gases, particularly if 
the membranes can be used at high temperatures. The alkali metal zinc phosphates that 
we have synthesized as membranes are stable up to 700°C, which is compatible with 
hydrogen recovery. With sufficiently high permeability and low unit area cost, energy 
savings of several quadyr could be achieved when all feasible applications of inorganic 
membranes are considered.[6] 

3. Shape selective membranes - xylene separation 

We are studying with Amoco Chemical Co. the use of microporous inorganic membranes 
to separate p-xylene from mixtures of the isomers. The para isomer is the precursor to 
terephthalic acid, which is principally used in poly (ethylene terephthalate) plastics. 
Because of this, p-xylene is a high-tonnage commodity, and a significant component of 
chemical industry production. Conventional technology for separating the isomers 
requires successive recrystallizations of the mixture at cryogenic temperatures, which is 
very energy intensive. The membranes will be used to enrich the mixture in p-xylene 
prior to crystallization, which will allow warmer temperatures and fewer crystallization 
steps to be used. 

. 

The composition of the "equilibrium mixture" of xylenes that results from toluene 
alkylation or disproportionation reactions is approximately 2 meta : 1 ortho : 1 para (i.e., 
25% p-xylene). In p-xylene production, a feedstock containing an "equilibrium" mixture 
of xylenes is fed into a series of crystallizers operating at -90°C. The solid phase is 
enriched in the para isomer. The remainder is reisomerized (at = 500°C) and returned to 
the first crystallizer unit. Our goal is to use shape-selective membranes to replace the first 
crystallizer, which is the most energy consumptive unit in the process. 

It is known that the diffusivity of p-xylene through the zeolite phase ZSM-5 (MFI 
structure type) is 10,000 times that of ortho- or meta-xylene, due to smaller kinetic 
diameter of the para isomer.[7] This enhanced difisivity favors synthesis of p-xylene in 
toluene alkylation and disproportionation reactions, and xylene isomerization, with the 
appropriately modified ZSM-5 catalysts. MFI/sol-gel films might thus be used to separate 
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p-xylene from a product stream consisting of a mixture of isomers; in addition, such a 
membrane could be packed with catalyst, separating p-xylene as it is formed. Our 
modeling efforts confirm this result. The ZSM-5 zeolite (MFI type framework) out 
perform a number of zeolites with similar pore sizes and structures for p-xylene 
separations. (The zeolites modeled include ZSM-5 , Ferrierite, ZSM-22 and ZSM-23) 
(Figure 5). 

Improves 
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L 

Zeolites io study 
furthcr duc to 
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Figure 5. Results of Lennard-Jones interactions modeling (neglecting entrance and cation 
effects. 

Three general methods for synthesizing MFI-type molecular sieve films have been 
explored. The first involves suspending the zeolite in a silica sol, then dip coating the 
substrate with the suspension. We used this method to make selective films with several 
zeolites, including ZSM-5, that have been used as discriminating elements in acoustic 
wave sensors.[8] An advantage of this "slurry" method is that it can be used with any 
desired molecular sieve that can be prepared with a sufficiently fine particle 'size 
(typically <1 pm). We have also demonstrated a second method in which a 
nonpermeable sol-gel film is added to a zeolite film that has been previously deposited on 
a porous support. The sol-gel phase acts to caulk intercrystalline gaps, and promote 
adhesion to the substrate. In a third method, the zeolitic phase is hydrothermally 
nucleated and crystallized fiom sol-gel derived nutrients pre-deposited on a substrate 
(Figure 6).[9] Initial experiments repeatedly produce ZSM-5 films of various SUA1 ratios 
and crystallite sizes (Figure 7). Each of these methods will be used to synthesize 
composite MFYsol-gel membranes for testing in a bench-scale xylene separation module. 
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Figure 6. Inorganic thin film composite of Zeolite and Sol-gel. 
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Figure 7. MFI crystals grown on a-Al203 surface (crystals approximately 200nm across), 
pre sougel "caulking." 

Started in FY 1997 and continuing through June 1998, the following milestones will be 
met for the first full year of the CRADA: 

A. Model the permeation of xylene mixtures through MFI structures in order to identify 
the zeolite phase that will maximize permeability ofp-xylene in an equilibrium (2: 1 : 1) 
vapor stream; 
B. Synthesize leak-fiee MFI-type membranes by caulking MFI films with silica sols and 
hydrocarbon solutions, and by coating suspensions of MFI phases in silica sols onto 
membrane substrates; and 
C .  Employ different SUA1 ratios in the zeolite (in the MFI structure type, these range 
from unity to infinity) to obtain different acidities, and thereby affect the isomerization of 
the xylene. 
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Impact 

If these membranes eliminate the frst crystallization step in p-xylene production 
worldwide, approximately 0.070 quadyr will be saved, principally in the form of 
decreased natural gas consumption. 

4. Synthesis of Novel Encapsulated Gel Supported Nanocluster Catalysts 

The synthesis of three new catalysts this quarter highlights the versatility of our 
methodology in catalyst synthesis. We .are now capable of making highly dispersed 
noble and base metals, mixed metal systems, alloys, and layered particles on silica, 
alumina, and silicalalumina mixtures. The catalysts can be used as pseudo-homogeneous 
liquids and heterogeneous powders, monoliths, and thin films. 

We have synthesized three new types of encapsulated gel supported nanocluster catalysts: 
(1) A literature preparation for the synthesis of a silica monolith in ethanol is used. The 
procedure will be extended to alumina; 
(2) Exploration in using these materials as thin films. Our cluster, gel monomer solution 
is incipient wet onto A1203 extrudate. The powdered is filtered, briefly rinsed in acetone, 
and then incipient wet in an acidic solution. The powder is. once again filtered, rinsed, 
and finally dried. It is hoped the clusters and gel monomer are adsorbed onto the 
extrudate and then hydrolyze and condense to form a cluster embedded thin film in the 
presence of the acidic solution; 
(3) A support of varying composition. We have synthesized a full range of A1203 / Si02 
mixtures. As mentioned earlier, A1203 is generally more active than Si02 due to surface 
acidity. This increased activi5 can lead to a decrease in selectivity. For example, the 
dehydrogenation of propane gives only propylene with Si02 supports. With A1203, 
propane disappears much more quickly, but hydrogenolysis can lead to the formation of 
unwanted ethylene. By providing mixtures of Si02 and Al2O3, it may be possible to 
finely tune the activity and selectivity of our catalysts. 
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SYMPOSIUM ORGANIZED 

A symposium entitled "Catalysis with Designed Materials" has been accepted by the 
Colloid and Surface Science Division of the American Chemical Society, and scheduled 
for the Fall 1998 Boston National ACS Meeting. Tina Nenoff is the organizer. The 
focus of the symposium will be the use of computer modeling, tied with materials 
synthesis, to efficiently predict and synthesize novel materials for catalysis and 
separations. The work from this program and, in particular from the CRADA, will be 
presented here. 

PATENTS 

None during this reporting period. 

PATENT DISCLOSURES 

M. Phillips, "A Thermally Stable Zinc Phosphate Molecular Sieve", SD-5962. 

M. Phillips, ''A New Method for Preparing Zinc Oxide Thin Films from Solution", SD- 
5963. 

LICENSES 

None during this reporting period. 

INDUSTRJAL INPUT AND TECHNOLOGY TRANSFER 

As part of the CRADA in negotiation, Amoco Chemical Company will provide 
crystallographic data for and samples of zeolites of interest for xylene separation. We will 
use the structure data to model relative permeation rates of xylene isomers in mixtures, 
and synthesize membranes from the zeolite samples. Amoco will then measure selectivity 
of composite zeolite-sol gel membranes invented at Sandia to determine feasibility of 
scale-up to a pilot plant. 

COST SHARING 

The 3-year, $2.769M CRADA has been signed and is in effect between Sandia National 
Laboratories and the Amoco Chemical Company. Amoco is to contribute in-kind funds 
in the following manner: $512K for year 1; $480 for year 2; $502 for year 3. The start 
date was June 16, 1997. 
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HIGHLIGHTS 

We have fabricated molecular sieve membranes by depositing films of microporous 
cesium zinc phosphate onto porous zinc oxide wafers. These membranes are permeable 
to helium, but not to hydrogen or to the other light, fixed gases tested. We have also 
synthesized an organic zinc phosphate phase that survives removal of template and water 
without altering the structure of the ZnPO fiamework. This is the first ZnPO phase for 
which nondestructive template removal has been demonstrated. Films of this phase were 
successfully grown onto ZnO wafers. 

We have negotiated and begun (6/16/97) a CRADA with Amoco Chemical Company to 
study the feasibility of using shape-selective molecular sieve membranes to enrich p- 
xylene fiom mixtures of the isomers. In FY 1997, we will write a computer code that will 
allow us to predict relative permeation rates of xylene isomers through several zeolitic 
phases with a variety of compositions. We will also synthesize shape-selective 
membranes using zeolitic phases identified by Amoco as having promise for arene 
separations. Amoco will measure xylene permeation through these Sandia-synthesized 
membranes. 

PROJECT INVESTIGATORS 

In FY 1997 this project involved the following participants from Sandia National 
Laboratories, Albuquerque, NM; University of New Mexico, Albuquerque, NM; and the 
University of Western Australia, Nedlands, WA. 

NAME PROJECT ROLE 

Dr. Tina M. Nenoff, SNL 
Dr. Phillip I. Pohl, SNL 
Dr. C. Jeffkey Brinker, SNL 
Dr. Anthony Martino, SNL 
Alejandra V. Chavez, SNL & UNM 
Steven G. Thoma, SNL 
Prof. William T. A. Harrison, UWA 

Principal investigator, film synthesis 
Permeation modeling 
Sol-gel film development 
Nanocluster catalysts 
Zinc phosphate synthesis 
Membrane synthesis 
Crystallography 
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INDUSTRIAL APPLICATIONS OF CONDUCTING POLYMERS: 
POLYMER ELECTROLYTE ELECTROCHEMICAL REACTORS 

OF LOWERED ENERGY CONSUMPTION 

S. Gottesfeld 
Electronic and Electrochemical Materials and Devices, MST-11 

Los Alamos National Laboratory 
Los Alamos, New Mexico 87545 

INTRODUCTION 

The Conducting Polymer Project funded by the AIM Program has developed new 
methods for the synthesis of conducting polymers and evaluated new industrial 
applications for these materials which would result in significant reductions in energy 
usage or industrial waste. During FY 1997, we specifically addressed electrochemical 
reactors (ECRs) based on’ polymeric electrolytes. In the chlor-alkali industry, 
electrochemical reactors based on polymer electrolyte membranes consume around 2% of 
the total electric power generated in the United States. Our newest activity which started 
in FY 1996, is devoted to energy efficient ECRs for this industry. Energy savings as high 
as 50% could be achieved with the energy-saving ECR technology which is being 
developed by us and corresponding lowering in COz emissions would result. 

Background 

During FY 1996, we explored a scheme for effectively reducing energy consumption in a 
chlor-alkali ECR, using an oxygen cathode and a cation conducting polymeric membrane 
(CCM) as basis for effective membrane/electrode assemblies (MEAs) for chlor-alkali 
ECRs. Figure 1 above shows the basic idea of the advanced, polymer membrane based 
ECR which we now develop. The conventional conf i~a t ion  of a chlor-alkali ECR 
which generates chlorine and caustic soda by electrolysis of sodium chloride brine is 
shown on the left hand side of Figure 1. The cell voltage required for significant 
electrolysis rates of,  300 Mft , is 3.2-3.3 V. Energy consumption per-unit-weight of the 
products (chlorine and sodium hydroxide) is directly proportional to cell voltage. 
Lowering cell voltage at given current density (i.e., at given production rate) is therefore 
the key for achieving energy savings in this industrial process which consumes 2% of the 
electric energy produced in the United States. 

2 
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b) Chlor-Alkali Cell with Oxygen Cathode a) Conventional Chlor-Alkali Cell 
NaOH 

NaCl 

C’2 

I 5 
CI- 

t 
using an Figure 1. Scheme for reducing energy consumption in a chlor-alkali ECR 

effective oxygen cathode and a cation conducting polymeric membrane (CCM) as basis 
for an effective membrane/electrode assembly. 

Some time ago it was recognized that if the hydrogen-evolving cathode were replaced by 
an oxygen-reducing cathode, the voltage of the,cell could be reduced (in principle) by 
about 0.9V. The change of the cathodic process by introduction of oxygen as cathode 
reactant and the corresponding expected lowering in cell voltage are schematically 
depicted on the right-hand-side of Figure 1. To achieve the expected savings in cell 
voltage fiom introduction of oxygen as “cathode depolarizer,” a very effective oxygen 
electrode is required. Furthermore, the cell configuration has to be such that a gas 
(oxygen supplied) cathode could operate side-by-side with a liquid (brine) filled adjacent 
cell compartment. Both of these targets have not been easy to achieve and the result has 
been that the concept of a chlor-alkali cell with an oxygen cathode has not yet been 
implemented commercially. This is in spite of the fact that efforts to prove feasibility of 
the concept continue to date, particularly in Japan where the availability and cost of 
electric power are more significant issues today than in the United States. 

With stronger attention to the generation rate of C02 in the context of global warming 
concerns, possible cutting of 40% of the total volume of C02 generated by this major US 
industry may become a significant target. 

In light of the energy savings incentives described above, in 1996 we adapted an 
advanced oxygen electrode technology (developed at LANL originally for application in 
polymer electrolyte fuel cells) for application in chlor-alkali ECRs. An important element 
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of the new project has been immediate industrial interest: Dow Chemical expressed 
interest in working with us on this project based on a CRADA. 

TECHNICAL PROGRESS - FY 1997 

(1) Experiments in small scale Fuel Cell Hardware 

(a) Cell with single-layer ionomeric membrane 

We started experimentation with small scale hardware employed at LANL for fuel cell 
work (5 cm2 active area). The membrane employed was a fuel cell membrane, rather than 
chlor-alkali membrane, and, therefore, current efficiencies were limited. Furthermore, the 
graphite fuel cell hardware would not have sufficient long-term stability as chlor alkali 
ECR hardware. This fuel cell hardware was used first in spite of those shortcomings, to 
generate initial data. 

Cell polarization curves obtained with this chlor-alkali ECR, using an ordinary fuel cell 
membrane (Figure 2) demonstrated that an advantage of about 1 .O V was gained when the 

2 chlor-alkali ECR was operated with an oxygen cathode (Ecell = 1.85 V at 0.4 Ncm , 
vs. the same ECR with a hydrogen-evolving cathode requiring Ecell= 2.82 V'). 
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Figure 2. Small scale chlor-alkali cell based on fuel cell hardware and utilizing single 
layer ionomeric membrane: performance with hydrogen-evolving and oxygen-consuming 
cathodes 

(b) Cell with bilayer ionomeric membrane of type used in chlor-alkali ECRs 
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Next we tested our oxygen cathode in the same 5 cm2 cell employing a commercial chlor- 
alkali membrane which would be the membrane of choice in the chlor-alkali industry. 
This is a bilayer membrane which provides higher selectivity, hence higher current 
efficiency in the chlor alkali process, at some cost in cell voltage. A cell voltage of 2.0 V 
was now measured at 0.4 A/cm2 in the 5 cm2 cell hardware operated with an oxygen 
cathode (Figure 3). This is approximately 0.2V higher than obtained with a single-layer 
fuel cell membrane (Figure 2), fully explained by the higher resistance of the more 
selective, bilayer membrane. Current efficiencies were indeed substantially higher with 
the bilayer membrane in the oxygen cathode operation mode, an important requirement 
from any competitive chlor-alkali reactor. Cell voltage lowering remained substantial: 
cutting cell voltage from 3.2 V down to 2.0 V at constant commercial level throughput 
corresponds to savings of 38% in electric energy used per-unit-weight of product. 
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Figure 3. Polarization curve obtained using a 5 cm2 chlor-alkali ECR with oxygen 
cathode and commercial chlor-alkali membrane. 

(2a) Implementation of Dow test hardware and modification of oxygen cathode for 
use in it 

Adaptation by LANL of a small scale reactor (58 cm2), employed for testing and 
development in the Dow chlor-alkali laboratory at Freeport, TX, was subsequently 
implemented. Use of this cell type allows us to compare directly with the performance 
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obtained by Dow in an exact same cell configuration under ordinary mode of chlor-alkali 
ECR operation (with hydrogen evolving cathode), and thus conclude on the real voltage 
advantage obtained with our oxygen consuming cathode. 

Making the change from operating 5 cm2 chlor-alkali cells to Dow’s 58 cm2 test cells, 
necessitated also redesigning and rebuilding of a chlor-alkali ECR lab testing system at 
LANL. The new system has been designed and built to accommodate continuos operation 
of 3 test cells in parallel. Several engineering controls were designed and implemented 
such as water make-up to the brine and to the caustic to maintain desired solution 
concentrations, a chlorine scrubber system to safely convert chlorine gas to ordinary 
“bleach” for disposal, and a brine purification system. Brine purification, in particular, is 
critical to achieve optimum current efficiencies over sustained periods of operation. Our 
brine purification system went through some iterations to achieve eventually the level of 
purity required (20 ppb or less calcium ion ). 

A critical design issue for implementing the oxygen cathode in the Dow hardware has 
been efficient sodium hydroxide removal from the cathode and provision of adequate 
oxygen and water access to the cathode catalyst layer. We designed new cathode 
chambers to replace the ones typically used for caustic-submerged hydrogen evolution 
electrodes. The new cathode chambers facilitate collection of caustic and in-situ oxygen 
reactant humidification by deionized water. The water is separated from the caustic 
collection side and the former can also heated by a cartridge heater to maximize the 
water vapor pressure in the oxygen inlet gas stream. 

We began testing LANL oxygen electrodes in the 58 cm2, industrial-style cells, employed 
by Dow Chemical for lab-scale testing. The much lower pressure across the industrial cell 
components ( about 1 psi ) has important engineering advantages and should preferably 
be maintained in the context of any cell retrofitting plans. It requires, however, 
achievement of low contact resistances at very low applied force across the cell. We first 
attempted to attain better contact at 1 psi across the cell with our carbon based cathode 
material, followed by in-house fabrication of cathode gas difhsion structures with 60 
mesh wire screens replacing the carbon cloth. By applying the carbon blacWPTFE filler 
in an optimized way, enhanced contact with the current collector component could be 
ensured. After further replacement of the current collector material, quite good 
performances (ie., cell voltage of 2.3 V at 350 mAlcm2) was initially observed but 
subsequently degraded. A polarization curve for the 58 crn2 cell with a metal screen 
cathode is shown in Figure 4. The cell resistance was as high as 3 S2 cm2, the main 
reason for the high cell voltage ( a typical value for this ECR at high mechanical pressure 
across the cell is 1.5 62 cm2) . Correcting the voltage-current curve for ohmic losses 
illustrates that the electrode processes themselves were very efficient. Were the cell 
resistance to remain at 1.5 Q cm2, the voltage at 350 d c m 2  would have been below the 
2.2 V target. 
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Figure 4. Cell polarization (middle curve), iR corrected polarization (bottom curve), and 
cell resistance (top curve) as function of cell current for a modified Dow test cell with an 
oxygen electrode. 

Additional experimentation has indicated that the transport properties and cell resistance 
are closely linked to cathode properties. Work is thus continuing in developing 
satisfactory current collector configurations and in optimizing the cathode structure to 
attain lower cell resistances in this industrial type cell configuration. 

As to current efficiency, we run the cells with a 30-32% product concentration at 
measured current efficiencies on the order of 96-98% which is equal to or better than 
current efficiencies obtained in chlor-alkali ECRs with hydrogen evolving cathodes. 

INDUSTRIAL INPUT and TECHNOLOGY TRANSFER 

CRADA with Dow Chemical 

A Cooperative Research and Development Agreement Amendment (CRADA) between 
UC ( LANL) and Dow Chemical was executed on June 18, 1997, to include the 
collaborative effort on chlor-alkali ECRs of lowered electric energy consumption. The 
LANL effort in this collaboration is the continuation of our project under the AIM 
program on ECRs of lowered energy consumption. 
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Final Dow management approval for the Joint Work Statement ( J W S )  was obtained at the 
end of April, based on technical approach described in a J W S .  The J W S  includes 
materials, components and cell configuration optimization efforts to be pursued at LANL; 
techno-economic evaluation of the merit of this concept as function of plant location 
which affects cost of power and marketability of hydrogen; and, pilot plant testing to be 
performed in the third year of the project to the degree justified by preceding life tests in 
smaller cells, employing materials and cell structure optimized by LANL work during the 
first two years. 

We had excellent opportunities during FY 1997 to interact with Dow Chemical. They 
visited Los Alamos three times during this year. We have visited twice their central 
chlorine production facility to establish contact with production engineers. We had a good 
opportunity during the visit to discuss in-depth a strategy for demonstration of the 
concept at pilot plant level. 

HIGHLIGHTS 

Utilizing fuel cell hardware, we demonstrated the operation of a chlor-alkali cell at 
target voltage level ( 0.4 A/cm2 at 2.0V) with a LANL oxygen cathode and a commercial 
chlor-alkali membrane of high current efficiency ( >95%). Lowering cell voltage for a 
chlor-alkali ECR from the ordinary level of 3.2 V to 2.0 V at constant, commercial 
throughput level, corresponds to savings of 38% in electric energy invested per-unit- 
weight of product. This is of special significance in an industry that consumes about 2% 
of all of the electric power generated in the US. There would be a corresponding 
percentage of reduction in C02 emissions associated with this major industry. 

We adapted a standard 58 cm2 cell, of the type employed by Dow Chemical for lab 
testing, to routinely test ECRs with oxygen cathodes. 

We redesigned and rebuilt our chlor-alkali ECR lab testing system. The new system has 
accommodates continuous operation of three test cells in parallel. Several engineering 
controls were included such as water make-up to the brine and to the caustic, a chlorine 
scrubber system to safely convert chlorine gas to ordinary “bleach” for disposal, and a 
brine purification system. 

We ran our oxygen cathode cells with a 30-32% product concentration at measured 
current efficiencies on the order of 96-98% which is equal to or better than current 
efficiencies obtained in chlor alkali ECRs with hydrogen evolving cathodes. 
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Introduction of an oxygen cathode in an industrial type cell which employs minimal 
mechanical pressure across cell elements results in contact resistance and some cathode 
structure issues that need to be further resolved. Appropriate cell configurations for 
resolving such performance limitations are being implemented. 

PROJECT INVESTIGATORS 
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POLYMERIZATION AND PROCESSING OF POLYMERS 
IN MAGNETIC FIELDS 

M. E. Smith and B. C. Benicewicz 

Polymers and Coatings Group 

Los Alamos National Laboratory 
Los Alamos, NM 87545 

MST-7, MS E549 

INTRODUCTION 

The ability to align polymers in magnetic fields presents a unique opportunity to improve 
the mechanical properties of epoxy thermosets for lightweight structural applications. 
The material under study is the diglycidyl ether of dihydroxy a-methylstilbene, 
crosslinked with sulfanilimade. Under the proper thermal profile during the epoxy cure, 
the material forms a smectic liquid crystalline structure that dramatically increases it’s 
tensile strength. This material and its successful processing show great promise in 
meeting the continuing national need for advanced lightweight materials. 

TECHNICAL PROGRESS - FY 1997 

The project entered FY 1997 with the demonstrated ability to increase the tensile modulus 
of the epoxy system nearly a factor of three through the use of magnetic fields in the 4 to 
7 Tesla range. Advances in the reduction of time necessary for field exposure had also 
been achieved through the selective use of B-staging, or partially reacting the material 
prior to magnetic field processing. 

The advances in N 1997 were focused upon scale-up to demonstrate commercial 
viability of structural part production; reduction of field strength needed to produce the 
mechanical property enhancements and study by deuterium NMR to better understand the 
orientation mechanism and structural results within the network. 

Plaques of 8” x 8” x 0.125” were successfully produced through the use of a large 
magnetic field similar to those used in medical MFU facilities (see Figure 1). The static 
field strength applied was 1.5 Tesla. The plaques produced had a 50% increase in the 
modulus as compared to unoriented plaques, Measurements of the thermal expansion 
coef%icients were consistent with the tensile results. 
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Figure 1. Plaque and mold face employed in magnetic field processing. The ruler shown 
is a standard 12” length. The plaque (left) is 8” x 8” with a 0.125” thickness. In this 
sample, the orientation of the material is horizontal (left-right as pictured). The mold 
(right) is fabricated from aluminum to minimize interaction with the magnetic field. 

The mold design was kept as simple as possible while still allowing for the determination 
of transverse and tensile properties. Excellent uniformity of the sample was found, 
therefore edge effects of the walls and open top surface are not present with the magnetic 
process. These effects are typically rather pronounced for shear flow orientation 
processes. 

Continuing research is focused on the ability to produce thicker parts, and evaluate the 
time during the thermoset cure when the efficiency of the magnetic field is most 
significant on the orientation rate of the molecules. The experimental design of these 
areas has been completed and the experimental schedule is currently being evaluated. 

Curing in the magnetic field orients the molecules parallel to the field and allows the 
phenyl rings to undergo ring cooperative ring flips at much lower temperatures. This 
response is shown in Figure 2. As the chemical species of the molecules become 
isotropic in their mobility and environments, the spectral peaks narrow. This effect is 
seen in the lower spectra collected at elevated temperatures. 

The N M R  studies have shown that there exists mobility of the epoxy structure in the 
cured parts; however this mobility is highly restricted due to the liquid crystalline 
packing. 
boundary 

The crosslinking agent, sulfanilamide, does not orient but rather serves as the 
between the stacked smectic layers. 
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Figure 2. Deuterium NMR Spectra of Dow's DGEHAMS thermosetting epoxy. Left 
column are spectra of a sample cured outside of the magnetic field at the temperatures 
(top to bottom) 173"K, 273"K, 373°K and 473°K. The spectra on the right are of a 
sample cured in a field of 7.2 Tesla, collected at the same temperatures. The protons on 
the epoxy monomer phenyl rings were replaced with deuterons for these spectra. 

MILESTONES 

Successfully produced large plaque samples or excellent uniformity as determined by 
visual inspection and mechanical property analysis. 

Demonstrated feasibility of using magnetic fields in the 1-2 Tesla range as provided 
with commercially available equipment. 

Determined the nature of the molecular packing structures as aligned in the magnetic 
field by NMR. . 
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PATENTS/DISCLOSURES 

High Magnetic Field Processing of Liquid Crystalline Polymers, Application No. 
08/608,343 

LICENSES 

None. 

1 N D U S T . m  INPUT and TECHNOLOGY TRANSFER 

This project is continuing under a CRADA agreement, initiated in FY 1994. The 
industrial partner has been the material supplier and collaborator in the processing and 
evaluation of the material performance. Quarterly meetings are held at both Los Alamos 
National Laboratory and The Dow Chemical Company, Freeport, TX. 

ESTIMATED ENERGY SAVINGS 

Significant energy savings exist through the magnetic processing technique presented for 
the production of high-strength, lightweight, structural components. Additional energy 
savings would result from the use of self-reinforcing liquid crystalline resins with faster 
cure times, as the faster time requires less energy per part in a continuous production 
scheme. Additionally, liquid crystalline materials do not require reinforcing fillers, 
mechanical compounding, or excessive handling in a manufacturing process. 
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