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EXECUTIVE SUMMARY

Mechanically induced residual stresses are an inherent feature of permanently

deformed metal-matrix composites such as AI-SiC. The presence of hard SiC
reinforcements promotes non-homogeneous flow in the matrix, resulting in residual

stresses when the applied loads are removed. These residual stresses are potentially
important because of the effect on cavitation and other damage mechanisms leading to

composite failure. We have attempted to simulate the residual stresses in the composite

by solving appropriate boundary value problems using the finite element method. Using

this approach, we have compared predicted average residual elastic strains with those

measured by neutron diffraction for Al-SiC composites subjected to different loading

histories. The composite studied was a 2009 aluminum alloy reinforced with 15 vol %

SiC whiskers. Samples were subjected to various levels of plastic strain and unloaded

before measuring peak shifts in neutron diffraction patterns to determine residual strains.

Residual strains were also calculated using a unit cell model and a modified Eshelby

method. The Eshelby method predicted a linear dependence of residual elastic strains on

the imposed deformation, in disagreement with experimental results. However, the finite

element calculations produced good quantitative agreement with experimental

measurements and indicated that inclusion geometry can significantly affect the values of

even average field quantities. Interestingly, the thermally induced residual strains (from

quenching) were quickly dominated by the mechanically induced residual strains, even

for relatively small amounts of composite plastic deformation. The excellent agreement

between predicted and measured residual strains suggest that it is possible to predict

microstructural-level stresses with unit cell, continuum-based models using the finite

element method. Future work will address residual stresses in particulate composites and

the effects of more complex loading paths.
We have also been engaged in studies of environmental effects on creep damage

mechanisms in ceramic matrix composites. The benefits of whisker reinforcement of

monolithic ceramics with regard to fracture toughness is well-established, and because of

the inherent thermal and chemical stability, it is important to determine to what extent

these benefits extend to high-temperature mechanical properties. Samples of SiC

whisker-reinforced alumina were deformed under constant load at 1200-1400'C in

compression. Parallel experiments were conducted in air and in inert atmosphere in

order to isolate the effects of test ambient. Although the stress dependence of the strain

rate was independent of test ambient, the strain rates in the aerobic ambient were 2-5

times greater. Microscopic observations of crept samples revealed that glass phase
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accumulated at grain boundary-interface junctions and facilitated cavitation, despite the
macroscopic state of uniaxial compression. The glass phase was generated primarily by
thermal oxidation of SiC exposed at the specimen surface, which subsequently penetrated
the composite along internal boundaries. Susceptibility to oxidation is likely to pose a
problem for .ny carbide reinforced ceramic, especially for tensile loadings, unless the
reaction can be controlled through appropriate protective coatings.

Presently, we are investigating the effects of whisker volu-me fraction on creep
response, and comparing the creep response in compression versus flexure using an inert
test ambient. Preliminary results indicate that the decrement associated with adding a
given vol% of SiC reinforcement decreases as the volume fraction increases, and that
there is little improvement in strain rate for volume fractions greater than - 30%.
However, it is not clear why this is so, or how the aspect ratio of the fibers might affect
the observed dependence. Experiments and calculations are presently in progress to

investigate these issues.
Also included in this report is publications describing the microstructural

evolution and micromechanical modeling of deformation in 2124 AI-SiCw composites.

This paper is the result of collaborative research involving several members of the
engineering faculty at Brown. In this material, the yield strength was relatively
insensitive to aging time despite a substantial change in the yield strength of the control
alloy. FEM calculations predicted the qualitative trends observed, although the
complexity of the microstructure requires greater understanding than is currently
available. Microstructural observations of damage mechanisms occurring during tensile
deformation at 20'C and 300'C indicated that cavitation at fiber ends was important at
both temperatures. Cavitation was localized near the fracture surface at room

temperature, but occurred through the gage length at high temperatures, suggesting that
cavitation may play an important role during creep rupture of these and similar
composites. This issue will be the subject of investigation in the coming year.
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A SiC-whisker-reinforced alumina composite was crept in which occur during creep can degrade the interface proper-
compression at 1200 ° to 1400oC in an air ambient and in ties, leading to microstructural damage that strongly affects
nitrogen. The data were described by a power-law-type con- the creep response! Thus, before ceramic composites can be
stitutive relation. The measured value of the stress exponent reliably used in structural applications at high temperatures, it
was n = 1 at 1200'C and n = 3 at 13000 and 1400°C in both is necessary to understand the effect of test ambients on the
ambients. TEM observations were correlated with the meas- mechanisms of damage and deformation that occur during
ured creep response to determine active deformation mecha- creep. The objective of the present study is to determine the
nisms. Values ofn = 1 were associated with diffusional creep effects of temperature, stress, and test ambient on the com-
and unaccommodated grain-boundary sliding, while values pressive creep response of a whisker-reinforced ceramic com-
of n = 3 were associated with increased microstructural posite and to correlate these findings with transmission
damage in the form of cavities. Experiments conducted in electron microscope (TEM) observations of crept samples in
circulated air resulted in higher creep rates than comparable order to determine mechanisms of deformation and damage.
experiments in nitrogen. The accelerated creep rates were A widely studied ceramic composite used in cutting tool
caused by the thermal oxidation of SiC and the resultant applications consists of an alumina matrix reinforced with
formation of a vitreous phase along composite interfaces. SiC whiskers. -3 - 9" The composites are typicall fabricated
The glassy phase facilitated cavitation, weakened interfaces, by hot-pressing high-purity alumina powder blended with SiC
and enhanced boundary diffusion. (Key words: creep, alu- whiskers in volume fractions ranging from 0.15 to '..35.
mina, composites, silicon carbide, oxidation.] Whiskers typically have aspect ratios of 5 to 10 and tend to lie

perpendicular to the hot-pressing axis (HPA). The composite
1. Introduction microstructure is almost completely free of residual glass

phase.' and in this sense constitutes a model material for
T HE development of whisker-reinforced ceramic com- studies of composite creep behavior. (Ceramic systems such

posites has created new applications for ceramics because as silicon nitride often require additives for densification. and
of improvements in fracture toughness and increased resis- these additives generally remain in the composite as residual
tance to thermal shock, erosion, and creep when compared to glass phase.) Most studies of composite creep to date have
monolithic materials.' For example. alumina reinforced with been performed in bending under a -onstant applied load. and
SiC whiskers is presently used for cutting tool inserts, valves, it has been shown that the creep resistance of the composites
pump components, and extrusion dies. In addition, whisker- is generally far superior to the unreinforced matrices. - In
reinforced composites of silicon nitride, mullite, and molyb- two of these studies, creep .,,periments were performed at
denum disilicide have shown similar improvements in 1400' to 1600'C in air, ane microstructural observations sug-
mechanical properties and have potential for use in a variety gested that the composi',:s deformed by dislocation glide. "

of structural applications., -  However, similar cree. iests at lower temperatures (1200- to
Because of the inherent thermal and chemical stability of 1400CC) showed that the dominant deformation mechanism

ceramics and the benefits of whisker reinforcement, it is natu- was grain-boundarN (and interface) sliding resulting from dif-
ral to consider the mechanical behavior of ceramic com- fusion, and that the sliding was often unaccommodated. caus-
posites at high temperatures. Use of ceramic materials in ing cavitation at grain-boundary-interface junctions.8.13 All of
high-temperature structural applications is often limited by the studies icntioned above were conducted in air ambients.
poor creep resistance. However, several recent studies have Under tb se conditions, a thermal oxidation reaction is known
shown that whisker reinforcement can lead to marked im- to occur in which the SiC whiskers exposed at the surface are
provements in creep resistance.- '- ' Under creep conditions, oxid'i~td.' -  The effect of test ambient on cicep r sponse is
the mechanical response of ceramic composites is stronglN af- thus an important issue. A recent study showed that test ambi-
fected by the presence of the reinforcing phase, the strength ents of argon and air had a small but irreversible effect on the
of the interfacial bond between the fiber and the matrix, and compressive creep rates of similar composites." The research
the chemical stability of the interface. Oxidation reactions described in the following sections attemps to further explore

these effects and to identify active mechanisms of deforma-
tion and damage.

I L. Routbort-contributing editor 1. Experimental Procedure

The composite material selected for the current investiga-
Manuscript No 19300 Received September 11. 190J. approved Febru- tion was a SiC-whisker-reinforced alumina.* Microstructural
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characterization of the as-fabricated composite showed an av- layer (1 nm thick) of noncrystalline material (Fig. I(B)). The
erage grain size of 1 to 2 gm and a reinforcement volume interface film was presumed to be SiO 2, a native oxide corn-
fraction of 0.33. Additional microstructural ictails have been monly present on SiC. However, the matrix grain boundaries
described previously.' The primary processing defects in the were ostensibly glass-free, within the resolution of the dark-
as-fabricated composite material consisted of occasional field and high-resolution imaging techniques used (-1 nm).
whisk,.er-free channels of matrix.' The observed structure was
attributed to a granulation process often used to produce con- Ill. Results
trolled agglomerates of the constituents prior to hot-pressing. 7

Compressive creep experiments were conducted in an ap- (1) Creep Experiments
paratus designed to apply constant stress in a regulated ambi- (A) Inert Ambient: A series of experiments at constant
ent of cor.tinuously circulated dry nitrogen or circulated air." temperature and incrementally increased stress was performed
Cylindrical specimens 4 mm in diameter and 8 mm in length to determine the steady-state creep rates of the composite over
were ground and polished prior to testing. Creep experiments a wide range of conditions. The steady-state strain rate was
were conducted at 1200' to 1400'C under applied stresses of ascertained from plots of strain rate versus time, as shown
25 to 250 MPa. Samples were held at conditions of constant in Fig. 2. After an initial transient, steady-state creep was
stress and temperature until a constant creep rate was ob- typically established, and the associated strain rate was
served for a least 10 h. Plots of strain rate versus time were determined. Creep rates determined for a range of stress'
used to determine that a constant creep rate had been temperature conditions are summarized in Fig. 3, a log-log
reached and maintained. The stress (or temperature) was then plot of the measured secondary creep rates versus applied
increased incrementally, and the procedure was repeated. An stress for creep experiments performed in nitrogen and in air.
optical pyrometer sighted on the silicon carbide platen adja- The data conform to a power-law-type consitutive relation in
cent to the specimen was used to control the furnace tem- which the creep rate is proportional to the applied stress
perature. When the pyrometer registered the desired test tem- raised to an exponent, n (given by the slope of the lines in
perature, the load was applied and the experiment commenced. Fig. 3). The value of the stress exponent for creep at 1200cC
The test temperature was then maintained to within I°C of in nitrogen was approximately 1, while at 1300'C, the stress
the preset value. Upon completion of a test, samples were exponent was approximately 3.5. The data for tests at 1400'C
cooled rapidly under constant stress in an effort to retain the appear bilinear, with stress exponents of n = I at low stresses
deformed microstructure. The maximum strain allowed in and n = 3.5 at higher stresses, a phenomenon generally
each specimen was 3%, thus minimizing nonuniform speci- attributed to a stress-activated change in deformation mecha-
men deformation ("barrelling"). nism. Density measurements were performed on selected

The microstructures of as-fabricated and crept specimens specimens before and after creep experiments to determine
were characterized by TEM. Thin foils were prepared by sec- the cavitational component of creep strain. At 1200'C, cavita-
tioning a disk from the center of each cylindrical specimen. tion accounted for about 10% of the creep strain, while at
Disks were ground, polished, and dimple-polished prior to ion 1300'C, the cavitational component of creep strain was about
milling. Thinned specimens were examined in an analytical 30%. The total creep strain in each specimen was different.
electron microscope operated at 120 kV and equipped with an however (0.009 at 1200'C and 0.015 at 1300°C).
energy dispersive X-ray spectrometer (EDS). TEM observa- (B) Oxidizing Ambient: A series of similar creep experi-
tions of the as-received composite revealed a microstructure ments were conducted in air, the results of which are summa-
that was virtually free of residual glass phase. Accumulations rized in Fig. 3. As in the experiments performed in nitrogen.
of glass at triple grain junctions and at grain-boundary-inter- the data conformed to a power-law constitutive relation. The
face junctions were rarely observed. Figure I(A) is an image stress exponents over the entire range of applied stresses were
of a typical grain-boundary-interface junction in the as-fabri- n = 3.3 for 1300'C and n = 3.5 for 1400'C. There was no in-
cated composite. No intragranular pores or grain-boundary dication of a bilinear response at either temperature.
cavities were observed in the composite, indicating that den- A comparison of creep data acquired in nitrogen and in air
sification was virtually 100%. Close examination of the SiC- showed that, although the stress exponents were similar, the
Al0 3 interface using high-resolution methods revealed a thin strain rates were significantly higher for tests conducted in the

. 0 nm,. 2 nm

(A) (B)
Fig. I. Characteristics of as-fabricated composite microstructure: (A) a typical grain-boundar interface (GB) junction, showing an ab-
sence of glass phase (arrow); (B) a high-resofution TEM image of interface between SiC whisker and AI:O1, matrix showking a thin layer of
amorphous silica (arrow).
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Fig. 4. Arrhenjus plots showing increase in activation energ forFig. 2. Strain rate versus time curves for AI:O -SiC composites creep at a thresholdtemperature of -1280-C.
subjected to different stress levels at 1200' and 1300C in nitrogen.

oxidizing ambient (Fig. 3). The strain rates increased by fac- this reason, deformation mechanisms in composites were de-
lors of 3 for tests performed at 1300-C. while specimens tested termined by comparing measured creep response with direct
at !400zC in air showed a fivefold increase in strain rate com- observations of the deformed microstructures using TEM.
pared to those crept in nitrogen. At stresses below 50 MPa, (2) TEM Observations
the effect of test ambient on creep response diminished, and (A) Inert Ambient: The microstructures of samples crept
at a stress level of 25 MPa there was no appreciable effect on at 1200C in nitrogen (which mielded a stress exponent of 1
strain rate. Specimens creep-tested in air at both temperatures
were discolored (from green to gray) as a result of an oxidation were examined by TEM. The creep damage was slight but

detectable. One of the features characteristic of these micro-reaction during testing. However, specimens tested in nitrogen structures was the formation of small (0.05 to 0.1 Am) voids at
Activation energies for secondary creep in air and in nitro- a small percentage of the observable grain-boundarN -interface

gen were obtained from Arrhenius plots (Fig. 4). At low tern- (GB1) junctions (Fig. 5(A)). A thin glassy film was sometimesperature, creep experiments in air and in nitrogen yielded observed lining the interior of these voids. which were ob-aratn creie oserved only after creep, and compositional analysis b. EDS
at higher temperatures, the activation energiesee while showed that the phase contained primarily silicon and alu-
970 i/ghol respectively. The marked change in activation minum, as well as small concentrations of sulfur and molhb-
energy occurred at about 280hC. denum (Fig. 5(B)). A second microstructural feature that

It has been demonstrated that creep mechanisms can be in- resulted from creep at 1200-C was the development of cor-
ferred from the measured value of the stress exponent for pure rugated or faceted alumina grain boundaries (Fig. 5(C).
metals and monolithic ceramic, -'" Stress exponents of 3 in Grain-boundary facets in alumina are often associated with

crept monolithic ceramics have been attributed to dislocation boundary migration during creep.-' The energ. of certain

climb from Bardeen-Herring sources, while stress exponents grain boundaries can be lowered by the development of facets.

of 1 have been attributed to diffusional creep.' However, provided the resulting facet planes have sufficient% loA en-

for composites and most multiphase ceramics. deformation ergN to offset the increase in boundary area. Facets on both

mechanisms cannot be reliabl deduced from creep data alone low-angle and high-angle grain boundaries were observed, and
because of complex interactions betw een microstructural con- the facets were not detected in the material prior to deforma-stituents that make model representations intractable. For tion. The facets ranged in height from 0.05 to 0.2 Am with amean height of approximatels 0.1 Am, while the step spacing

varied from 0.05 to 0.8 .m. Grain-boundary faceting was ob-
served approximately half as often as GBI cavities.

The microstructures of samples creep-tested at 1300- and
0 1400*c 1400'C in nitrogen were also examined by TEM. The samples
I ,300*C were characterized by voids at GBI junctions, at whisker-
0 1 1200*C whisker contact areas, and at alumina triple grain junctions.
... AIR as well as by corrugated grain boundaries. Figure 6 shows a

-INERT typical cavity approximately 0.1 pm in diameter at a triple
A grain junction. Cavities at these sites were typically triangu-

A- lar, with small amounts of glassy phase at the corners. The
0" -- voids at GBI junctions were larger (0.05 to 0.3 pm) and more

S*frequent (57 to 10c of the junctions) than in specimens tested
> rat 1200'C. Also, voids at GBI junctions were approximatel.

0 ,twice as frequent as voids at triple grain junctions. Voids in
S D a"these specimens often had a thin lining of glassy phase. as

shown in Fig. 6. but approximatel., one-third of the voids ap-
10 A peared to be glass-free. Distinguishing between glass-lined

10" 1OF and glass-free voids is not always possible. because glass is
Applied Stress (MPa) often preferentially etched by ion milling and it can redis-

Fig. 3. Stead,-state strain rates versus applied stress for creep ex- tribute during cooling. Also, glass films can be extremel, thin
periments performed in nitrogen and in air at 1200 to 1400 C. The and thus difficult to resolve, even by TEM. Howeser. the
data conform to power-la,-type constitutive relations observation of more widespread cavitation indicated that the
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Fig. 5. Structural and chemical features of the boundary regions of the composite after creep at 1200°C in nitrogen. (A) A cavity at a
grain-boundary-interface (GBI) junction. A thin layer of glass phase lines the cavity. (B) An EDS spectrum showing the composition of a
typical glass phase accumulation The elements present are primarily silicon and aluiminum (and presumably oxygen) with traces of sulfur
and molybdenum. (C) A corrugated alumina grain boundary.

-. cavitational component of strain increased at the higher test
temperature and contributed to the change in stress exponent
and activation energy.

'0 Corrugated grain boundaries were also observed in speci-
mens tested at 1300' and 1400CC. The step height and step
separation of these grain boundaries were unchanged w ith re-
spect to specimens tested at 1200'C. Samples tested in nitro-
gen at 1400'C also exhibited voids along grain boundaries, and
in rare cases the voids were accompanied by dislocations.
Figure 7 shows an example of typical cavities along an alu-
mina grain boundary. The faceted cavities are approximately
0.2 to 0.5 Am in diameter and apparently free of glass phase.

(B) Oxidizing Ambient: The primary microstructural
' --.-4 I difference between specimens crept in air and those tested in

nitrogen was the abundance of glassy phase in the former. The
development of an amorphous phase in these specimens led
to a slight increase in the size and number of cavities at triple

, .t grain junctions and at sites of whisker-whisker contact. Speci-
0.1 pm mens after creep exhibited glass-filled pockets and glass-lined

Fig . 6. A thin film of glass lining a cavity at an alumina triple cavities (0.5 to 1.5 Lm) that occurred at GBI junctions. triple
grain junction after creep in nitrogen at 1300'C. The glass phase is grain junctions, and at regions of whisker-whisker contact.
most visible in the corners. Figure 8(A) shows a cavity at a GBI junction that was typical
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of specimens tested in air at 1300' and 140°C. Note that the
film lining the cavity is thicker (about 10 nm) than the film
shown in Fig. 5(A) where it is barely detectable. Nearly all of
the cavities observed in these samples were glass-lined and

assumed shapes that ranged from triangular (for smaller cavi-
ties) to polygonal (for larger ones). The EDS spectrum from

" ' the secondary phase showed primarily silicon and aluminum,
with small amounts of calcium and yttrium (Fig. 8(B) It was

. presumed to contain oxygen as well, although the spectrom-

eter used could not detect oxygen. Figure 8(C) shows another
cavity that developed from an accumulation of glass phase at
a GBI junction. Ligaments extend across the void. indicating
that the aluminosilicate phase behaved as a viscous liquid dur-
ing creep deformation. Corrugated grain boundaries were also
observed, although associated dislocations were not, and the
overall dislocation density was negligible.

Elemental X-ray analysis was performed on over 20 glass
pockets in these specimens, and the results shovxed distinct
differences in composition. The two typical EDS spectra en-
countered are shown in Figs. 5(B) and 8(B). The spectrum in

Fig. 7. Faceted voids along alumina grain boundaries in specimens Fig. 5(B) shows predominantly silicon and aluminum, with

crept at 1400C in nitrogen. Voids appeared to be associated with small amounts of sulfur and molybdenum. The second spec-
grain-boundary facets. trum, Fig, 8(B) shows similar concentrations of silicon and

7'' " - '= 00 '02 '04 106 108 10 12 :14 16 18 -22

i...,. I ... .

.u1. - Si
[L

-4 AllS

9 Cc
' 1 Mn Energy

(A) (B)

(C)

Fig. S. Microstructural damage attributed to creep at 1300' and 1400C in air A) glass-lined casits at GBI junction in sample after creep
in air at 1300C. (B, EDS spectrum from glass phase. sho %ing impurities of Ca and Y. (C) casitation ithin glass phase accumulated at GBI
junction in specimen creep-tested in air at 140( C Glass% ligaments bridge the separated interface



June 1991 Atmospheric Effects on Compressive Creep of SiC-Whisker-Reinforced Alumina 1245

aluminum, with small amounts of calcium and yttrium. This stress and an increase in activation energy. An increase in
spectrum was typical of glass phase present in composites stress exponent and/or activation energy is generally attributed
after creep in air. An additional constituent, although not de- to the activation of a new deformation mechanism(s). For ex-
tectable by the spectrometer, was oxygen, and the phase can ample, tensile creep tests performed on siliconized silicon
be described as an aluminosilicate glass. High aluminum con- carbide composites showed that an increase in stress exponent
tents were consistently observed, and the compositions were was caused by a stress-activated increase in microstructural
well above the equilibrium solubility of alumina in silica. The creep damage.2 ' At low stresses, creep deformation was con-
compositions (including the impurity content) were consistent trolled by dislocation glide. However, above a critical stress
and included impurities of either molybdenum and sulfur in level, cavitation occurred at the matrix-reinforcement inter-
some cases, or calcium and yttrium in others. Glass phase of face, and the stress exponent increased.:" The TEM observa-
both compositions was often present in the same sample. tions reported here show that, for specimens tested at 13007 to

TEM foils sectioned near the surface of samples crept in 1400-C, cavities were larger and more frequent than at 1200'C
air revealed that occasionally SiC whiskers below the surface and appeared at additional sites in the microstructure, includ-
were also oxidized. Figure 9 shows an example of a partially ing triple grain junctions, grain boundaries, and regions of
oxidized whisker located at a depth of approximately 1 mm whisker-whisker contact (Figs. 5-7). The increase in creep
below the surface of the creep sample. The whisker flank is damage was associated with the observed increases in stress
indented and a thick film of amorphous silica has formed exponent and activation energy. There was insufficient evi-
where the whisker has been oxidized. Samples were sectioned dence to support a dislocation glide mechanism at either
from different depths. and this feature generally was not ob- temperature.
served near the center of the specimen. Creep deformation mechanisms in multiphase ceramics

cannot always be reliably inferred from measured values of
activation energies or stress exponents. For example. the acti-

IV: Discussion vation energy determined for creep below 1280-C was

(1) Creep Deformation Mechanisms 210 kJ/mol in nitrogen and 269 k/mol in air, while at higher

As described above, creep experiments at 1200-C in nitro- temperatures, the activation energy was 966 ki/mol in nitro-

gen were characterized by a stress exponent value of n = 1, gen and 655 ki/mol in air. These values are not entirely

and only subtle changes in the microstructure were observed consistent with reported activation energies for boundary
by TEM. The microstructural changes included small cavities diffusion in alumina (419 kJ/mol for boundary diffusion of

at GBI junctions and grain-boundary facets. There was an aluminum cations and 380 kJ/tol for oxygen anions).- How-

insufficient number of dislocations in the matrix to support a ever, the TEM observations did not support a dislocation

dislocation-controlled creep mechanism. Previous creep stud- glide mechanism in the matrix, leaving diffusional creep as
ies of unreinforced alumina have shown that, for test condi- the most probable deformation mechanism. Note that when

both lattice diffusion and grain-boundary diffusion are impor-
tions comparable to those used here, the material deformed by tatte aivation en anobun iu. aue ofpthea grain-boundary diffusional creep mechanism and exhibited tant, the activation energy may, not be unique. Because of the
a stress exponent value ofn = c in bending.s : Furthermore, extremely small grain size (1 to 2 lim), the relative contribu-
a bsraex ontvealed f at n e 1 ainlbinwascFur ctere tion of boundary diffusion is expected to be greater than that
TEM observations revealed that crept alumina was character- of lattice diffusion.
ized b unaccommodated grain-boundary sliding, which re- The value of the stress exponent (n = 3) can be interpreted
suited in cavities at triple grain junctions. corrugated alumina in different ways. Warshaw and Norton 3 showed that, for un-
grain boundaries, and a low dislocation density.:: The simi- reinforced aluminas, the ceramic creep rates decreased as
larities between observations reported here for composite grain size increased, and the stress exponent of large-grained
samples creep-tested in compression and those reported pre- alumina was approximately 4, compared to a value of n = I
viously for monolithic aluminas suggested that the dominant for fine-grained material. Jakus reported creep rates of fine-
creep-deformation mechanism for the composite tested under grained whisker-reinforced alumina that were similar to
these conditions was grain-boundary diffusional creep (Coble g raes whis e-rained alumina He reasoned tcrep).wit ocasina unccomodtedsldin atintrfaes creep rates of large-grained alumina. He reasoned that
creep), with occasional unaccommodated sliding at interfaces whisker reinforcements could bond several grains into aggre-

gates that would effectively behave as larger alumina grains,
As shown in Figs. 3 and 4, as the test temperature was in- thus resulting in lower creep rates. 2 Chokshi and Porter. how-

creased from 1200c to 13O0WC in the nitrogen ambient, the ever, concluded that most of the applied load was carried by
strain rates showed an increased dependence on the applied the reinforcements and compared measured stress exponents

(n = 5.2) to those of monolithic SiC (n = 5.7). Cannon and
Sherby suggested that an exponent of n =3 could result from
a combination of diffusional creep and dislocation glide proc-
esses, for which the stress exponents are expected to be n = I
and n = 5 respectively.2' A similar interpretation might be
applied to the data presented here by arguing that diffusional
creep of the matrix should lead to a low stress exponent
(n = 1), while creep of the SiC reinforcements should lead to
a higher stress exponent (reportedly n = 5.7 at 1500=C:) The
strain rate of the composite might then be expected to show
an intermediate dependence on the applied stress betveen

q* that of unreinforced alumina (n = 1) and that of pure SiC
(n = 5.7). However, no evidence of creep deformation was

" observed in the whiskers, nor %as there an- evidence of dis-
location glide in the matrix. These observations support the
previous assertion that the composite deformed by diffusional
creep with unaccommodated sliding (cavikation at 120(K)C,
while at higher temperatures, where the stress exponent and

0 10 tan activation energy were higher, creep was characterized by in-

Fig. 9. Cavitation at a subsurface SiC whisker after creep in air. creased microstructural damage in the form of cavitation.
Thermal oxidation caused the indentation in the whisker flank and The data from creep experiments at 1400'C showed an ap-
generated glass phase. parent stress-activated change in stress exponent from n = 1
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to n = 3 (Fig. 3). Crept microstructures (for which n = 3) similar to those used in the present research.' Whiskers ex-
showed that, in addition to porosity at GBI and triple grain posed at the surface oxidize, forming silica glass and carbon.
junctions, cavities were also observed at grain-boundary facets and, if temperature (and time) are sufficient, the silica will
(Fig. 7). When irregularly shaped grain boundaries slide dur- react with alumina to form mullite. The glassy phasc that de-
ing creep. tensile stress can develop perpendicular to the di- veloped in the air-tested specimens originated primaril from
rection of sliding,2" causing voids to nucleate. A plausible the oxidation of SiC whiskers. Under the test conditions, a
sequence leading to the microstructure shown in Fig. 7 would silicon-rich amorphous phase formed on the surface of the
thus begin with the development of corrugated boundaries composite and subsequently penetrated the composite along
followed by void nucleation. Some of the cavitated grain grain boundaries and interfaces, thereby weakening the ma-
boundaries were also accompanied by dislocations. However, terial. Furthermore, oxygen diffusion rates were undoubtedly
the overall dislocation density was negligible, and it is unlikely higher along interfaces and boundaries because of the pres-
that dislocation glide played a significant role in creep defor- ence of glass phase, causing oxidation of internal (subsurface)
mation at these temperatures. The presence of whisker rein- whiskers in the composite as well (Fig. 9). Other possible
forcements undoubtedly inhibited grain-boundary sliding by sources of the amorphous phase observed in crept samples
effectively pinning the matrix grains. However, at lower tem- include redistribution of residual sintering aids (such as MgO,
peratureh and stress levels, most of the sliding was accommo- Y.O2, and CaO) and native oxide surface films on the SiC
dated by diffusion, while at higher temperatures and stress whiskers. The amount of glass arising from these sources %as
levels the sliding was increasingly unaccommodated. Density apparently much smaller than the amount formed dynamically
measurements supported this assertion, indicating that the by thermal oxidation of SiC whiskers.
cavitational component of creep strain increased from about The compositions of the glass phases shown in Figs. 5 and 8
1Vc of the total strain at 1200CC to about 30- of the total were different from the composition expected from SiC oxi-
strain at 1300 C. It was concluded that the observed threefold dation alone. The presence of aluminum (Figs. 5(B) and 8Bii
increase in stress exponent of the composite was associated implies substantial solubility of alumina in the vitreous silica.
with an increase in the cavitational component of strain, al- It has been reported that a binary glass can be formed con-
though other causes may have been involved as well. Finally. taining up to 10 molc (16 wt%) alumina and 90 molr silica.I
corrugated grain boundaries were also observed, indicating However, the intensity of the aluminum peak in Figs. 5(Bi
that although the stress exponent and strain rates increased, and 8(B) corresponds to far more than 101( alumina, the solu-
diffusional creep remained active at these temperatures. bilitv limit. While the characteristic X-ravs of silicon will fluo-

resce and generate additional X-rays of aluminum from the

(2) Oxidation Effects surrounding matrix, it is unlikely that this could cause the

The effects of the oxidizing ambient on the creep behavior observed Al peak intensity. Furthermore, high-resolution im-

of SiC-whisker-reinforced alumina can be seen in Figs. 3 and ages did not reveal the formation of microcrystallites of alu-
4 and in the TEM observations of the crept microstructures mina. silica, or mullite. indicating that the alumina was

(Figs. 8 and 9). Similar stress exponents and microstructures dissolved in a homogeneous glass phase. Hovkeer, lov-leel

were observed for specimens tested in air and in nitrogen. For impurities such as Mo and S (Fig. 5(Bi. or Ca and Y (Fig. 8i Bn
example. cavities were detected at the same types of locations were consistently observed in the glassy accumulations, and it

in both air-tested and nitrogen-tested microstructures, and has been shown that these and other impurities can greatls
corrugated grain boundaries were observed in both. However, increase the solubility of alumina in aluminosilicate glass.

the glassv phase was far more prevalent in air-tested samples, For example, the addition of small amounts of certain oxides.

and cavities were larger. In addition, the strain rates %%ere such as CaO. enables melts composed of up to 50 mol% alu-

consistently higher than for comparable stress-temperature mina in silica to easil, be cooled to an amorphous state.: The
conditions in nitrogen. This behavior was attributed to the presence of impurity element(s) such as those detected in the

increased amount of glassy phase that developed during creep different glass phase accumulations is likel\ to inhihit phase

in air. The presence of viscous amorphous films along inter- separation and emulsion during cooling, resulting in the oh-

faces undoubtedly facilitated grain-boundary and interface served homogeneous alumina-rich silicate glass.

sliding, decreased the interface bond strength, and decreased
the creep resistance of the composite. A layer of silica glass at . Summary and Conclusions
grain boundaries and interfaces would also facilitate alumina
dissolution-reprecipitation reactions.2 ' The aluminosilicate The present investigation has shoAn that atmospheric ef-
glass film along boundaries would permit alumina to dissolve fects play a strong role in the compressive creep beha, ior of
and reprecipitate, thus allowing rains to change shape and Al:O,-SiC,. composites. At 120(i)C. creep in nitrogen oc-
accommodate the applied stress.- curred primarily by diffusion, %kith some unaccommodated

Perhaps the most important effect of the oxidizing ambient sliding at interfaces and grain boundaries At higher tempera-
on creep was the role of the vitreous phase in facilitating dif- tures and stresses in nitrogen, the sliding was increasingly un-
fusion and cavitation. This finding is consistent with a prei- accommodated and the cavitational component of creep strain
ous investigation of creep of vitreous-bonded alumina, where increased, resulting in a stronger dependence on the applied
it was found that cavities nucleated in the amorphous phase stress and a stress exponent value of 3.5. The activation en-
that existed at triple grain junctions.' In the composite. the ergy for creep increased from 210 to 9,6 kJ/mol when the test
formation of cavities at GBI junctions and at triple grain june- temperature was increased above 1280:C. Diffusional creep
tions allowed matrix grains to partly overcome the pinning continued to be an active process under all stress temperature
effect of the whiskers and thus slide without accommodation. conditions in nitrogen. Creep experiments conducted in air
The widespread cavitation enhanced by the abundance of showed essentially the same stress dependence. although
glass phase accounted for the increase in strain rates in air. creep rates were consistently higher. Oxidation of SiC whis-
Thus, it was concluded that the air-tested samples deformed kers exposed at the specimen surface led to the formation
by diffusional creep and that the boundary sliding was fre- of an aluminosilicate glassy phase that subsequently pene-
quently unaccommodated, resulting in extensive cavitation. trated along grain boundaries and interfaces and accumulated

The source of the abundant glassy phase that developed at GBI and triple grain junctions throughout the material.
during creep in air was related to a thermal oxidation reaction The formation of glass phase from thermal oxidation of SiC
that occurred during testing. Thermal oxidation experiments strongly affected the creep behavior. Glass films weakencd
on similar composites have shown that the material undergoes internal boundaries in the material and increased grain-
an oxidation reaction when exposed to air at temperatures boundar, diffusion rates, which contributed to accelerated
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Introduction

Mechanically induced residual stresses are an inherent feature of permanently deformed metal-
matrix composites. The presence of hard reinforcement particles promotes non-homogeneous flow
in the material, resulting in residual stresses when the applied loads are removed. Several distinct
approaches have been used in attempts to quantify thermally and mechanically induced residual
stresses in metal-matrix composites. One approach has been to assume that the composite consists of
a periodic array of whiskers embedded throughout the matrix [1]. With this assumption, a boundar"
value problem can be formulated on a single unit cell and solved by use of the finite element method.
A second approach uses modified techniques originally developed by Eshelby [2] to estimate residual
stresses for composites reinforced by ellipsoidal inclusions [3].

The main objective of the present investigation is to compare predicted average residual elastic
strains with those measured bv neutron diffraction for Al/SiC composites subjected to a rapid quench
followed by different loading hiistories. Similar comparisons of neutron diffraction measurements of
thermally induced residual strains and elastic calculations, sometimes including a simple model for
creep relaxation, were performed on a variety of composite materials by Majumdar et al. [4]. Other
objectives are to compare the results of finite element and Eshelby model predictions of residual
strains and to ascertain the effect of inclusion shape on predicted values of average residual elastic
straii.s.

Experimental

The composite studied was a 2009 aluminum alloy (Al-3.8%cCu-1.3%Mg-0.027AFe) reinforced
with 15 vol% silicon carbide whiskers, obtained from the Advanced Composite Materials Corp. in
Greer, S.C. The 2009 matrix alloy was specifically designed for use in metal-matrix composites. The
samples were solutionized for 1 hour at a temperature of 493°C, quenched in water, and then deformed
in uniform tension or compression to varying levels of plastic strain. In one case, a specimen was
strained until fracture. The specimens were subsequently stored in liquid nitrogen to prevent recovery
in the aluminum matrix. Approximately 8 hours prior to a neutron diffraction experiment, samples
were returned to room temperature. To ascertain the mechanical properties of 2009 aluminum at
these temperatures, tensile tests were also performed on the unreinforced matrix in liquid nitrogen
(-196°C), in a solution of dry ice and methyl alcohol (-75°C), and at room temperature. The
unreinforced alloy received the identical solutionizing treatment given the composite, although this
does not necessarily lead to the same microstructural state as is in the composite matrix [5].

The neutron diffraction measurements were performed on the Neutron Powder Diffractometer at
the Manuel Lujan, Jr. Los Alamos Neutron Scattering Center (LANSCE), located at the Los Alarnos
National Laboratory. This facility utilizes a high-intensity pulsed spallation source. In addition to the



corpposite samples, experiments were also performed on the unreinforced alloy and on unrestrained
silicon carbide whiskers to determine stress-free lattice constants. Specimens were placed in the
diffractometer with the deformation axis in the diffraction plane and oriented at 45 degrees to the
incident neutron beam. The samples were 6.35 mm in diameter and 38.1 mm in length. Time-of-
flight diffraction patterns were collected in each of two opposed detectors placed at ±90 degrees with
respect to the incident beam over an eight hour (typical) period. The diffraction vectors for these
patterns were, respectively, parallel and perpendicular to the deformation axis.

Bragg reflections in each spectrum were fitted individually to obtain interplanar spacings. In
addition, lattice parameters were obtained for the aluminum matrix by use of Rietveld profile re-
finement [6]. One advantage to profile refinement is that all the lattice reflections contribute to
the determination of the lattice parameter. Once the interplanar spacings are obtained from the
diffraction patterns, the lattice strains are then given by the relations

dhkl - -k (1)

where, for example, dhkl represents matrix lattice spacings in the composite and dhk1 represents
corresponding lattice spacings in the unreinforced alloy, and Ehkl is the calculated matrix strain for
a given lattice plane. For the profile refinements, the strain is calculated by replacing values of
interplanar spacings in (1) by the values of the lattice parameters.

Theory

Withers et al. [3] developed an analytical method that uses solutions for ellipsoidal inclusions
provided by Eshelby [2] to determine the residual stress states in thermally and mechanically deformed
composites. In reference [3] relations are developed that express the inclusion transformation strain
in terms of the plastic deformation undergone by the composite. From the calculated transformation
strain, the average residual stresses and strains are predicted. The chief advantage to this approach
is that no extensive computing is required.

Although axisymmetric unit cell based finite element calculations require larger amounts of com-
puter time (but still considerably less than a full three dimensional simulation), they can incorporate
more general inclusion geometries and material properties. For the computations here, the method-
ology of reference [7] is used. Briefly, the material is modelled as a periodic array of hexagonal
cylinders, each consisting of the aluminum alloy with a silicon carbide fiber embedded in the cen-
ter. The hexagonal cylinder can then be approximated as a circular cylinder, so that the problem is
rendered axisymmetric. In addition, because of symmetry, only one quadrant of the cylinder needs
to be analyzed. Both right circular cylindrical and ellipsoidal reinforcements are considered: for the
calculations here the aspect ratio of the unit cell and of the reinforcement is taken to be four.

The analysis occurs in several distinct steps, each corresponding to those taken in the exper-
iments. First, a temperature history is applied which simulates a quench of the composite in ice
water. In computing the thermally-induced residual stresses, the material is taken to be stress-free
at a uniform temperature of 350°C. Prior studies [7] have shown negligible dependence of computed
residual stresses on solutionizing temperatures at or above 350'C because of the low flow strengths of
aluminum alloys at these temperatures. Once the material is quenched, the mechanical response of
the composite subject to uniaxial tension or compression along the fiber axis is simulated. The unit
cell is then unloaded so that the net stresses vanish on the cell walls, and is subsequently cooled to
liquid nitrogen temperature (-196°C). Finally, the composite is returned to room temperature.

Completing the equations for either method requires specifying the appropriate constitutive
response for both phases, although only the elastic constants are required for the approach based on
Eshelby solutions [3]. The silicon carbide whiskers are taken to be elastic and the aluminum matrix
is modelled as an isotropically hardening elastic-viscoplastic solid. The uniaxial plastic response of
the matrix is given by

+ 1 (2)

with a reference strain rate of io = 0.002s - ', a reference strain of fo = 0.004, and a strain rate
hardening exponent of m = 0.004. Poisson's ratio was taken to be v = 0.3, and the coefficient of



thermal expansion was a = 24 x 10-6 *K-1. The reference strength a0 , strain hardening exponent
N, and Young's modulus E were considered to be functions of temperature. Although these values
were known at lower temperatures from our own experiments, material data was not available for
2009 aluminum at higher temperatures. The properties at high temperatures were assumed to be
those of 6061-T6 aluminum [8], which has roughly the same flow behavior as 2009 aluminum at room
temperature. The constitutive relation was generalized to multi-axial states by the usual procedure
of replacing the stress and plastic strain appearing in (2) with their respective von Mises equivalents.
The property values of 3 silicon carbide were taken to be E = 470 GPa, v = 0.19, and a = 4.7 x 10- 6

OK-' [9].

Results and Discussion

The stress vs. strain curves in tension and in compression predicted by the finite element simu-
lations of a unit cell reinforced with cylindrical fibers are compared with experimental data in Figure
1. The test specimens exhibit significantly higher flow strengths in compression, in agreement with
other published reports 110,11]. The calculations predict nearly identical composite flow strengths
by 3% strain, suggesting that damage mechanisms not included in the computations may cause the
observed differences between the tensile and compressive stress-strain behavior.
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Fig. 1 Comparisons of the experimental and predicted stress vs. strain response in tension and in
compression of a 2009 Al/ 15 vol% SiC composite.

The predicted levels of residual axial strain in the matrix as a function of composite plastic
deformation for the three different models considered here are shown in Figure 2. The analytical
method of Withers [3] et al. (here assuming no thermal residual stresses) gives a linear dependence of
residual strain on plastic deformation. For comparative purposes, we also derived solutions for a simple
radially-loaded composite spherical shell model, assuming an incompressible, elastic-perfectly plastic
matrix reinforced with a spherical elastic inclusion. This model also predicts a linear relationship
between residual strain and composite plastic strain. In contrast, the finite element solutions predict
a non-linear dependence. Finite element calculations with ellipsoidal inclusions predict roughly 50
percent lower residual elastic strains compared to those obtained with a cylindrical fiber.

The residual strains measured by neutron diffraction are compared with the finite element pre-
dictions assuming cylindrical reinforcements in Figure 3. The solutions have excellent qualitative
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Fig. 2 Comparisons of three different model predictions of average matrix elastic residual strain in
the axial direction vs. imposed composite plastic deformation. Thermal residual stresses were not
included when implementing the method of Withers et al. [3].

agreement with the experimental curves, and very good quantitative agreement is found for the
residual elastic strains in the aluminum matrix. Note that the thermal residual strains are quickly
dominated by the residual strains generated by even relatively small levels of composite plastic de-
formation. This behavior is in agreement with calculations performed in [17], which demonstrated
that composites with and without thermally induced residual stresses included in the analysis had
nearly identical stress states after small amounts of deformation. Also note that the residual elastic
strains axe lower in the fractured specimen (the specimen with the greatest plastic strain), which
would suggest that the composite experienced significant damage in the latter stages of the tensile
test.

Only lattice spacings for one plane of silicon carbide could be measured experimentally in each
direction because of the alignment of whiskers in the composite. Although the trend of residual axial
strain in the silicon carbide reinforcements was correctly predicted by the finite element calculations,
the magnitudes of residual strain were consistently underestimated. In contrast, predicted magnitudes
of residual strain in the transverse direction were greater than the measured values. The reasons for
these discrepancies has not been conclusively identified. One possibility is that the measurements
of whisker axial strains involved only perfectly aligned whiskers, and therefore may not have been
representative of the average state of the reinforcements. Another possible reason could be attributed
to uncertainties in the elastic properties of the whiskers. In addition to effects of elastic anisotropy,
reported values of elastic moduli for 3 silicon carbide in the < 111 > direction range from 352 GPa [12]
to over 500 GPa [13]. In contrast, the aluminum matrix is nearly isotropic and its elastic constants
are well characterized. Finally, the silicon carbide diffraction peaks were often irregular in shape
and intensity, and consequently lattice spacings obtained using the curve-fitting algorithms exhibited
greater uncertainty than those obtained from the aluminum diffraction peaks. These irregularities
may be associated with the high density of grown-in defects present in the whiskers [14].

Conclusions

Mechanically induced residual stresses in Al/SiC composites were studied with analytical and
numerical models, and with neutron diffraction experiments that measured average residual elastic
strains in the fibers and matrix. The method of Withers et al. [3) predicted a linear dependence
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Fig. 3 Comparisons of average residual elastic strains vs. composite plastic strain as measured by
neutron diffraction and predicted by finite element calculations with cylindrical reinforcements for (a)
the aluminum matrix in the axial direction, (b) the aluminum matrix in the transverse direction, (c)
the silicon carbide whiskers in the axial direction, and (d) the silicon carbide whiskers in the transverse
direction. Included in the aluminum data are strains measured for individual lattice planes and by
Rietveld profile refinement [6].



of residual elastic strains on the imposed plastic deformation, in disagreement with experimental
results. In that study, the authors speculated that the observed non-linear dependence on composite

*plastic deformation was caused by room temperature diffusional relaxation of the aluminum matrix.
The finite element calculations suggest that this is unlikely, since good quantitative agreement with
experiments was observed for the aluminum matrix without any diffusional terms included in the
model. Furthermore, the finite element solutions also suggest that inclusion geometry signf4ictnt!y
affects the values of even average field quantities.

Only qualitative agreement was obtained for the average residual strains in the silicon carbide
whiskers. Possible reasons for the discrepancies include fiber misorientation, poorly characterized
elastic moduli for the silicon carbide, or errors induced by inconsistent diffraction peaks. Because the
whiskers are essentially rigid in comparison to the plastically deforming aluminum alloy, model predic-
tions of matrix residual strains are relatively insensitive to reinforcement elastic properties. The close
correlation of the numerical model with neutron diffraction measurements of the aluminum matrix
suggest that it may be possible to predict microstructural-level stresses with unit cell, continuum-
based models using the finite element method. Future work will address residual stresses in Al/SiC
particulate composites and the effects of more complex loading paths.
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Abstract to as discontinuousy reinforced metal -matrix

The precipitation characteristics, the mecia- composites. constitute a large portion of
nisms of accelerated aging, and the variation these advanced materials. Particle-reinforced

of' unia xial tensile stress-strain behavior in metal-matrix composites are both machinable
response to controlled variations in matrixv micro- and wAork able using conventional processinLg

struturewer invstiatedfor 214 AlSiC t echniqiues. and the manufacturing of these mate-

whisker composite. The vield strength of the conzi r .iak can easilv be scaled up to production quan-
pitas found to he ineedn ofiati .gi tities. Exper imental results of stress-strain

poIt rnelapendnn fof mttrse maerasiaeeneorecondition. However, the overall ductility decreased reainfrtsemeilshebeneprd
rnontoncalv wt/ian ncrase~ ~~ ~ previousl\ 1-5,. although the effects of svste-
monooniall' v ithan ncrese II gingtim. A mantIc variat ion,, in the matrix microstructur'e on

finthe compe aiIis rsethe '1/i eltesoliki the overall composite properties hake not been
oalfti ) aompoith a peted pDictionl. I/ t.t, examined. Recent work has demonstrated that
cacaiod s, as (pic asIt, retin o/ ACIiIh/'( aging-induc ed precipitation and microstructural

the ltteratudre. were comparedl iti thie e~pe evolution in the matrix of w-hiker-reinforced
mentl rsuls. /icpreene o brttl wh\Ac% ~ composite materiak can be significantl\ accel-

mal u esto ah pr.kie (1, britl-e whskr cI rated cominpared with those of the unrei nforced
atyiio lteds tohL a, sigmu,-ut[builu 0. dw - matrix material suhiccted to Identical heat treat -
ti ti. I k o Id the iraii iaiA di-n pl~ la 11 deII m i rn me nt~ ,h-S ,I h esec result,, indicate that c my en-

tion Vod 'loratin II th pntrix 0thccomowt tin'l heat t reatnients, to r unreintorced com-as wvell as a t the whisker-niatri-i itra c apijia? wnil111iiu lossoudnth iet
to plaY an important role, iI controlloie t/ii (n)d merela almnmalisol o edrcl
filuhre mechanisms.- fratiMn 101t /( ( I?, ": Ayled~ to hei microst ructu ral design of corn-
flhicrosc()pv- observatink otI 101d ,opIMP 'i 111 site mteri,il, alt hou t his I,, often the practice

whisker ends aire described fot comfpiiitilt Ip ,& i es, \~ ininth eimia of ecmcoit
miens strained ini tension at row n tilic'ttio tdii CainIIIemtrxo h opst

at 3(X Y'. A detailed discussion Mf matu iicr -!), . e i k ' all mechanical behavior is

tion and interfaicial debonding iA pre.t~i Inli, -_1 I' Ji MIL' i Mplete understanding of the
attempt to identify the origins of lowi du~ i/it i'' .stu I esp , ins and to the evaluation of
discontintiousli, reinforced mectal-ceramic , --- p'isrengthening! theories. The low due-

".1 exhihited M~ discontinuously reinforced
posies. '-wtl--natrix com~posites is the primary obstacle

pre\ L niting their introduction into man\ structural
1. Introduction applications. Yet the influence of 'controlled

With recent ad anices in pri cessirvle ech- matrix microstructural variations on the strain-to-
noh wg\. the abilir tu pri idnee in eei i ntMICall failure of whisker-reinforced metal-matrix comn-
feasible quantities. a wNide r~im:ee) ictal- matrix pm silces rematins potorlk understood. This report
Composite,, Is increasink! di 1,tm1thIlk l ,tls \ill t*iCUs'n exI e LINMe~ntal observat ions and finite

* reinforced \%fih brittle pjirtid les thn icttic (niet al' 'isxt ot the effects (of matrix miero
sti Uk.. li a t:n on the uniax\ial stress-strain

ihpc pCCnC~ i!hc~*~ j eI'rise t' ( a discirtninuouslk reinforced
nonncna in ( onps"Ir-tin ,. *,- iei it 'j oIisite1 InI an attemlpt to bettef
Mchnwiat'roprics-\e. t R1 tn, II un1derstan1d the failure mechanism,,

tii.Ci.5C [iS Ilk\ 1, SC(4ii0, Printed in Ift K \,cthcrlatid
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The material selected for this study was a and contro! allo used in thi,, ,tud\. utlh/iv
2124A1-1 5 wt.% 13vol.%)SiCwhiskerreinforced analytical transmission electron mnicr.,o:P,\ 1ech-
metal-matrix composite obtained from ARCO niques. matrix microhardne,,s mca,,urement, and
Chemicals, Greer SC, produced using powder conductivity measurement,,. I he ain ol the .,,rk
metallurgy techniques. The 2124 Al matrix mate- reported in ref. 6 was to examine the cftcl, m ilc
rial had a nominal composition, in weight percent. matrix of the composite prtduced l,\ the iw,,
of 4%Cu-2%Mg-0.4%Mn, with the balance Al. duction of the whisker,, in co lt ,,Ih.id .,
For comparison where appropriate, an unrein- structures by a compari,,n (,1 rciniri.d .tlld
forced alloy of 2124 Al, that was identically pro- unreinforced material,,.
cessed from the same powder batch and The composite and control all,)\ %ere. rte,,C.t' H
subjected to identical solutionizing and aging in the as-extruded condition. solutiuin-ie,,ih.i c
treatments, was also studied. The whiskers used 504 C for 4 h, water quenched. and suhCquenJ\l\
in this study were the highest quality available aged at 177 'C for various times. I he mi:ro,-
and were classified as F-9. The average dimen- structural condition of the matrix material "a,
sions of the whiskers before processing were 0.5 determined by microhardness measurements
,um in diameter and 25 pm in length. However. Fig. I a, and by analytical electron microscopy.
due to the severe deformation involved in pro- With the addition of the SiC ,whikers. the peak
cessing of the composite material. significant aging time of the matrix of the compit,,ilc 1 drati-
breakage of the whiskers occurred and the aver- call\ reduced from 12 h 1()r thecon,! ,1i1,\ t
age length of the whiskers in the as-extruded about 3 h. Another intcrestin IcaUke ,, thi,
material was about 2.5 um. A systematic micro-
structural characterization and aging study of the
same extruded bars of the composite and control
allo\ was performed by Christman and Suresh '6 ,2-
and will be briefl reviewed in a later section the
reader is referred to the original paper for a more i
complete discussioni. Furthermore. composite
damage mechanisms operative during uniaxial
tensile tests at hiih temperatures will be dis- "
cussed and compared with damage mechanisms
at room temperature.

A finite element unit cell model was used to . .
predict the uniaxial stress strain response of the 2 70. ,-.0oe 2 24

composite material as a function of matrix mic-
rostructural variations. The model approximates 601

the stress-strain response of a single. rigid cWlin- 0 AGING 2tM, ..

drical inclusion in an elastic power-law hardening
viscoplastic matrix material. The matrix and 04

whisker parameters were taken directly from
experiments 'when possible,. thereby minimizing * R,,oced 2124

the number of adjustable variables. The experi- 0 3'- , A emfoced 2124

mental observations were compared with the - i
numerical predictions and the implication, of the
results are discussed in the context of the 0 2
mechanisms responsible for the high values of
yield strength and the low values of ductility dis-
played by the material. I

2. Microstructural eolution C 2. 2 t 3 .

Recently. Christman and Suresh '6' conducted AG NG ',E (,..

a stud\ of the microstructural evolution and aging Hg I hc 'ariimnn ot a microhardn,., and b precipitate
kinetics in the 2124 Al-SiC whisker composite ,ZC \kith avging time afte rt 0



graph is that there is no appreciable vertical shift 1) TEM studies of the composite material and
in the microhardness values, that is the composite unreinforced allo reveal increased dislocation
matrix is not significantly harder than the unrein- density in the matrix of the composite.
forced material. This result suggests that it would 2; TEM studies also reveal that the strength-
be possible to use the bulk mechanical properties ening precipitates nucleate preferentially along
of the conrol alloy for the matrix properties of dislocation lines.
the composite in theoretical calculations of the 3 Little preferential precipitation or precipi-
constitutive response of the composite. with tate free zone at or near the whisker interfaces
proper adjustments for changes in the aging was observed.
curves. This inference has a strong bearing on the 4. Quantitative analysis of the growth kinetics
evaluation of composite strengthening theories of the strengthening precipitates for both the rein-
which will be discussed in a later section. forced and unreinforced materials shows a shilt

The transmission electron microscopy TEM in nucleation time but not in growth kinetics.
results showed that the age-hardening precipi- 5, Measurements of chances in electrical con-
tates, S', evolve into corrugated sheets after ductivit\ are consistent with the proposed model.
nucleating on dislocations and gro\sing in the 6 (old working of the unreinforced material
three preferential 0)I directions. -This type tf also produces an accelerated aging effect.
precipitation sequence is typical of Al-(u-Me 7 Recent in Nitu TEM experiments have
allo% systems and is well documented m the liter- demonstrated dislocation punching at whisker
ature 1 1-13. There is little preferential precipi- ends during cooling of the metal-matrix con-
tation or precipitate-free zones at or near the pi 1s"ics 15
\k hisker-matrix interlace. The rite of nuclcanton s Calculations of dislocation punching dis-
of the precipitates. ho\v\cer. \Nas dittercnt lance agree xcll with the observed dislocation
betx een the reinforced and unreinforccd matern- distribution.
als. The reinforced material shoxed cxidence ot
S' nucleation after less than 1 h of artificial ain n. Experimental method
at 1-7 V. whereas the unreintorced material
required up to 4 h of aging at this temperature 1 he composite material selected for this inx es-
before any S' could be detected. Fie. I b,. tigation was the same material used in the previ-
The accelerated aging of the composite matrix ouslv mentioned characterization study 6 and

material is aided b\ a decrease in the incubation was a 2124 powder metallurgy aluminum allo\
time for the nucleation of age-hardening precipi- containing 13.2 vol.Q,, SiC whiskers. In order to
tates. The large thermal contraction mismatch form a basis for comparison, a control alloy xwith
betxeen the aluminum matrix and the SiC an identical processing histor\ from the same
%\hiskers gix es rise to residual stressc upon col- pod\\dr batch containing no reinforcement \as
ing from the solutionizing eimperature. I)isloc- atso studiCd. The material .\ as received as-
ations are punched out from x, hisker ends durine extruded. In bars measuring 12.74 mm x 127
cooling to reihexe part of the residual streses at mm 1 I m min in size. The heat treatments werc
the interface. For 2 124 Al- I 3.2ol"..SiC compo- designed to achiexe identical \alues of micro-
site. the dislocation punching distancc calculatcd hardness in the unreinforced control allo\ and
from ref. 14 is sufficientl\ large to coxcr the in the matris of the reinforced material. The heat
majorit. approximatel\ 75". of the matrix xith treatmcnt schedules x\ere chosen to obtain l\\,o
excess dislocations. Transmission electron mic- underaced conditions, the peak aged condition.
roscopy studies b\ Christman and Suresh 0 and tx Oe veragcd conditions as outlined in I able
indicate that the dislocations in the matrix of the 1. After heat treatment, the samples were stored
composite serve as nucleation sites for the forma- in a commercial freezer in order to prevent an\
tion of S' precipitates during the aging of the aging at room temperature.
composite. This facilitates the attainment of peak Tensile tests \\ere performed on an Instron
matrix hardness at much shorter times than in the sciev-driven testine machine at room tempera-
control allox. ture using samples conforming to ASTM stan-

The theory for accelerated aging listed aboxe dard ES-S3 for sub-size specimens. The samples
is supported by a wide variety of evidence x\erc machined prior to heat treatment becau,,c
Christman and Suresh 16j: machining has been shovn to alter the acim tatc



TABLE I All %ample% solutionized 504 ( for 4h and Aaler y3
quenched

-Um t ing t h at 177

LA I y
UA2 2 4
PA 4 12
O.A 1 1 2 1

)A, 24
r
O

2b

of the material !16i. The strain rate applied to the
samples %Nas 2.7 x 1(0 s I and strain was
monitored with a clip gage type extensometer I
mounted on the sample. Load and strain output
were recorded directly on a HP model 7044A
XY recorder for subsequent analysis. Micros-
copic examination of the fracture surfaces was
performed with an AMR model I(O()A scanning
electron microscope. R.

-iv.. 2. A ,chernatic diagramn of the finine clec.ni mn,,d I he

4. Finite element formulation and material il i2.htrn\ti a',,, o, thc tht ccnt rldnc ! 1u
tenile axi'. the axi . i, taken to lie the centerlinc licau~cmodel ot ommctr\ condition,. it i, onlk nccc,,,ar\ io anakl t ' one

The finite element anal sis is based oil a con- Llulraft (i the uni cell.

vected coordinate Lagrangian formulation of the
field equations with the initial unstressed state equilibrium path due to the discrete time stp.
taken as a reference. All field quantities are con- The nominal traction components. I. and the
sidered to be functions of convected coordinates. Lacrangian strain components. E,. are gi\ en h
Y", which serve as particle labels. and time. t. This Tv
formulation has been employed extensively in
previous finite element analyses, see, for E.,= , +3 ,+ i" ,
examples. refs. 17-1 9. where v is the surface normal in the reference

Attention is confined to quasi-static deforma- configuration. u are the components of the dis-
tions and. with bod\ forces neglected. the rate placement vector on base vectors in the reference
form of the principal of virtual work is written as configuration. and bdenotes covariant differen-

tiation in the reference frame.
At4J "6E + r 6 'u, ,.d l' A cylindrical coordinate system r. .z, is used

where the identifications v =r. v' = 0 and v =,
are made. As shown in Fig. 2. we consider

d " [ E,,dV-f T'idS II circular cylindrical fibers of radius r, embeddedAtf 16ud- d- T d .1 in a circular cvindrical cell of radius R,, and

length 2L,, and with an initial spacing of 21,,
Here. r" are the contravariant components of the between fiber centers. Attention is confined to
Kirchhoff stress, r = J, with a being the Cauch\ axisvmmetric deformations so that all field
stress on the deformed convected coordinate net quantities are independent of 0 and within each
and V and S being the volume and surface, cell symmetry is assumed about the center line.
respecti'el\. of thL bod\ in the reference con- Furthermore. the circular cylindrical cell sur-
figuration: • .= a !dt at fixed v and the second rounding each fiber is required to remain a
term on the right-hand side represents an equilib- circular cylinder throughout the deformation his-
rium correction term that is used in the numer- tory. As discussed bv Tver,.,aard :2(. thi'
ical procedure to reduce drift from the axis\mmetric conficuration can he considered an
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approximation to a three-dimensional array of effective strain rate. E is the Young's modulus, v
hexagonal cylinders, is Poisson's ratio and

The boundary conditions for the axisymmetric
region analyzed numerically are:

I3=0 I t'=0 onz=0 (4/

( + U, 0 onz,b,, E 11
Here. i= fdt and the function g.Ji represents

o , on r=R,, 6 the effective stress vs. effective strain response in

Here, ci is a prescribed constant while L', is a tensile test carried out at a strain rate such that
determined from the condition that the average e ,,. Also, a,, is a reference strength and N and
lateral traction rate vanishes. i.e. m are the strain hardening exponent and strain

rate hardening exponent, respectively.
f dz0 on r=R, 7 Combining eqns. 8 and :9 and inverting

JR gives.

In addition to the boundary conditions (4 1 to :7). E V I: 1 3F1 i _ D + - I . 12
there is the requirement that displacement com- I+v + 1 -, D ---21 16
ponents vanish on the surface of the rigid fiber.

In some calculations, a second set of boundary For use in eqn. iI I.. standard kinematic rela-
conditions was employed consisting of (41 and tions are used to express eqn. (12! as a relation
5j. but with 6 and 7 replaced by P' = 0 on between the contravariant components /on the

r = R,,. so that every point along r = R,, is stress current base vectors) of the convected rate of
free. Under these conditions the outer sidewall of Kirchhoff stress, t". and Lagrangian strain rate.
the cell does not remain straight and vertical. Of L,.
course. for the entire tension specimen. j'1 = 0 on The deformation history is calculated in a
the outer boundary of the specimen. However, linear incremental manner and. in order to
when, as here, the fibers are much smaller than increase the stable time step. the rate tangent
the specimen. the condition that the circular modulus method of Peirce et al. [2 1 is used. This
cylindrical cell remain a circular cylinder comes is a forward gradient method based on an
from enforcing geometric compatibility (within estimate of the plastic strain rate in the interval
the axis mmetric approximation for a uniform between t and t +At. The incremental boundary
array of fibers perfectly aligned with the tensile value problem is solved using a combined finite
axis. Relaxing the boundary condition 6) and, 7 element Rayleigh-Ritz method. Tvergaard' 19.
permits. In a highly approximate manner. con-
sequences of deviations from this highly con-
strained fiber distribution to be explored. In 5. Experimental results
subsequent discussion, predictions based on /6) Representative stress-strain curves for the
and 7 1 are referred to as results "with constraint" unreinforced control alloy and the reinforced
and predictions based on P' = 0 on r= R,, are composite material are showvn in Fig. 3. The addi-
referred to as results "without constraint". tion of the \whiskers causes an increase in the

The material is characterized as an isotropi- elastic modulus, 0.2"o offset yield strength and
cally hardening elastic viscoplastic solid and the ultimate strength. and a decrease in the strain to
total rate of deformation, D. is written as the sum failure for the composite material. These effects
of an elastic part, D", and a plastic part. D". with are well documented in the literature 1-5. 99.1 ) .

1+ ' i What is more surprising, however, are the effects
D'= - --- -- ':l I / 8 of agine state on the stress-strain behavior of the

E / composite material. Though the aging curve for
3? 3 the unreinforced control alloy variation of 0.2"o
r ,;9 offset yield strength as a function of agin time
26 exhibits the well know\n "bell-shaped" curve, the

where i is the Jaumann rate of Kirchhoff stress, I composite yield strength is independent of aging
is the identity tensor, A: B denotes A "B,,. I is the time Fig. 4a . The ultimate strength of the
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1-o,

10 as-quenched condition to about 1 ... in the
Peak Aged Condition severely overaged microstructure, Fig. 4(b).

08- Microscopic examination of the fracture

W" surfaces revealed a dimpled fracture surface for
06 both the reinforced and unreinforced materials.

(D06- The fracture surface of the unreinforced material

contained a rather even distribution of large
604 ....... dimples connected by sheets of smaller dimples

indicating a pattern resulting from ductile void
growth, coalescence and failure, Fig. 5. The frac-

02- ture surface of the reinforced material contained

00 only small dimples similar to the small dimples on
002 -the fracture surface of the unreinforced material.

000 004 Stran006 008 010 Fig. 6(a;. The aging time had no detectable effect
on the appearance of the fracture surface.

Fig. 3. Representative stress-strain cur),c, for the compositeappeara o e tre surfe.
matenal labelled 13',, and the unreinforced ,ontrol allo Whisker pullout
labelled 0". The increase in the Young's modulus, \ield although, the pulled-out whiskers were coated
strength, and ultimate strength and decrease in the ductility with matrix material. Fig. 6(b ,. This demonstrates
for the composite material should be noted. that the failure of the composite was pre-

dominantly through the matrix and not along the
,oooC matrix-reinforcement interface. Similar conclu-

sions were also obtained in the fracture studies on
80oo SiC whisker and particulate reinforced 2XXX

and 7XXX alloys [22].
coca

0 6. Obsenations of void formation at elevated
4000

temperatures

20C 0 One mechanism that appears to contribute to
the unusually low ductilitv of Al-SiC whisker

00 composites involves the formation of voids at
0 4 0 A0 ,20 i 0 m00 fiber ends. Nutt and Duva [23] have observed

Aging Time

100 voids forming at room temperature in a 6061
(b) alloy reinforced with SiC whiskers strained to

various amounts. Nutt and Needleman 124] have80
8developed a quantitative description of the void

nucleation process at fiber ends and compared
S60 the predicted and observed modes of failure

o / initiation. While further studies are needed to
- 40 establish the link between void formation at

whisker ends and overall failure mechanisms at
20 room temperature. our recent work indicates that

cavitation at whisker ends plays a greater role in
00 controlling the overall constitutive response of

o 100 20 300 400 500 AI-SiC composites at elevated temperatures than
Aging Time (hours) at room temperature.

Fig. 4. 1he \ariatiin of a the ,ield strength and b the The initiation of voids at whisker ends \as
ductiilit\ \, th aging time. studied in the same 2124-SiC whisker-reinforced

composite described earlier. When the test tern-
composite about 650 MPa) is also independent perature is increased, the tensile ductility of the
of aging time. Hov ever. the strain-to-failure of AI-SiC composites increases significantly 25.
the composite is a strong function of aging time. We have explored this temperature-dependent
decreasing monotonically from about 5%" in the phenomenon through T"EM observations of spec-



r IL!. 5 IraiTUrC su rtaicc morpholin' f i h Oil. I I w mr 'i n1

and t, 'htning thC dillinbUtIin t ihc rniidjI dimtlc, ; ),,J

imens tested in tension at 300 -('. In hccpci
ments. w-e have used the spccimcn, in thy 11 \1 'ciu '\ ccciicdIr M tINilC
naturaIIk aged condition, as the specimen, icsted \crmi ',C- haIlC1 t11 hIl LI l ci C. )ILe di Ct Cven1 anli milt
at 3011 C quickly achieve a we\ rel\ o\ erA-cd ot pl c'tri il kclc t \ plcal\ ob~er\ edl at
matrix microstructure. Atter the tensile te,,ts. tillcl endNk in) Tpe~C011N \\l it1 makcriopie pla~t c



strains ranging from 3', to 12.5'. The voids during the high temperature test. although the
generally formed at the corner on the fiber end, as high local stresses still produced large plastic
shown in Fig. 7a. and intense plastic deforma- strains in this region. With increasing strain, addi-
tion occurred in the vicinitN of the fiber end. as tional ,oids formed at other corner sites of the
evidenced b\ the high dislocation density in that same fiber end Fig. 7 b. and eventually the %,)id,,
region. Glide of the dislocations was inhibited by coalesced to form one large void equal in xxidth to
the coarse age-hardening precipitates that grew the fiber diameter.

Alter macroscopic tenile strains of 12.5,
elongated cavities were often observed at fiber

a L" 4 a, ends, as shown in Fig. 8 a,. The salient features of
the cavitation mechanism are: ' I the cavit\ width
does not exceed the fiber diameter. 2 there i,, no
apparent separation along the fiber siue, and 3
the tip of the cavity has retained the same basic

, ,shape displayed by much smaller cavities
associated \with lover strain levels. Furthermore.
similar elongated cavities were observed at fiber
breaks, as shovn in Figz,. , b . These obscr\ations

Art "indicate that large amounts of shearing at or near
S." the inteiface can occur after decohesion at the
- ,fiber end. anu that the load-bearing capacit, of

the fibers can bc severely reduced.
Patterns of void evolution observed in 2 124

AI-SiC composites tested at 3)1)0 C recemblc the
observations from room-temperature test, in

pi ,other composite systems in that void, nucleate
near the corners of fiber ends and subsequentl\

0.2 pm coalesce to form a sin,,le void. Hxkcxer. the dill-
tribution of voids differs in that void, nucleate

AV, W ~throughout the gage leng-th during- the high-tem-
perature tests, while in room-tempcrature tests
the voids are confined to regions \crs nca, the
fracture surface. Thus. one effect of temperature
is to allo\ the damage to accumulate in the corn-
posite microstructure prior to failure. thercb\
increasing the ductility. These observations
suggest that one path to improving the room-

-temperature ductilit\ of Al-SiC composites
wvould be to identif\ microstructural parameters

- that could control the desclopment of cavitation.
lovard this end. calculations based on an inter-

Sface decohesion model are being carried out to
determine the effects of microstructural param-
eters on v oid formation.

7. Discussion

0.2 Pm Thc results of the tensile tess conducted in thi,

-studs are useful for the cxaluation of compoitc
F it: -" \, nuclcji1n lt fiber cnd, in 2124 Al --Si( v hikcr strengthening theorie,,. -lhe Modified Shca La,_,
.Omrp,,'sirc: dchirmcd tl 3i1( I ,, i t tensic ira ,t , 11. 1 . Model 120 predicts the \icld strength of the conm-
\ ld at c(rncr tIt fIhc:r cnd surr' tlndCd bI\ diks lc tlCd mIlrl\

h olcsccncc , , hrn d at ditercni ,ltcs .)i the tihr p(,,it c material using a model based on simple
Cnd transfer of shear across the \ hiskcr-maris intr-



the yield strength of the matrix. The Enhanced
Dislocation [)cn:.t\ Model 27I attempt,, to
predict the yield strength of discontinuousl\ rein-
forced metal-matrix composites based on a mod-
ified shear lag model taking into account the
differences in dislocation densities bet\ccn the
reinforced and unreinforced materials. The quali-

"- .:, "'t tative predictions of this theory, howevcr. are in
contradiction with the experimental observation,
of the present stud\. If the yield strength of the

W "matrix of the composite is significantly different
from that of the unreinforced alloy, then one
\would expect to see this difference reflected as a
uniform increase in the microhardness values for
the matrix of the composite material. Figure 1 a
indicates that the matrix of the composite mate-
rial has about the same hardness as the unrein-

s • •forced alloy. Also. this theory w ould predict that
the vield strength of the composite material x,"ill
mirror that of the unreinforced allox as a function
of aging time. although this is not obser\ed

b I  experimentally. Thus the Enhanced Dislocation
Density Model is not in qualitative agreement
\vith the experimental results and therefore is of
questionable value for identifying the strengthen-
ing mechanisms for the present material.

In rel. 28 a sell-consistent formulation for the
hardening behavior of discontinuou,,l\ reinforced

4 t , .1 metal-matrix composites \as developed, in an
attempt to predict the \ield strength and harden-
ing exponent. The analysis in ref. 2S is based on a
path independent deformation theor\ of plasticix
and depends on the use of llvushin's theorem
'29.. In this formulation the hardening exponent,
of the reinforced and unreinforced materials are
identical. This is contradictor\ to the present

'A w experimental observation that there is i differ-
i o' ence of about a. factor of three between the har-

dening exponent of the reinforced and
0.2 Pam unreinforced materials,. In vie\\ of the lack of an

adequate. analvticall\ tractable model for the
fug. N. \od gro\% h in 2124 AI-Si( \\hiskcr conloic yield and hardening behavior of material,, reill-
dctirmCd in tlenin at 3l',ilw a [-knu;ircd ca\i\ at hc-
fiher end surroundcd I,\ di ,cdlion, b (hndricil ca. a! forced \\ith discontinuous fibers, a finite element
thc tihcr brck. method \xa, used in thi,, stud\.

The finite element nlelhod possesse, se\eral

inherent advantages o\ er man\ of the more ana-
face with an additional term used to account for lytical methods. First. geometrical effects. such a,
load transfer across the ends of the vhiskers. This corners at fiber ends, can be handled i a straight-
theorx. ast,, ell a, the ,\idelx kno\n rule of forvard manner. Thc simplification required in
mixtures theor\. are not in qualitative agreement manx theoretical dex,.Iopmcnts of reducing tihe
with the experimental observations as thex kolx d inclusion from a c\linridcr to an ellipsoid i, not
also predict that the yield strength of the compre - ncce,,ar. Second. the calculation of slcs aind
site material xould increase x, ilh an Increase in strain contom, \ithinl the matrix and at tho



matrix-reinforcement interface are possible. The finite element model correct!\ predicts that
Third. complete stress-strain responses. as the yield strength of the composite material is
opposed to certain portions of the stress-strain independent of matrix variations due to aging
curves. are predicted. Therefore. a finite element and that the strain-hardening exponent of the
approach is appealing for this application. Here. composite be quite different from that of' the
an axisvmmetric finite element unit cell model is unreinforced material.
employed where the aspect ratio of the whisker is T he quantitative predictions for stress-strain
the average aspect ratio observed experimentally iesponse. however, are not within acceptable
and the aspect ratio of the unit cell is taken to be boinds of the experimental results. Figure 10
approximately equal to the whisker aspect ratio. shows the predicted and experimental
A similar finite element model. but using a full stfess-strain curves for an underaged condition
three-dimensional cell gzeometry, is described in in the composite material. The calculated curv es.
ref. 30. with at traction-free lateral side and with the side-

The finite element method predictions for wall constraint representing the periodic arra\
uniaxial loading are qualitatively in agreement imposed. bound the experimental results.
\\ ith the experimental results. Fig~ure 9 at shows although. they' are not sufficiently close to be of
the predicted stress-strain curves as a function of use.
the volume fraction of reinforcement for wvhisker- The analysis of the effects of the sidew\all con-
reinforced 2 1 24 Al in an underacd state. The straint on the response of the unit cell is useful in
effects of matrix ac_,m_ condition on the attempting to understand the underly ing strength-
stress-strain response are plotted in Fig. 9 V. ening mechanism for these materials. W ithout the

imposed constraint, there is little increase in the
yield strenath of the composite over that of the

________________________unreinforced control allov. The increase in yield
(a strength of these materials appears to originate

not from direct load transfer to the reinforcement
phase but from the constraint of geometrical

compatibility
The distribution of hy-drostatic stress within

the unit cell, with and wvithout the sidew\all con-
straint. elucidates this mechanism further for-
'dentical geometries and aging states, at similar
values of far-field axial strain, Fig-. 11 . The differ-
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Composite experimnenta
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from the aligned end-to-end fiber eometr\
assumed in the calculations would be expected to
lead to reductions in the h\drostatic tension
levels achieved. Indeed, preliminary analysis of
this effect by the authors indicate signifi,:ant
reductions are so attained.

In the calculations discussed so far the fiber
has been taken to be rigid. A few calculations

06 were carried out accounting for fiber elasticity. In

0 2 08 04 these calculations Young's modulus for the SiC,

fibers was taken to be 450 GPa and Poisson's
0 2 ratio. v =0.1 731. Compared with the rigid fiber

00 analysis, there is a reduction in the Young's
0 0 modulus of the composite of 8%)- 10%. Also. the

peak hydrostatic tension is reduced b\ 5,- I
-03 when fiber elasticity is accounted for. These

calculations show the quantitative magnitude of
effects associated with fiber elasticity and indicate
that in the Al-SiC system investigated there is no
qualitative difference in behavior arising from the

Fw. 11. Di rinhution ot h\druvtatic Ntrev, in GPa %ithin the assumption of rigid fibers.

unit cell. A ith and \ ithutl the ,idev, all constraint. The value, The present finite element model makes no
ot ' r field avii ,train , almosq identical in both cac,. Jhe attempt to predict ductility. However. the predic-
shaded porton 11 the figure rcprcsent'. the whitker. tions, in conjunction with the experimental

results, provide some insight into possible failure
modes at room temperature. The failure of the

ence in far-field axial strL. is about 300 MPa. composite appears to be strongly dependent on
v,hich is approximately equal to the difference in the matrix material. Recent work by Christman
the xalucs for h\drostatic stress within the upper and Suresh [32j on the response of the composite
region of the cell. As far-field strain accumulates, material and control alloy to fatigue loading
the sidewall in the upper portion of the cell demonstrated that under these conditions the
attempts to contract at a greater rate than in the behavior of the composite is controlled by the
lower portion of the cell. The sidewall constraint failure of the matrix material. The lack of exposed
forces the lateral side to remain straight. thereby whiskers on the fracture surface and the strong
generating large compressive hydrostatic stresses dependence of the ductilit\ on aging raise ques-
%\ithin the lower portion of the cell and large tions as to the relative roles of voids at the
tensile h\drostatic stresses within the upper whisker-matrix interface and those within the
portion of the cell. It is these tensile h\drostatic matrix of the composite.
stresses which appear to increase the yield The large amounts of local deformation
strength of the composite material rather than observed on the fracture surface in the form of
direct load transfer to the reinforcement phase. dimples suggests that a void formation mech-

The cell model. "with constraint". i.e. based on anism is present. This is consistent with the high
the boundar\ conditions , 6, and 7;. represents levels of hydrostatic stress predicted b\ the finite
an ideal regular array of perfectly aligned fibers element model. Even though the existence of the
and appears to o\erpredict the levels of hydro- high levels of h\drostatic tension predicted by the
static stress generated within the material. In finite element model is uncertain, the existence of
certain regions of the cell, the tensile hydrostatic significant tensile hydrostatic stresses within the
stress component reaches three times the yield matrix material appears plausible. The generation
strength of the matrix material. At the present of these localized tensile hydrostatic stresses, in
time. it is not clear that such high levels of hydro- the matrix slightly above the whisker. ma\ be a
static tension are actually achieved and there are driving force for void formation in the matrix
a variet\ of mechanisms that could act to reduce material at relatively low values of far-field axial
the hydrostatic tension. For example, deviations strain.



It should be stated that other metal-matrix Acknov~.Icdgments
composite materials in other studies hav.e dis- h% okoJ.Crsmna(S.uchSoit
played strikingly different fractographic feature" Th1,oko .Crsma n .Sr~ ~a
and failure modes 313. 341. The dependence spotdb ainlSine1onain(rn
of ductility on reinforcement chemistry and NSF-ENCI-S45 1092. Support for .'\. Nee~dleman

morpholog. matrix chemistry aind prcsig and S. Nutt \kas provided b\ the Off ice of Nas .rtl

techniques, is evident, although not prl ociUR-L i uhCt ad I l N,- ~K
mented or characterized. The need for syvstematic and NOn 14-56-K-f) 12 5. The author,, also( _,ratv-

studies of the dependence of ductility in metal- fllacnwegthu olroxn1i\ri\
matrix composite systems on these parameters Materials, Research Group Central Eacilities.

is clear. A basis for such a stud\ should be a fuddb h aia Science Foundation.
thorough investigation of ductilit\ in a single
metal-matrix composite sy stem.
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An analysis of the effect of residual stresses on deformation and
damage mechanisms in Al-SiC composites

G L. P-,virk, A. Needleman and S. R. Nutt
I)iii.son o Enincering, Brown L_'nvt'rmnt, I'rowden~c. RI (J2Y12 "5.A

Receied Apni 6. 1'9O

Abstract

The effect of thcrmally induced residual stresses on the mechanical properties and ductilit% of Al-SiC
composites "as investigated numerically. The predicted behavior in uniaxial loading %%as calculated Aith
and Aithout the inclusion of the residual stresses which result from the mismatch in thermal expansion
betveen aluminum and SiC. In this analssis. void nucleation by interfacial debonding at the Ahiskers
ends Aas assumed to be the limitine failure mechanism. To cases, both with a fiber volume fraction of
20"., and fiber aspect ratio of 4. but with different fiber spacings. were considered. The residual stresses
had a small effect on the predicted ductility of the composite, even Ahcn a relatively weak interface
strength Aas assumed. The residual stresses arc shown to redistribute as interfacial failure ,
approached. A close end-to-end fiber spacing gives a greater flow strength in compression than in
tension and the residual stresses which arise during thermomcchanical processing tend to enhance thi,
effect.

1. Introduction mode of dcbonding depending on fiber spacing:
debonding initiated at the whisker corner for

Aluminum alloys reinforced with silicon close side-to-side spacings of fibers but began in
carbide whiskers display significant increases in the fiber center when spacings were close end-to-
stiffness, tensile strength. and creep resistance end. Examination of a fractured Al-SiC speci-
\hen compared with unreinforced alloys 1-3!. men 16. 8] using TEM tended to confirm the
Untortunately. the composites also exhibit poor results, as debonding in the whisker center was
ductility, which has thus far limited their applica- generally onl\ observed when fiber spacing was
tion as a structural material. A better understand- close end-to-end. The strong similarities of
ing of the underlying mechanisms affecting observed and predicted patterns of void evolu-
composite properties is therefore essential if the tion suggested that it may be possible to quantif.
material is to be improved, interface properties by comparing experimentad

Transmission electron microscopy TEM; ob- observations and predictions based on finite
servations by Nutt and Duva (4} revealed that element calculations. However. the calculations in
void nucleation at the whisker ends occurred near refs. 8 and 10 assumed that the composite wa,,
the surface of fractured specimens. The decohe- initially stress free.
sion of the matrix from the whisker end at low Arsenault and Tava 1 observed yield
macroscopic strains appears to contribute to the strengths higher in compression than in tension
poor ductility observed in Al-SiC composites. for a 6061 aluminum alloy reinforced with SiC
Other damage mechanisms observed experi- whiskers. In addition, the\ modeled the matrix asmentally include void nucleation by fiber break- a bilinear solid and used Eshelb\ s solution '121

age 5. 61 and void growth and coalescence in the for an ellipsoidal inclusion to arrive at estimates
matrix itself 15. 71. of residual stresses and the resulting effect on

Nutt and Needleman [81 analyzed Al-SiC com- uniaxial stress-strain behavior. Similar expert-
posites within the framework of interface ments and analyses have also been performed b%
debonding developed by Needleman [9j. Further Warner and Stobbs 1 31. The limitations of apply -
calculations [101 predicted a transition in the ing Eshclbv's solution to Al-SiC composites

0921-5093 9l 'S3.50 Eke t-l- ier Sequoia 1'nntcd in I h,. :hcrland,



include assuming temperature independent straight during loading and that the a'crage
material properties and ellipsoidal whiskers. stresses on the side cell wall vanish. The bound-
Approaching the problem computationally ary conditions in both cases are applied bx u,,c ot
allows the incorporation of more realistic matrix a mixed finite element and Rayleigh-Ritz method
constitutive behavior and fiber geometries, developed b- T 3ergaard 1161. The mechanical

Residual stresses are inherent in Al-SiC com- response of the composite with residual ,trese,
posites owing to the mismatch in thermal expan- is then compared with the response of the mate-
sion between aluminum and silicon carbide. The rial that is initially stress free.
stresses develop upon cooling after thermo- The fiber-matrix interface is incorporated into
mechanical processing of the material. In pre- the finite element equations by the method pre-
vious work 14j, we investigated the effects of sented by Needleman (9j. We note that although
composite microstructural parameters. such as the approach is purely continuum, the finite
fiber volume fraction, aspect ratio, and spacing, element formulation of the field equation, fullh
on the resulting residual stresses. In many cases, accounts for matrix plasticitv. thermal expansion.
significant compressive stresses were calculated general temperature dependence of material
at the whisker end. Finite element residual stress properties. and finite geometr\ changes.
computations have also been performed by Completing the finite element equations

Zvwicz and Parks 115] for continuous fiber- requires specifying constituti,, relations for
reinforced graphite-aluminum composites. The whisker, matrix and interface. The SIC wkhiskers
objecti\e of the present work is to examine the are taken to be elastic and the aluminum matrix
effects of the thermall\ induced residual stresses is modeled as an isotropicallv hardening
on mechanical properties and failure of Al-SiC elastic-viscoplastic solid. The uniaxial plastic
whisker composites by comparing the predicted response of the aluminum matrix is gi\ en b\
response when residual stresses are included with , ( ,
the response wNhen the material is initially stress CF= a, .
free. L

2. Problem formulation

The approach used here is to model the
material as a periodic array of hexagonal cylin-
ders. each consisting of an aluminum alloy with
an SiC whisker embedded in the center. The
hexagonal cylinder can then be approximated as a
circular cylinder, so that the problem is then
rendered axis\mmetric see Fig. I . In addition.
because of the svmmetry. onl\ one quadrant in
the '-- plane need be anal zed.

The analysis can be thought of as occurring in z
t\%o distinct steps. First, a temperature histor\
simulating a quench of the composite is applied to
the unit cell depicted in Fig. 1. The cell walls are
required to remain straight during the thermall\
induced deformation. which maintains compali- 2H, _h,

bilit\ with surrounding cells. Additionallh. the r
avcragc stresses along the w.alls were fixed at
zero, simulating the condition that the macro-
scopic stresses during quenching are zero. Once (b) R,

the residual sires,, state in the composite has been V-n: I Schematic diagram ,hoinlc uniform ditril,urir 1

determined, the mechanical response of the com- ,hiskcr, and the gcomcincal paramcetr, tor a ,,L.lc -li i

posite subject to uniaxial tension or compression ( ,,-,eclM of tiht co rposite in te alial direction hokwl
a pcridic arra\ Il heaLonal c\lindcr,, hc dahcd Ian,

along the fiber axis is simulated. The boundar\ depict, the apprommation ol a hexagonil c'indcr- h\ a oi-

conditions on the cell walls are that the\ remain culat c\linder 1b Side \ ic, it a circular :lindct



The properties of the matrix were chosen to be strength ae. the Aork of separation o,,;. Ind the
representati\e of 606 1 aluminum and are giv en shear parameter ,, so that the \aluc of ( i,, Li\cn
by a reference strain rate of i,,=0.002 s '. a through eqn. 3,. The parameter 6 is a phen,,-
reference strain of ,, = 0.004, a strain rate hard- menological parameter which charactcri/c, the
ening exponent of = (.004. Poissn's ratio of ductility of the separation. and has dimension, ()I
v 0.3. and a coefficient of thermal expansion of length.
a 24 x 1(0 " K '. The reference strength u,. In the cases studied here. the interface \a

strain hardening exponent N. and Young's modu- characterized bo = 3a,, "here a,, is the r m
lus E were considered to be functions of tem- temperature yield strength of aluminum.
perature. Using material data at various = 0.(005 urn. and y= 1.11. Based on 'IL\
temperatures I 7 the properties are interpolated observations of voids and calculations perlormed
b\ the use of cubic splines. The data specified in ref. 8. the value of the interface strength used
above result in uniaxial stress-strain curves at here probably represents a weak Al-SiC inter-
various temperatures shown in Fig. 2 in ref. 14. faeCL Comparisons of the most commonlh oh-
The constitutive relation is generalized to multi- scrcd void shapes and nucleation sites in ret. ,s
axial states b\ the usual procedure of replacing suggest that interface strengths of 5o.-6o,. arc
the stress and plastic strain appearing in eqn. I more likelh for aluminum bonded to SiC. Lo
with their respective von Mises equivalents. A values for interface strengths " cre used in the
complete development of the constitutive analysis to highlight the effecl of residual stresses
description is given in ref. 14. The property and because material damage is like]\ to initiate
values of P SiC are iven by E=47(0 GPa, at poorl\ bonded interfaces.
v=0.19, and a=4.7x 10 "'K 1 [181

A potential 0 is assumed to exist for the inter-
face. which is taken to depend onl\ on the jump
in displacements across the fiber-matrix inter- In computing the residual stresses, the material
face. From the potential. the interfacial tractions wvas taken to be stress free at a uniform tempera-
force per unit initial area are specified b\ lure of 1,. A temperature historv of the form

'I I t =lT, exp - 3.75t with t in second,, was
T o, 27 1 2 applied unitormlh o\er the entire c\linder. Such a

- l--\ ± Ix histor\ is representative of the temperatures

experienced b\ the material when undergoing a

(4- )foi) ]2 quench in ice water. The spatial unitormit, of
+ 7 L - .fl6 temperature in the unit cell is justified b\ calcu-

lations in ref. 14. which showed that for realistic
10 quenching rates, plastic deformation in the matrix

all, is unlikely to induce localized heatinL. Calcul-

27 ~ations wkere per-formed with initial temperaitures
of either 1,' = 350 ' ' or] ....... ....... 11 t "u~

-material properties were held constant bc(ond

35( C( due to lack of available data. The depen-

for u, < 6. and T I for u, > 6. where u,, and dence of the resulting residual stresses on the
u. represent the normal and tangential difference assumed temperature of the initial stress-trce
in displacements across the interface respectively, state was found to he small. This is anticipated
As the interface separates, the magnitude of the because of the low flow, strength of aluminum1 at
nominal tractions increases, reaches a maximum. high temperatures. The residual stresses used in
and finalhx falls to zero when complete decohe- examining the mechanical beha'ior of the com-
sion occurs. From eqn. 2 the ,kork of separation posite were calculated assuming the material \xa,

at u, = (is given by quenched from L, = 350 'C.
One result of the study in ref. 14 was that the

1 =9 .... 6 residual stresses at the whisker end were found to
16 depend primarily on the side-to-side spacing of

the fibers. In this investigation, two different
The interface can thus be -haracterized by the spacings of the fihers. henceforth referred to as
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cases (a) and (b). were considered, both with a debonding from every whisker end occurred
fiber aspect ratio of 4 and a fiber volume fraction simultaneously. The maximum stress point on the
of 20%. Case (a has a cell aspect ratio of 4. giving curves corresponds approximately to the point at
a ratio of fiber radius to cell radius of r,/ which void nucleation begins. In the actual
R, = 0.585. while case (b) was given a cell aspect material, one could imagine damage propagating
ratio of 2. yielding a ratio of fiber radius to cell through the composite by initial debonding at at
radius of r,4 /R =0.463. Decreasing r,/R, corre- specific whisker, followed by load transfer to
sponds to increasing the side-to-side spacing of surrounding regons and nucleation of new voids.
fibers and to decreasing the end-to-end spacing In Fig. 2. the residual stresses have little effect on
of fibers. The calculated average compressive either the average strain to debonding or the
residual stress at the whisker end for case (a, was average stress at which debonding initiates.
175 MPa while case (b) had a value of 401 MPa. Figure 3 displays contours of axial stresses
It is interesting to note that identical calculations near the maximum load point for case a with the
performed with a rigid interface gave average residual stresses included and with the composite
compressive stresses of 176 MPa and 454 MPa initially stress free. The two stress states are
for cases a: and (b) respectively. Apparently. the nearly identical, implying that the thermallh
added compliance of the interface model can induced residual stresses are almost completel\
affect the predicted results if the residual stresses redistributed by the time the composite reache,
are high enough. This is particularly true near the maximum load. To further illustrate this. Fig. 4
fiber corner where very high residual stresses are plots the average normal stress at the fiber end wns.
calculated .around 750 MPa for case b: with a the average applied stress. Given the magnitude
rigid interface 1. of the initial residual stresses. the predicted insen-

sitivity of the overall response to the presence of
.1. inhcrfiuial de(Colcsion residual stresses is somewkhat surprising. Figure 4

Figure 2 showv, the unit cell stress I.%. strain shows that the difference in interface normal
response of ca,.' a. the case with the closer side- stress decreases as the applied load increase,,. and
to-side fiber spacing. with and without the initial becomes insignificant near the point of maximum
residual stresses included in the analysis. One can applied stress. The deformed finite element mesh
interpret the curves as the predicted macroscopic for case a, at an average strain of t, 0).323 is
stress vs. strain response of a composite if shown in Fig. 5.
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volume fraction of. 20",, closer side-to-side spacing . %ith initial residual stresses and with the composite inttiallh trc',,
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1 0 2 00

08-1 1/7

0 6

125
0.4..

1.00-

0.2-

_Z' 0.751 thralsree

t 0.0i/ thermal stresses w/'tera trse

-02-. ....w/o therm al stresses 0 50/ he m l st e~ .

0 25

-04 000
0 0 0 4 08 1.2 1.6 2.0 0 000 0004 000)(8 0 012, 0016 0 020

F-ig. -1 A% crage stresses at the interface i %. a% eraic applied Fi12 6 Sitex' tN strain rcxp.ow I t kax h . the case %kt ah
stress for ce the case wxith closer side-to-side spacing. fiher aspect ratio ot 4, a cell .xpctl ratio ot and a liher

%olume trdctlon ot 'i . clixct enrd-to-end xpacimnu %kith and
siithout rexIdUal xtrCxxcx InClUdCd

08,1

08-4

7= .

00 4

___ ithermal stresses
..... vyb thermal stresses

-0 4

Fig. 5. Deformed mesh for cawe it the case with closer side- 0.0 0 4 0 8 1 2 1.6 2 0

to-side spacing, at an aserac strain tit i,_ , f) 1_))2 3 khossing (7_/7e

complete dehonding at the %%hiskcr end. Fiv. 7~ Aseraee stresses at the interface v). aserage applied
kItress for case' b . the case A th closer end-to-end s'pacing

The calculated stress vs. strain response for
case 'b . the case with the closer end-to-end fiber Given that the magnitude of residual stresses at
spacing, wvith and without residual stresses the interface is much higher in case (b) than in
included is shown in Fig. 6. Here the residual case ia. a greater effect was expected. Figure 7
stresses have a somewhat greater effect on the displays the average stresses at the interface iv

predicted mechanical response of the composite. the average applied stress. Again, as w ith case (a
Although the stress at which debonding occurs is as the average stress on the u -, dill approaches a
largely unaffected by residual stresses, a small maximum, the difference in interface stresses
increase in the strain to debonding is observed, becomes minimal.
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3.2. Mechanical properties case (a), the case with the closer side-to-side fiber

Figures 8 and 9 show the effect of residual spacing. with and without residual stresses

stresses on the uniaxial response in tension and included in the computations. The unit cell actu-

compression. In these calculations, the focus is on ally yields at a lower stress in compression than in
the mechanical response of the composite and tension for case (a:. although by an average strain

perfect bonding between fiber and matrix is of 2% the two curves are approaching one

assumed. another. The reduction of yield strength in corn-
Figures 8(a) and 8(b) respectively, show the pression is not particularly surprising since sig-

uniaxial response in tension and compression of nificant portions of the matrix, most notabl\ near
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the fiber corner, have compressive residual stress 0.6

states. The response in tension and compression 03- ,. 3 } 1
is essentially identical for case (a) without residual o" 01
stresses included.

Figures 9(a) and 9(b) show the computed
results for case (b), the case with the closer end-
to-end fiber spacing. It should be noted that here
the residual stresses have the opposite effect, '/
increasing the yield strength in compression.
Also, the yield strengths are asymmetric for case
(b), even when no residual stresses are included.
Figure 10 shows the large plastic strains that . //

develop between closely spaced fiber ends. This
figure illus:rates that, at a given level of average
strain in compression, there is greater plas. :/ /
deformation in the matrix between the fiber ends "
than when the same average strain level is applied .
in tension. The absolute value of the hydrostatic
stress between the fiber ends is also greater in (a
compression than in tension. For close end-to- 03

end fiber spacings. finite geometry change effects, 0.3.

coupled with the constraint of the perfectly 0 , i

bonded fibers on the matrix, result in greater (I

plastic flow between the whisker ends during
compressive loading.

4. Conclusions

The effect of thermally induced residual
stresses on void nucleation in Al-SiC composites
has been investigated by use of the finite ele-
ment method. The calculations suggest that the
residual stresses have only a small effect on either
the predicted strength :r ductility of the material.
at least when ductility is limited bv interfacial
decohesion. For the .,,atcrial parameters con- b ___

sidered here, the residuil stresses essentially
become fully redistributed as maximum load is Fig. 10. Effective plastic strain contours for case h. the case

a with a cell aspect ratio of 2 closer end-to-end spacing and
approached. It is worth bearing in mind that the with the material initiall, stres,, free: a at an aserage applied

cohesive strength used in the calculations prob- strain 1,, = 0.0273. tb at an average applied stran

ably represents a weak Al-SiC interface. Some -,.= -0(.0269. Note the larger straining between %hiskcr
- ends in compression.

calculations were performed with a stronger
interface and the residual stresses had an even
smaller effect on the predicted ductility of the would be required for confirmation. However,
composite than in the cases shown here. This residual stresses can alter the microstructural
suggests the possibility that residual stresses may development of matrix alloys [191. which can in
not directly have a significant effect on ductility of turn affect the ductility of the composite. Further-
materials where the predominant damage more, the residual stresses can still have an
mechanism is a plastically deforming matrix sepa- important effect on mechanical properties. as
rating from hard inclusions (e.g. spheroidized illustrated in Fig. 9.
steels. as well as metal matrix composites). Another important damage mechanism ob-
although further calculations and experiments served in Al-SiC composites is void nucleation
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CREEP DAMAGE MECHANISMS IN CERAMIC COMPOSITES

S. R. Nutt and P. Lipetzky

Division of Engineering, Brown University, Providence, RI 02912

Whisker-reinforced ceramics show improvements in a variety of mechanical properties, and because of the
inherent thermal and chemical stability of ceramics, it is natural to consider issues related to mechanical behavior
at high temperatures. Implementation of ceramic materials in high-temperature structural applications is often
limited by creep, and recent studies on A120 3-SiCw have shown that creep resistance of ceramics can be
enhanced by whisker reinforcement. These studies demonstrated that creep response is strongly affected by the
presence of the reinforcing phase and the properties of the whisker-matrix interface. In addition, oxidation
reactions tiat occurred during creep degraded interface properties, facilitated microstructural damage, and
accelerated creep. The objective of the present study was to determine the effects of test ambients on creep
damage mechanisms in AI20 3-SiCw composites and to correlate these observations with compressive creep
response under different stress-temperature cunditions.

Hot-pressed SiC whisker-reinforced alumina (from Greenleaf Corporation) was selected for the present study.
The composite material was characterized by an average grain size of 1-2 microns and a whisker volume fraction
of 1/3. The composites were almost completely free of glass phase, at least within the detectability limits of weak
beam dark field and phase contrast imaging (Fig. 1). Material was machined into cylindrical samples for
compressive creep experiments which were conducted in air and in nitrogen at 1200-1400"C under applied
stresses of 25-250 MPa. Creep rates were monitored until a nominal constant strain rate was reached and
maintained. Applied loads were incremented for fixed temperatures, although the total accumulated strain was
kept below 3%. Creep experiments were interrupted during secondary creep and cooled under load to retain
microstructures. Thin foil specimens were sectioned from the center of the samples and prepared by ion milling.

Data from creep experiments performed in nitrogen and in air are summarized in Fig. 2. The effect of the
oxidizing ambient was to increase the creep rate by factors of 3-5 for temperatures of 1300-1400"C, respectively.
In addition, the stress dependence of the creep rate increased as the temperature increased above 1200"C. The
most prevalent damage mechanism observed in all crept samples was void nucleation at grain boundary-interface
(GBI) junctions, an example of which is shown in Figure 3. Decohesion occurred after accumulation of
aluminosilicate glass at GBI junctions during creep, resulting in glass-lined cavities. In the non-oxidizing ambient,
the aluminosilicate phase originated from the small amounts of residual glass films present in the as-fabricated
material (Fig. 1), which redistributed during creep. In the presence of air, the amount of glass phase appearing in
the composites was increased, a phenomenon attributed to thermal oxidation of SiC near the specimen surface.
Silica glass produced by oxidation during creep penetrated the composite along interfaces and grain boundaries,
accumulating at GBI junctions and other stress concentrations. An example oi the initial stages of thermal
oxidation is shown in Figure 4, a phase contrast image of a near-surface SiC whisker after prolonged creep at
1400'C in air. Graphitic carbon and silica glass have formed at the interface, although the carbon subsequently
disappears via formation of CO. In all of the crept samples observed, the dislocation density was negligible,
leading to the conclusion that the composites had deformed by diffusional creep. However, at creep
temperatures above 1200"C, sliding of grain boundaries and interfaces became increasingly unaccommodated,
especially in the oxidizing ambient. Glassy films arising from thermal oxidation of SiC weakened internal
boundaries in the material, causing extensive microstructural damage (cavitation) and accelerated creep.*

*Work supported by the Office of Naval Research through Contract #NO001 4-86-K-01 25.
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