
d 
‘OAK RIDGE 
1 NATIONAL 
I LABORATORY 

C/ORNL 91 0061 

CRADA Final Report 
for 

CRADA Number ORNL91-0061 

T. M. Bessmann, R. A. Lowden, J. C. McLaughlin, 
D. P. Stinton, and 0. J. Schmarz 
Oak Ridge National Laboratory 

i 

B. L. Weaver 
3M Company 

Approved for public release; 
distribution is unlimited. 

MANAGED BY 

FOR THE UNITED STATES 
DEPARTMENT OF ENERGY 

t MARTIN MARIETTA ENERGY SYSTEMS, INC. 



DISCLAIMER 

Portions of this document may be illegible 
in electronic image products. Images are 
produced from the best available original 
document. 



Final Report for the ORNL/3M CRADA 
# ORTlz91-0061 

For the Period J a i l ,  1992 to Dec, 31,1992 

B. L. Weaver*, T. M. B s m * * ,  R A. Lowden**, J. C. McLaughlin**, D. P. Stinton**, and 0. J. 
Schwarz** 

* 3M Company, 203-1-01 3M Center, St. Paul, MN 55144-1000 
** Oak Ridge National Laboratory, P.O. Box 2008, Oak Ridge, TN 3783 1-6003 

DISCLAIMER 

This report was prepared as an account of work sponsored by an agency of the United States 
Government. Neither the United States Government nor any agency thereof, nor any of their 
employees, makes any warranty, express or implied, or assumes any legal liability or responsi- 
bility for the accuracy, completeness, or usefulness of any information, apparatus, product, or 
process disclosed, or represents that its use would not infringe privately owned rights. Refer- 
ence herein to any Specific commercial product, process, or service by trade name, trademark, 
manufacturer, or otherwise does not necessarily constitute or imply its endorsement, recom- 
mendation, or favoring by the United States Government or any agency thereof. The views 
and opinions of authors expressed herein do not necessarily state or reflect those of the 
United States Government or any agency thereof. 



ABSTRACT 

Oxide fiber-reinforced silicon carbide matrix composites were fabricated employing the 
forced-flow, thermal gradient chemical vapor infiltration (FCVI) process. Composites 
using Nextelm fibers of varying composition were prepared to investigate the 
effectiveness of each Nextelm fiber as a reinforcement for the given matrix. A carbon 
interface coating was used for the baseline materials, however, alternate interlayers with 
improved oxidation resistance were also explored. Room-temperature flexure strengths 
of as-fabricated composites and specimens heated in air at 1273 K were measured and 
compared to results for other Sic-matrix composites. 

INTRODUCTION 

Continuous fiber, Sic matrix composites are being developed for use in high 
temperature environments.1 The forced flow, thermal gradient chemical vapor 
infiltration process has been used to fabricate oxide fiber/SiC composites before.2 The 
work reported here was intended to provide an understanding of how the various 
compositions of these oxide fibers, and to some extent the fiber architecture, would 
effect the processing and ha l  performance of a corn osite specimen. Composites were 
made using the different compositions of Nextel fiber. These compositions are 
marketed as Nextelm 312, Nextelm 440, and Nextel- 550. The composition and 
mechanical properties of these fibers are presented in Table 1. As can be seen in the table 
these fibers present a range of tensile strength and modulus values. 
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It is well known that although the fibers and matrix play major roles in determining the 
final properties of a composite, the fibermatrix interface has a significant influence on 
the fiacture behavior and mechanical properties of reinforced ceramics. Typically, 
coatings are used to protect ceramic fibers from chemical attack during processing and 
to modifL interfacial forces. The effects of an interlayer at the fiber-matrix interface in 
whisker- and fiber- reinforced ceramic composites have been examined.3 The coefficient 
of thermal expansion (CTE) mismatch between the matrix and reinforcement results in a 
residual stress at the interface. Calculations of this stress €or uncoated fibers indicate that 
for Nextelm 3.12 this would be - 430 MPa (compressive), €or Nextel* 440 - 100 MPa 
(compressive), and for Nextelm 550 -40 MPa (tensile). A coating can niodifj. the forces 
acting at the interface, influencing fiber debonding and sliding. Carbon, whether 
intentionally deposited on the fibers prior to consolidation4 or formed serendipitously 
during processing,5 is the most commonly used interlayer in ceramic composites today. 

The poor oxidation resistance of carbon however, has lead to the examination of 
alternate coating materials or concepts for controlling the force at the fiber-rnatrix 
interface.6~7 It has been shown that the oxidation of Nicalon@/SiC composites begins by 
attack of the carbon interlayer coating at exposed fiber ends.899 Once the carbon is 
removed along the entire fiber length, the matrix and fiber oxidize and can bond 
together. A strong bond at the fibermatrix interface does not permit easy debonding and 
sliding, and results in brittle behavior. The oxidation of the interlayer is likely to occur 
in any composite that uses carbon as an interface. However, the interaction of the fiber 
and the matrix will be detennined by the composition of those materials. 

Boron has been a key ingredient in oxidation resistant graphite and carbon-carbon 
composites. Boron oxidizes to form B2O3 which melts at 725 K, allowing the glass to 
flow and protect the carbon at temperatures relevant to inany applications for ceramic 
composites. Boron doped carbon was thus chosen for investigation as an interlayer 
material. 

Hexagonal boron nitride.possesses a structure and mechanical properties similar to those 
of graphitic carbon, however, BN offers a distinct improvement in oxidation 
resistance.10911 Due to these attributes, it is expected BN could be used as a direct 
replacement for carbon. Boron nitride interface coatings have already proven to be 
usefir1 in controlling chemical and mechanical interaction between fibers and matrices.12 
Composites with good strength and toughness have been fabricated using BN-coated 
fibers and filaments. Com osites were thus fabricated in this study using BN as an 
interlayer with both Nextel 3 12 and Nextelm 440 fibers. .Rr 
1. EXPERlMENTAL PROCEDURE 

1.1 Composite Fabrication 
Fibrous'prefonns were fabricated by stacking multiple layers of Nextelm fabric rotated 
in a 0 i 30" sequence $tithin the cavity of a graphite holder. The layers were hand 
compressed to produce a preform with a nominal fiber loading of 40 vol.% and were 
held in place by a perforated graphite lid pinned to the holder. The organic cloth sizing 



was pyrolized, in argon, by exposing the cloth and the holder to 1373 K heat for 1 hour. 
This left: a thin (-10 nm) layer of carbon on the surface of each fiber. The nominal size of 
the fibrous preforms was 75 mm in diameter and 15 mm thick. 

P r e f o k  were next coated with the various interface layers. The coatings were 
dep6sited using forced-flow, isothermal chemical vapor infiltration. A gas mixture 
containing argon'and C3Q was used.to deposit carbon at 1373 K, and -5 H a .  A gas 
mixture of argon,. BC13, and C3& or CH4, was'used to deposit a boron containing 
carbon interface at 1373 K, and -5 Ha.  The ratio ofboron to carbon in the gas mixture 
was.varied.from 1:6 to. 1:18. A gas m e  containing BC13, NH3, and hydrogen was 
used to deposit hexagonal BN as an interlayer, at 1373 K, and -5 ma. The ratio of 
bororl to nitrogen in the reactant gas mixture was held constant at unity. Reactant flows 
and c6ncentrations were chosen to produce: (i) deposition rates similar to those for the 
standard graphitic carbon layer (-1 d m i n . ) ,  (ii) microstructures comparable to those 
of graphitic cqbon, and (iii) a uniform layer throughout the preform. Deposition times 
were then varied to control coating thickness. The final thicknesses of the interface 
layers were calculated fiom preform weight gains. In both cases where boron trichloride 
is used as a prbirsor gas a thin (40 nm) layer of carbon was deposited first to protect 
the oxide fiber' fiom Sic precursor chloride attack. 

The preforms were densified with Sic using the forced-flow, thermal-gradient chemical 
vapor infiltration (FCVI) process. The densificgtion of porous structures using the 
FCVI process has been previously described in detail.1913 The Sic matrix was produced 
by the decomposition of methyltrichlotosilane (CH3SiC13 or W S )  in hydrogen at a hot- 
surface temperature of 1473 K and atmospheric pressure. The preforms were infiltrated 
with Sic to a maximum of 85 to 90% of theoretical density in - 28-35 hr. 
1.2 Characterization and Testing . ' 

Test bars were cut from the composite samples paraliel to the 0' orientation of the top 
layer of cloth using a diamond saw, and tensile and compression Surfaces were ground 
parallel to the long axis ofthe specimen. The average dimensions of the specimens were 
2.5 x 3 x 40 mm and all specimens were measured and weighed to determine densities. 

A portion of the specimens were tested in the as-fabricated state. Another portion of the 
specimens were oxidized in flowing air .at 1273 K for 100 hours. Flexure bars were 
placed on An alumina plate in the cavity of a quartz tube &mace. Air was flowed 
through the firnace at 1' V m h ,  during heat up and soak. Once the fbmace achieved 
equilibrium, the h a l  temperature was measured and then maintained using a 
thermocouple-controlled programmer. At the specified time, the fbmace was turned off 
and allowed to cool unassisted. The remaining specimens were treated in flowing argon 
(1 Vdn) at 1273 K for 100 hours. Furnace controls and part placement were equivalent 
to the above conditions. 

Room-temperature flexure strengths for as-fabricated and heat-treated composites were 
measured in four-point bending. A support span of 25 mm and a loading span of 6 mm 
were used with a crosshead speed of 0.50 mm/min. The load was applied perpendicular 



to the. layers of cloth. Gad-displacement curves were recorded to examine the fiacture 
process aid determine the loads for ultimate strength calculations. The fiacture surfaces 
of the specimens were examined using scanning electron microscopy (SEM). 

2; RESULTS AND DISCUSSION 

2.1 Mechanical Properties - As Fabricated 
Typical flexure Ioad-displacement curves for the Next.elm/SiC composites with pyrolitic 
carbon interfaces are shown in Figure 1. The composites exhibited good strength and 
composite behavior,.i.e. failed with fiber pullout. The three fibers that were used to 
fabicate the composites are chemicdy very similar, and in mechanical properties are 
also quite similar. The flexure curves in Figure 1 illustrate that composites fabricated 
fiom these fibers &th a’carbon interlayer also exhibit similar mechanical properties 
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* .  . 

Typical flexure cukes for the Nextel” 312/SiC composites with pyrolitic carbon and 
BN fiber coatings are shown in Figure 2. The strength of the composites were influenced 
by the-interlayer composition. Composites fabricated with a carbon interlayer had an 
ult’imate strength of 220 k22 MPa. The samples fabricated with a BN interlayer had an 
ultimate strength of 300 i28 MPa. 

Presented in Figure 3 are, typical flexure curves for .the Nextelm 44O/SiC composites 
with pyrolitic carbon, boron doped carbon, and BN interlayers. Again, the strength of 
the composites are influenced by the interlayer composition. Carbon interlayer samples 
had aaultimate strength of 220 f21 MPB, boron doped carbon interlayer samples had 
an ultimate strength of 250 A44 MPa, and BN interlayer samples had ‘an ultimate 
strength of 340 *55 MPa. 

2.2 Mechanical Properties - After Oxidation and Heat Treatment 
Exposure to 1273 K h.dry flowing air for 100 hours produced a slight discoloration of 
all specimens suggesting some degree of surfbce oxidation. As sh0.m in Table 2 all 
composites with a carbon interlayer (CVI639, CVI623, and CVI644) exhibited reduced 
flexlire strength after the exposure. However,’ samples of similar composition 
demonstrated little change in mechanical behavior when heat treated for 100 hr. at 1273 
K, in argon. 

Samples CVI620 and CVI650 have BN as an interlayer, and demonstrated higher flexure 
strength as compared to samples prepared with carbon coated fibers. These samples also 
exhibited little change in flexure strength after oxidation or heat treatment in argon. 

The sample fabricated using the boron doped carbon as an interlayer demonstrated 
reduced resistance to oxidation as compared to a carbon interlayer. However, the boron 
doped. carbon sample was inadvertently fabricated with an extremely thin interlayer (0.05 
pm). i t  is hypotheshed that an interlayer this thin ,would be ineffective in preventing 
fiber-matrix interactions. The properties of this sample were unaffected by heat 
treatment in argon. 



2.3 Microstructural Characte&ation 
The composite fkacture surfaces were examineduing scanning electron microscopy. All 
as-fabricated specimens demonstrated good fiber pull-out. The level of pull-out 
depended on the type and thickness of the intedace material. For those composites with 
carboqas an interlayer, debonding appeared to occur largely at theNextem fiber-carbon 
interlayer interface. Some debonding also occurred at the carbon Sic matrix interface. 

After oxidation the Nextelm 312 fiber materials with carbon as an.interlayer exhibited 
brihle failure. SEM examination of these surfaces revealed no fiber pullout and a smooth 
f?acture.surface. 'The Nextelm 440 based composites did not exhibit brittle failure, and 
the fiacture surface revealed some fiber pull-out. No evidence of the carbon interlayer 
could be found. The Nextelm 550 based composite also had good fiber pull-out in the 
oxidized specimens.. Again, no evidence of the carbon interlayer could be found using 
SEM and optical microscopy. SEM examination of those samples that had undergone 
the argon heat treatment found complex eacture surfaces that had good fiber pull out 
and the interlayers were found intact. 

3. CONCLUSIONS 

A boron itride interlayer roved to be.an effective method tc improve the oxidation 
resistance of the Nextel /Sic .composites. The strength and toughness of these 
composites were improved relative to those fabricated with carbon or boron doped 
carbon interfkces. Strength loss after exposure to air was minimal, and toughness 
remained comparable to as-fabricated carbon interlayer composites. 

rtR 

The flexure strengths of the Nextelm/SiC composites with the BN interlayer exhibited 
higher flexure strengths than comparable samples prepared with a graphitic carbon 
interlayer.. This indicates that the BN coating was performing better 'than the graphite 
layer in'accommodating the residual stresses in the composites, Oxidation did not alter 
these properties significantly. 

Ordde fibers with the proper infiltration technique and interface layers can be used to 
fabricate composite materials that have usefbl flexure strengths. The long term oxidation 
stability, and lower cost of an oxide fiber can make them an attractive alternative to 
other fiber compositions. 
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Figure 1. Flexure Curves for NEXTEL 312, NEXTEL 440, and NEXTEL 550 with 
carbon interfaces. . 
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Figure 2. Flexure Curves for NEXTEL 3 12 with carbon and BN interfaces. 
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Figure 3. Flexure cumes for Nextelm 440 with carbon, carbon plus boron, and BN 
interfaces, 


