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The uniaxial compression-creep behavior of unidirectionally reinforced continuous-fiber composite
materials was investigated for the case where both the matrix and the fiber underwent plastic deforma-
tion by creep. The creep behavior of NiAl composites reinforced with 5 to 20 vol pct tungsten fibers
was characterized at 1025 8C. The NiAl-W composites exhibited a three-stage creep behavior, with
distinct primary, secondary, and tertiary creep. Microstructurally, tertiary creep was characterized by
one of the following fiber-deformation mechanisms: brooming, bulging, buckling, or kinking. The
composite tertiary creep is modeled by solving for global or local kink-band evolution,with composite
deformation contributing, respectively, to fiber buckling or kinking. The model predicts (1) the critical
strain for the onset of the tertiary stage to be most sensitive to the initial kink angles, while being
relatively insensitive to the initial kink-band heights and (2) the critical strain to vary inversely with
the volume fraction of fiber in the composite. Reasonable agreement between model predictions and
experiments is obtained.

I. INTRODUCTION temperature, larger strains to failure were observed. No
microstructural investigationof the deformed niobiumfibersAMONG metal-matrix composites, unidirectional con-
was conducted. It is expected that both the niobium fiberstinuous fiber–reinforced composites exhibit the highest spe-
and the MoSi2 matrix would have crept under these testcific strength and stiffness. Their tensile[1] and compressive
conditions.behavior[2–6] at low temperatures has been studied exten-

As for ceramic-matrix composites, one study[12] investi-sively. The composite response to tensile stresses at elevated
gated creep of a SiC fiber–reinforced carbon composite andtemperatures, where creep of the matrix or of both the matrix
concluded that the composite creep was controlled by creepand reinforcement is the dominant deformation mechanism,
of the SiC fibers as a result of matrix failure by cracking.has also been modeled successfully.[7] While the compressive
Very few creep studies exist for polymer matrix compositesresponse of these composites is expected to be qualitatively
under compression.[13]similar to their tensile response during the primary and sec-

We chose the NiAl-W system as a model system to system-ondary creep stages, the onset and progression of instabilities
atically study the compression-creep behavior of long-fiberin compression are expected to be different from those in
composites for the case where both the (NiAl) matrix andtension and could pose serious design limitations for com-
the (tungsten) fibers exhibited creep deformation. Theseposite use at elevated temperatures.[8]

composites, in general, displayed three-stage creep behaviorA review of relevant literature indicates that very few
compression-creep studies, primarily experimental in nature, with distinct primary, secondary, and tertiary stages.[14–16]

have been conducted on metal-matrix composites. First, in The primary creep of these composites was modeled[15]

the NiAl-Al203 system,[9] more than 10 pct creep strain was by considering the primary creep of the individual phases
accumulated before samples failed by macrobuckling or as well as the transient stress states arising from load transfer
delamination. While the microstructural effects were not from the weaker matrix phase to the stronger fiber phase as
investigated, it is quite likely that extensive fracture of alu- the composite transitioned from the elastic or elasto-plastic
mina fibers contributed to the tertiary behavior. Second, in state, present immediately after loading, to the steady-state
the eutectic Al-CuAl2 system,[10] primary, secondary, and stage, where both phases deformed by creep. The model
tertiary creep behaviors were observed. While microstruc- predicted, in good agreement with experiments, the compos-
tural evidence for elastic bending and subsequent buckling ite primary creep strain to be significant at high composite
of the CuAl2 lamellae was found during the secondary and stresses and for high fiber volume fractions and the primary
tertiary creep regimes, respectively, no mechanics modeling creep time to be uniquely related to the composite steady-
was undertaken.Third, in the MoSi2-Nb system,[11] two types state creep rate.
of behavior were observed. Below the brittle-to-ductile tran- The secondary creep of these composites was microstruc-
sition temperature, very low failure strains were obtained

turally characterized by uniaxial compression of the tungstenas a consequence of matrix cracking. Above the transition
fibers and was predicted[16] reasonably well with a rule-of-
mixtures iso-strain model developed for composites where
both phases deformed by creep, using compression-creepT.A. VENKATESH, Postdoctoral Research Associate, is with the Depart-
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been presented thus far. Hence, the objectivesof this investi- III. RESULTS
gation are, using NiAl-W as a model system, to identify All experiments, with or without flat platens (i.e., thethe dominant deformation mechanisms for tertiary creep recessed alumina platens) and irrespective of sample aspectof unidirectionally reinforced continuous-fiber composites ratios, exhibited significant primary creep (discussed in Ref-subjected to uniaxial compression at elevated temperatures, erence 15), followed by stable secondary creep over varyingto develop simple mechanistic models to characterize their amounts of strains (discussed in Reference 16) and a subse-tertiary compressive-creep response for different deforma- quent tertiary stage with a rapid increase in strain ratestion modes, and to obtain experimental verification of (Figures 1 and 2).these models. Visual inspection of the as-fabricated and creep-tested

samples, coupled with the tungsten fibers extracted from the
untested sample (Figure 3(b)) and tested samples, revealedII. EXPERIMENTS
that the tertiary stage was associatedwith four modes of fiber

A. Materials Selection deformation: (1) brooming (Figure 3(c)), which occurred in
samples with an aspect ratio of 2 and tested using a flatThe NiAl-W system was chosen for this investigation for
platens; (2) bulging(Figure 3(d)), which took place predomi-the following four reasons. First, NiAl exhibits low density,
nantly in samples with an aspect ratio of 2 and tested usinghigh melting point, good oxidation resistance, high thermal
recessed platens; (3) buckling (Figure 3(e), which was foundconductivity, and a wide range of compositional stability
only in sample 2; and (4) kinking (Figure 3(f)), whichand is, thus, a potential candidate to replace nickel-based
occurred only in samples with an aspect ratio of 4 and testedsuperalloys in high-temperature structural applications.[17–19]

using recessed platens.However, the NiAl system has two major limitations:[20] (1)
poor creep strength at elevated temperatures and (2) low
ductility and toughness at low temperatures (below the brit- IV. DISCUSSION
tle-to-ductile transition temperature). Second, tungsten

The NiAl-W composites loaded uniaxiallyin compressionoffers excellent specific creep resistance at high tempera-
in the direction of fibers, at temperatures where both thetures,[21–23] thus addressing the first limitationof NiAl. Third,
fiber and matrix creep, exhibit a primary-creep transient, asthe NiAl-W composite system exhibits very good chemical
discussed in Reference 15. This primary stage is followedstability, as tungsten is thermodynamically stable with, and
by a secondary creep regime characterized by a steady statehas virtually zero solid solubility in, NiAl.[24] NiAl protects
in the composite creep rate when both creeping constituentstungsten from oxidation, while tungsten enhances toughness
attain their respective steady-state stress, after load parti-through ductile-phase toughening mechanisms at low tem-
tioning is completed, as discussed in Reference 16. Thisperatures, thus addressing the second limitation of NiAl.
secondary stage can be followed by a tertiary stage, whereFinally, reactive infiltration, a novel processing technique
the composite creep rate increases monotonically over thethat combines the advantagesof reactive synthesiswith those
steady-state value, leading to sample failure.of infiltration processing, has been developed to process

When the composite is subjected to a tensile stress, theNiAl[16,25] and NiAl-W composites.[16]

tertiary creep stage can be caused by such phenomena as
fiber, matrix, or interface failure, while, in compression,

B. Experimental Procedures the tertiary stage could be caused by the four additional
phenomena (brooming, bulging, kinking and buckling), allAs described in Reference 16, cylindrical billets of NiAl
of which are characterized by a common mechanism, i.e.,reinforced with 5 to 20 vol pct tungstenwires were fabricated
fiber deflections away from the loading axis. Brooming andby reactive infiltration. Creep samples 10 and 20 mm in
bulging,where the fiber deflections are typically rotationallyheight and with circular and square cross sections 5 mm
symmetrical about the loading axis, exhibit out-of-loading-in diameter and width, respectively, were electrodischarge
plane fiber deflections, while fiber deflections are typicallymachined from the billets. The composite samples had fibers
constrained to a single plane when kinking occurs. Bucklingaligned with their longitudinal direction.
can occur in either mode.Constant-load uniaxial compression-creep tests were per-

Brooming and bulging,which display a strong dependenceformed in air on NiAl-W composites (Table I) at 1025 8C
on the local stress states at the regions of application ofwithin an applied stress range from 80 to 120 MPa, as
stresses, are classified as end-effect phenomena and are notdescribed in more detail in Reference 16. Frictional effects
examined further in the present article. When the end-effectson the end-loaded samples were minimized by using boron
are suppressed, buckling or kinking becomes the dominantnitride–coated flat alumina platens in the creep cage. Alu-
mode of deformation and, thus, represents the bulk behaviormina platens with a recess depth of 1 mm were also used
of the material. The influence on buckling and kinking ofin some experiments to prevent sample brooming.
extrinsic factors (i.e., temperature and stress) and intrinsicThe matrix of as-cast and creep-tested NiA1-W compos-
factors (i.e., fiber volume fraction and defect geometry) isites was dissolved in aqua-regia (3 HCl:1 HNO3 by volume)
examined in the following sections, and their effects on theat room temperature for times between 4 and 8 hours. Tung-
composite creep rate are established.sten fibers were extracted to compare the fiber geometry

before and after the test. From a count of the tungsten fibers
recovered from each sample, the volume fractions of tung- A. Model for Composite Deformation by Fiber Kinking
sten in the composite samples were obtained. Pure tungsten
fibers exhibited negligible dissolution when treated with In developing the model for fiber kinking, the following

assumptions are made.aqua-regia.
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Table I. Experimental Parameters for the 1025 8C Compressive Creep Investigation of NiAl-W Composites

Aspect Ratio/ Tungsten
Stress Cross Section/ «‚min «t «total Volume Fraction Tertiary

Experiment (MPa) Platen (s21) (Pct) (Pct) (Pct) Type

1 80 2/C/R 1.6 ? 1026 3.0 19.0 6 bulging
2 80 2/C/F 1.3 ? 1026 3.5 8.5 7 buckling
3 80 4/S/R 1.5 ? 1027 10.5 13.5 8 bulging
4 80 2/C/F 4.9 ? 1027 5.0 11.0 8 brooming
5 80 2/C/F 2.0 ? 1027 3.5 18.0 9 brooming
6 80 2/S/F 4.6 ? 1027 7.0 18.0 10 brooming
7 80 2/S/F 3.0 ? 1027 8.0 15.0 10 brooming
8 120 2/S/F 2.1 ? 1025 5.5 10.3 11 mixed*
9 120 4/S/R 8.0 ? 1027 6.0 13.5 12 brooming

10 120 2/S/R 9.6 ? 1027 4.0 2.5 12 —
11 120 2/S/R 1.8 ? 1025 10.0 14.0 12 brooming
12 120 2/S/R 3.5 ? 1027 5.5 19.0 13 bulging
13 120 2/S/R 7.6 ? 1027 2.0 2.4 14 —
14 120 4/S/R 6.4 ? 1027 3.5 14.0 15 kinking
15 120 4/S/R 3.5 ? 1027 3.0 14.0 16 kinking

S 5 square cross section, C 5 circular cross section, F 5 flat platens, R 5 recessed platens, «‚min 5 minimum creep rate, «t 5 critical
strain for onset of tertiarycreep,«total 5 total creep strain accumulated,and * a combinationof fiber bucklingand partialkinkingwas observed.

Fig. 1—Creep curves for NiAl-W composites tested at 1025 8C and 80 Fig. 2—Creep curves for NiAl-W composites tested at 1025 8C and 120
MPa (Table I). MPa (Table I).

assumed to be constant during composite-creep defor-(1) Processing of long-fiber composites results in local
imperfections in fiber alignment (Figure 4(a)). mation. That this is a reasonable assumption is illustrated

through a parametric analysis in a later section (Figure(2) As kinking involves fiber rotations/deflections that are
typically constrained to a single plane, the problem is 10(a)), where it is shown that the overall composite-

creep behavior is relatively insensitive to the kinktreated under plane-stress conditions (i.e., out-of-load-
ing-plane fiber deflections are not considered). fraction.

(5) The bending stiffness of the creeping fibers is assumed(3) Upon application of a far-field composite stress, the
kinked region, being transversely isotropic, is loaded in to be low, and, hence, rotations in the originally misori-

ented fiber translate fully and immediately to othera direction that does not contain a symmetry plane, and
a net plastic shear strain is developed in the local volume straight fibers.

(6) The composite creep rate in the direction of the appliedelement (Figure 4(b)).
(4) Since the matrix deforms by creep, for which the mate- stress is obtained as the sum of the strain rates in the

kink band and in the unkinked portions of the material,rial volume is conserved, the plastic shear strain devel-
oped in the local-volume element is transmitted across weighted according to their corresponding lengths (Fig-

ure 4(c)).the entire width of the material, causing all other fibers
to rotate from their originally straight geometries, thus (7) At the late stages of the tertiary stage, when the kink

band is fully developed, the composite is expected tocreating a kink band (Figure 4(b)). The kink fraction is
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(b)(a)

(c) (d )

(e) ( f )

Fig. 3—(a) Cross section of the NiAl-W composite 15 showing tungsten fibers embedded in the NiAl matrix as well as tungsten fibers extracted from (b)
untested composite and from creep tested composites 6, 12, 2, and 15, respectively, exhibiting (c) brooming, (d ) bulging,(e) buckling, and ( f ) kinkingbehavior.

experience bending moments, and the global stress state moments are expected to increase the creep rate of the
composite. This model, by neglecting the additionalis no longer expected to be purely uniaxial. The bending
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Fig. 4—Schematic of fiber kinking model for tertiary creep: (a) initial fiber configuration, (b) development of a kink band after deformation, and (c)
trilayered composite approximating case (b) used in the model.

creep-rate contributionfrom the bending moments, pres-
ents a lower bound for the composite creep rate.

(8) Processing-induced residual stresses are assumed to
decay quickly during the sample preheating stage and
are ignored.

Following assumption 6, the creep rate of a composite with
a kink band of length Lk and a straight unkinked segment
of length Lu is given as

«‚ c 5 lk «‚k 1 (1 2 lk)«‚u [1]

where the kink fraction is defined as lk 5 Lk /(Lk 1 Lu) and
where «‚k and «‚u represent strain rates in the kinked and
unkinked regions of the material, respectively, in the direc-
tion of the applied compressive stress. The strain-rate contri-
bution from the straight segment can be modeled exactly as[7]

sc 5 vf 1«‚u

Kf
2

1/nf

1 vm 1 «‚u

Km
2

1/nm

[2]

Fig. 5—Calculated NiAl-W composite secondary creep rates (Eq. [2]) atwhere sc is the applied composite stress; vf and vm are the
1025 8C (symbols) showing best-fit power-law lines (Eq. [3]) with respec-fiber and matrix volume fraction, respectively; nm and nf are
tive stress exponents for different volume fractions of tungsten and within

the matrix and fiber stress exponents, respectively; and Km the stress range 50 to 850 MPa.
and Kf are the matrix and fiber creep constants in the creep
power law:

following Johnson’s approach.[26] In its original form,«‚ 5 Ksn [3]
Johnson’s model was developed to describe the overall ten-

At 1025 8C, the values for n and K are, respectively, 5.6 sile creep response of long-fiber composites with fibers that
and 6.37 ? 10214 MPa25.6 s21 for NiAl and 6.8 and 3.48 ? were misoriented at a certain angle to the loading axis.
10226 MPa26.8 s21 for tungsten (Figure 5).[16] Hence, issues of kinking or buckling, which are primarily

Equation [2] describes a relationship between stress and compressive creep responses, were not addressed. However,
strain rate that does not conform to a power law when a in the current approach,by recognizingthat the kinked region
wide stress range is considered. However, within a limited in a composite subjected to a compressive stress is analogous
range of stresses, the composite creep rate can be accurately to a compressively stressed composite with fibers misori-
captured by a power law (Figure 5): ented to the loading axis, the results of Johnson’s model can

be extended to describe the creep behavior of the kink band«‚u 5 Kcsnc
c [4]

as well.
The applied uniaxial composite stress state sc is trans-where nc and Kc are the stress-exponent and creep constants

respectively, for the composite. posed to an equivalent three-component multiaxial stress
state consisting of a compressive stress parallel to the fiberThe strain-rate contributionfrom the kink band is obtained
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axis (szz), a compressive stress normal to the fiber (sxx), the creep rates to remain constant for each time step. Appen-
dix B describes the procedure that was adopted to accountand a shear stress in a plane parallel to the fibers (sxz):
for the changing fiber angle during creep deformation.

szz 5 sc cos2 a [5]
1. Application of the fiber-kinking model to a NiAl-

sxx 5 sc sin2 a [6] W composite
The model is illustrated in a parametric study, for thesxz 5 sc cos a sin a [7]

NiAl-W composite system at 1025 8C. The variation with
fiber volume fraction and applied composite stress of thewhere a is the fiber orientation with respect to the load-
material parameters l, m (calculated using the lower-bounding direction.
limit in Eq. [A4]), and n (obtained using a 5 89 deg) isThe corresponding strain-rate components in the plane of
examined in Figures 6(a) through (c). As predicted by Eq.deformation are[26]

[A3], l is independentof stress but decreases with increasing
fiber volume fraction, while m and n are dependent on stress«‚ zz 5 U

nc21

2 snc
c 12 1

2
l sin2 a 1 l cos2 a2 [8]

and, in general, decrease with increasing stress for a particu-
lar fiber volume fraction. When the upper-bound limit in
Eq. [A4] is chosen for the computation of m, the functional«‚xx 5 U

nc21

2 snc
c 1m sin2 a 2

1
2

l cos2 a2 [9]
dependencewith stress of m and, correspondingly,n remains
unchanged, while the actual magnitudes of m and n at any
given stress are marginally higher than those obtained by«‚ xz 5

1
2

U

nc21

2 snc
c (n sin a cos a) [10]

using the lower-bound limit (Figures 7(a) and (b)). The
parameter l is independent of «‚90 and, hence, does not

where U is given as depend on the choice of the upper-or lower-limit bound in
the calculation of m in Eq. [A4].U 5 ël cos4 a 1 (l 2 n) sin2 a cos2 a [11]

In Figure 8, the variation of the kink-band creep rate as
1 m sin4 aû function of the kink angle a at 1025 8C, under a compressive

stress of 120 MPa, is examined for a range of volume frac-and l, n, and m are material constants.
tions of tungsten from 5 to 20 pct. The model demonstratesThe strain rate in the loading direction is given by the
that (1) kink-band creep rates exhibit a weak dependencetransformation
on changes in a for low values of a; (2) kink-band creep

«‚a 5 «‚ zz cos2 a 1 «‚xx sin2 a 1 2«‚xz sin a cos a [12] rates increase rapidly with small changes in a, at intermedi-
ate values of a; and (3) at higher values of a (i.e., a . 60

Using Eqs. [8] through [11] in Eq. [12] gives[26]
deg), kink-band creep rates converge to values very close
to the matrix strain rate. It is evident that the upper-bound

«‚a 5 U 1
nc11

2 2 snc
c [13] calculations, that assume «‚ub

c 5 «‚m (represented by dotted
lines in Figure 8), display the same qualitative and virtually

For a particular temperature and fiber volume fraction, the the same quantitative functional dependence as the lower-
independent parameters l, n, and m (all in the units of bound calculations, that assume «‚ lb

c 5 vf «‚ f 1 (1 2 vf)«‚m
(MPa2nc s21)[2/(nc11)] are obtained from Eq. [13] by using (represented by solid lines in Figure 8).
three different creep tests on long-fiber composites with The tertiary kink model is applied to a composite with
fibers alignedat three different angles to the loadingdirection an initial kink angle of 2 deg and an initial kink fraction of
a, i.e., a1, a2, and a3, the details of which are discussed in 1/10. Figure 9 shows that the composite creep rate exhibits
Appendix A. three stages with increasing strain. In the first stage, the

Thus, using Eqs. [13], [11], [4], and [2] in Eq. [1], the composite creep rate remains almost constant. This region
isothermal compressive creep rate of a composite with a is associated with small rotations of the fibers in the kink
certain initial kink fraction and initial fiber misorientation band. In the second stage, the composite creep rate increases
in the direction of the applied composite stress is obtained as rapidly with composite strain. This is associated with the

rapid acceleration in fiber rotations in the kink band. In the
«‚ c 5 lk (l cos4 a 1 (l 2 n) sin2 a cos2 a [14] third stage, the composite creep rate converges to a new

steady state (’lk«‚90).1 m sin4 a)1
nc11

2 2 snc
c 1 (1 2 lk) Kcsnc

c The main results from this analysis are as follows.

(1) The critical threshold strain, defined by the completionwhere the parameters Kc and nc and l, m, and n, respectively,
describe the creep behavior of the unkinked (straight) region of stage 1 and onset of stage 2, varies inversely with

the volume fraction of the composite. This implies thatand the kink band of the composite. All these five parameters
implicitly depend on the volume fraction of fibers in the composites with higher volume fractions of reinforce-

ments are more susceptible to the onset of compressive-composite.
With deformation, the fibers rotate away from the loading creep instability in the form of kinking. This is because

the higher-volume-fraction composites exhibit greateraxis and a increases. This increases the creep-rate contribu-
tion from the kink band (Eq. [13]) and, thus, results in anisotropy in creep strengths, and, thus, fiber rotations

cause a relatively higher increase in creep rates.an increase in the composite creep rate. As the creep-rate
equations are implicit in nature, a numerical approach is (2) The new steady state is also reached at the smallest

composite strain by the composite with the highest vol-adopted to solve for the composite creep rates in an incre-
mental manner over a sequence of finite time steps, assuming ume fraction of fibers.

188—VOLUME 32A, JANUARY 2001 METALLURGICAL AND MATERIALS TRANSACTIONS A



(a)(a)

(b) (b)

Fig. 7—Variation of the kink-band creep parameters (a) m and (b) n (Eq.
[13]) with composite stress for different tungsten fiber volume fractions
for NiAl-W composites at 1025 8C. (The lower bound in Eq. [A4] is
represented by the solid line and open symbols, while the upper bound is
represented by dotted lines and filled symbols.)

(3) While a new steady state is predicted by this model to
occur in the third stage, it is unlikely that such a stage
might ever be reached in reality, as the problem moves
to the domain of large deformations, with the local
strains in the kink band being very inhomogeneous and
much larger than the composite strain. From a practical
viewpoint, it is of little interest to model this stage, as
the composite would be deemed to have failed soon
after the onset of the tertiary stage, where very large
accumulations in creep strain occur over a short period
of time.

(4) The upper-bound calculations (represented by dotted
(c) lines in Figure 9) follow the trends predicted by the

lower-bound calculations (represented by solid lines inFig. 6—Variation of the kink-band creep parameters (a) l, (b) m, and (c)
n (Eq. [13]) with composite stress for different tungsten fiber volume Figure 9). As expected, the upper-bound model predicts
fractions for NiAl-W composites at 1025 8C. (The lower bound in Eq. [A4] the onset of the second stage to occur at marginally
is used for this simulation.) lower composite strains and the composite creep rate to

converge to a new steady state that is marginally higher
than that predicted by the lower-bound model.
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(a)
Fig. 8—Calculated variation of the kink-band creep rate (Eq. [13]) with
fiber orientation with respect to the loading direction at 1025 8C, 120 MPa,
and for varying volume fractions of tungsten. (Solid lines represent lower
bound limit, while dotted lines represent the upper bound limit in Eq. [A4].)

(b)

Fig. 10—Predictions of the tertiary kink-band model (Eqs. [1], [2], and
[13]) for a NiAl-10 vol pct W composite: (a) with a constant initial kink
angle of 2 deg but with different initial kink fractions; and (b) with a
constant initial kink fraction of 1/10 but with different initial kink angles,

Fig. 9—Predictions of tertiary kink-band model (Eqs. [1], [2], and [13]) each figure showing composite creep rates as functions of composite strain
for NiAl-W composites with an initial kink angle of 2 deg and an initial under an applied composite stress of 120 MPa. (Solid lines represent lower
kink fraction of 1/10 showing composite creep rate as a function of compos- bound limit, while dotted lines represent the upper bound limit in Eq. [A4].)
ite strain under an applied composite stress of 120 MPa. (Solid lines
represent lower bound limit, while dotted lines represent the upper bound
limit in Eq. [A4].)

behavior due to changes in initial kink angles from 1 to 4
deg at a constant initial kink fraction of 1/10 at 1025 8C,
120 MPa, and 10 pct W. This figure shows that the criticalFigure 10(a) examines the effect on the composite tertiary

behavior due to changes in initial kink fraction from 1/20 strain threshold for the onset of stage 2 varies inversely with
the initial kink angle. This is because, for a composite withto 1/5 at a constant initial kink angle of 2 deg at 1025 8C,

120 MPa, and 10 pct W. This figure shows that the critical a given volume fraction of reinforcement, there exists a
critical threshold for the kink angle a above which the mate-strain threshold for the onset of stage 2 remains almost

invariant with changes in the initial kink fractions. However, rial moves into the tertiary regime. If the initial kink angle
is larger, then the material reaches this threshold value at athe steady states in stage 3 are different for the different

composites. The composite with the highest initial kink frac- lower value of composite strain. Also, all composites con-
verge to the same steady-state creep rate at the end of stagetion converges to the highest creep rate. This is because the

strain-rate contribution from the kink band in stage 3 is 2. This is because the kink fraction is the same for all the
composites. From Figures 10(a) and (b), it is evident thatabout lk«‚ 90.

Figure 10(b) illustrates the effect on the composite tertiary the upper- and lower-bound models predict qualitativelyand
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Fig. 12—Creep curve predicted by the tertiary kink-band model (Eqs. [1],
Fig. 11—Creep curves as predicted by the tertiary kink-band model (Eqs. [2], and [13]) and as measured in the 715 8C experiment on a NiAl-10 vol
[1], [2], and [13]) and as measured in experiments 14 (15 vol pct W) and pct W composite (experiment 20 in Ref. 16) at 300 MPa.
15 (16 vol pct W). The composite primary creep predictions are from Ref.
15. (Solid lines represent lower bound limit, while dotted lines represent
the upper bound limit in Eq. [A4].)

expected to decrease and, thus, would reduce the composite
creep rate and increase the time for onset of the tertiary stage.

Compression-creep experiments were also performed on
the NiAl-W system at 715 8C at 300 MPa and are reportedquantitatively similar results for the composite tertiary
in Reference 16. For these experiments, no tertiary behaviorbehavior.
was observed. The secondary creep rate observed in experi-
ment 20 in Reference 16 with 10 vol pct W exhibited the2. Experimental verification of the fiber-kinking model

In compression-creep experiments conducted on NiAl best correlation to the model predictions based on the rule
of mixtures (Eq. [2]) and, hence, is selected for comparisoncomposites reinforced with 5 to 20 vol pct W, brooming and

bulgingwere the most common modes of deformation (Table with the tertiary model discussed in this article. As the NiAl-
W composite samples tested at 715 8C were fabricated byI). In two cases (14 and 15, Figure 2), the NiAl-W composite

samples with tungsten volume fractions of 15 and 16 pct the same technique that was used to obtain the samples for
the 1025 8C experiments, the initial fiber-defect geometryand a sample aspect ratio of 4, subjected to an initial stress

of 120 MPa at 1025 8C, exhibited pure kinking. Figure in the 715 8C experiments is expected to be identical to that
which was present in the 1025 8C experiments. Hence, using11 compares the measured creep curves with theoretical

predictions, assuming an initial kink angle of 1 or 2 deg and the 715 8C matrix and fiber creep parameters (Eq. [3]) that
were experimentally determined and reported in Referenceusing the experimentally determined kink fraction of 1/10

(Figure 3(f)). The primary creep behavior of the matrix and 16, initial kink angles of 1 or 2 deg, and an initial kink
fraction of 1/10, the fiber-kinking model is derived for boththe fiber are incorporated in the model predictionsas well.[15]

In general, there is fair agreement between theory and experi- the upper- and lower-bound conditions (Eq. [A4] and Figure
12). The fiber-kinking model does not predict a tertiaryments. The experimentally observed creep behavior for the

15 pct W composite lies in between the model predictions behaviorwithin the first 40 pct (shown up to 14 pct in Figure
12) of composite-creep strain, consistent with experimentalthat assume an initial kink angle of 1 and 2 deg, while,

for the 16 pct W composite, the experimentally observed observation. Because both the NiAl matrix and the W fiber
are considerably more creep resistant at 715 8C than at 1025behavior is closer to the model prediction that assumes an

initial kink angle of 1 deg. 8C, the kink-band creep rates at 715 8C are much lower than
those observed at 1025 8C. Hence, the onset of stage 2 (asThe differences between the predicted and observed creep

behavior (Figure 11) can be explained as arising from the seen in Figure 9 for 1025 8C) is expected to occur when the
composite strains are much greater than at 1025 8C. (At thismodel assumptions that local shear strains in regions where

fibers are misaligned are transmitted fully and immediately stage, the experiment can no longer be considered to be a
creep experiment, where the typical strains accumulated areto all other fibers, and, thus, the kink band sweeps through

the entire width of the sample. In reality, the kink bands are on the order of a few percents). The marginal decrease in
the composite-creep secondary creep rate observed in thenot expected to traverse the entire width, especially at the

early stages. Hence, it takes a longer time for the kink band experiment (Figure 12) is attributed to the decrease in com-
posite stress with deformation.to fully develop and for the fibers in the kink band to rotate

past the critical threshold angles. Additionally, the model Thus, the presence and absence of a tertiary stage in the
NiAl-W composite-creep behavior, respectively, at 1025 8Csimulations assumed constant stress conditions, while the

experiments were performed under constant initial load con- and 715 8C can be considered in a self-consistent manner
using the fiber-kinking model.ditions. With creep deformation, the composite stress is
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Fig. 14—Predictions of the buckling model (Eq. [13]) for a NiAl-W com-
posite with varying volume fractions of tungsten (for the case when the
initial kink angle is 2 deg) at 1025 8C and an applied stress of 80 MPa
showing composite creep rate as a function of composite creep strain. (Solid
lines represent lower bound limit, while dotted lines represent the upper
bound limit in Eq. [A4].)

Fig. 13—Schematic of fiber buckling model: (a) composite with curved,
buckled fibers; (b) multilayerd composite approximating case (a); and (c)
bilayered composite used in the model.

B. Model for composite deformation by fiber buckling

For NiAl-W composites produced by reactive infiltra-
tion,[16] there could be fiber waviness (illustrated schemati-
cally in Figure 13(a)) due to (1) nonuniform layup of
tungsten fibers in the porous nickel-wire preform prior to
infiltration; (2) inhomogeneous infiltration forces that are
generated in the nickel preform upon infiltration; and (3)
elasto-plastic curvature induced by thermal-mismatch

Fig. 15—Predictions of the fiber buckling model for a NiAl-W compositestresses developed upon cooling the composite from 1638
with varying volume fractions of tungsten (for the case when the initial8C to room temperature during processing and upon heating kink angle is 2 deg) at 1025 8C and an applied stress of 80 MPa showing

to test temperatures. composite creep strain as a function of time. (The model predictions do
A composite with buckled fibers can be treated, in the not incorporate the primary creep of the NiAl matrix or the tungsten fibers.

Solid lines represent lower bound limit, while dotted lines represent themost general case, as a multilayered composite (Figure
upper bound limit in Eq. [A4].)13(b)), or, in the simplest case, as a two-layered composite,

each layer with fibers that are straight but misoriented with
the loading direction (Figure 13(c)). For the purpose of
illustration, the latter case is investigated,where the compos- to about 2 deg, with a median misorientation of 1 deg. The

procedures adopted in measuring the misorientation anglesite is modeled as two large kink-bands symmetric about the
midsection of the sample and spanning its entire height. are discussed in detail in Reference 14. As expected, the

composite creep rate increases with deformation (Figure 14)Hence, all of the assumptions presented earlier for the kink-
band model apply to this buckling model as well, and the as a result of fiber rotations within the kink band. The

calculated creep curves (Figure 15) indicate the presence ofcomposite creep rate is given by Eq. [13].
The tungsten fibers extracted from a typical NiAl-W com- a critical strain above which deformation is very rapid and

which varies inversely with the volume fraction of fibers inposite by dissolving the matrix exhibit curvatures that can
be well approximated by a two-layered composite model the composite, as in Figure 9. As the fiber volume fraction

increases, the difference in the critical time for the onset of(Figure 3(b)). The angles of misorientation range from ,1
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Fig. 17—Predictions of the buckling model (Eq. [13]) for a NiAl-7 pct W
composite at 1025 8C and 80 MPa, showingevolutionof fiber misorientation
as a function of composite creep strain for different initial fiber orientationFig. 16—Creep curves as predicted by the buckling model for different
and compared to experiment 2. (Solid lines represent lower bound limit,volume fractions and for different initial fiber orientations for 7 pct W,
while dotted lines represent the upper bound limit in Eq. [A4].)compared to experiment 2. (The model predictions do not incorporate the

primary creep of the NiAl matrix or the tungsten fibers. Solid lines represent
lower bound limit, while dotted lines represent the upper bound limit in
Eq. [A4]. The 5 and 10 pct W composite curves were obtained using an
initial fiber misorientation angle of 1 deg.)

the tertiary stage, predicted by the upper-bound (dotted lines
in Figure 15), and the lower-bound models (solid lines in
Figure 15) becomes more significant.

In Figure 16, the buckling-model predictions (Eq. [13])
are compared to experiment 2, which is the only case where
buckling of the fibers was observed (Figure 3(e)). Using the
initial fiber misorientation of 1 deg, reasonable agreement
is found between the experiment and model predictions. The
sensitivity of the composite strains to the initial misorienta-
tion of fibers is examined in Figure 16 for fiber misorienta-
tions from 1 to 4 deg. This figure shows that the sensitivity
increases with increasing strain levels, as indicated by the
divergent creep curves.

Finally, the evolution of fiber rotation with deformation
is illustrated in Figure 17 for a NiAl-7 vol pct W composite
at 80 MPa. This figure shows that both the upper-bound Fig. 18—Analysis of fiber orientations in experiment 2, 1025 8C and 80
model and the lower-bound model predict that the fibers MPa after 8.5 pct creep strain.
with an initial misalignment of 1 deg will rotate to attain a
new orientationof 2 deg at a strain of 8.5 pct. The experimen-
tal observation of the deformed fibers also indicates the following the multilayered construct (Figure 13(b)), by

applying the same procedure to each layer and computingfiber rotations to be approximately 2 deg (Figure 18), thus
demonstrating reasonable agreement of the model predic- the average strain rate of each layer weighted by their corres-

ponding length scales to obtain the composite creep rate.tions with the experimental results.
As discussed in the earlier section, the 715 8C simulations Second, the model assumes that fiber deformation occurs in

one plane. However, out-of-plane deformations have been(at 300 MPa) for identical initial fiber geometries indicate
that the tertiary stage does not occur in the experimentally observed, so that a three-dimensional formulation would be

required for a more accurate analysis. Third, the initial fibermeasured creep-strain range, in agreement with experimen-
tal observations.[16] imperfection is taken to be symmetric about the midsection

of the sample, so that fiber deflections evolve in a symmetricFinally, the limitations of the buckling model are
addressed as follows. First, the model approximates a com- manner with deformation; asymmetry in the initial fiber

configuration needs to be addressed. Fourth, local matrixposite with curved fibers as a bilayeredcomposite with fibers
that are straight but misaligned (Figure l3(c)) and computes stresses generated by deflecting fibers[27] and their effects

on the composite creep are assumed to be negligible. Fifth,an upper bound to the steady-state strain rates. A more
accurate but computation-intensive analysis could be done some of the tungsten fibers have been observed to kink
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locally, while others buckled globally (experiment 8). Such compositeswith large fiber diameters (.100 mm), the effects
of dislocation interaction at the fiber-matrix interface arecomplex mixed modes cannot be modeled with the pres-

ent formulation. expected to be small and can be ignored. As the experiments
in this investigation have been performed on the NiAl-W
composite system, where the NiAl/W interface is strong andV. CONCLUSIONS
the fiber diameter is large (250 mm), the choice of Eq. [2]The high-temperature uniaxial compression-creep behav- as representing the composite creep rate for a1 5 0 deg.ior of unidirectionally reinforced continuous-fiber compos- is justified.ites was investigated using NiAl-W as a model system for For the second test, we chose a2 5 90 deg. Here, twothe case where both the NiAl matrix and the tungsten fibers limiting cases can be identified: (1) an upper bound, or anunderwent plastic deformation by creep. While, in general, overestimate, where the composite creep rate «‚ub

c can be setthese composites exhibitedclassical three-stage creep behav- equal to the matrix creep rate,ior with distinct primary, secondary, and tertiary stages, this
«‚ub

c 5 «‚m [A1]article focused on their tertiary creep behavior.

1. Microstructurally, tertiary creep was characterized by and (2) a lower bound, or an underestimate, where the com-
four fiber-deformation mechanisms (i.e., brooming, bulg- posite creep rate «‚ lb

c can be taken to be equal to the average
ing, buckling, and kinking), all of which involved fiber of that of the matrix and the fiber, weighted by their respec-
deflections away from the loading axis. Buckling and tive volume fractions as
kinking were typically characterized by in-plane fiber «‚ lb

c 5 vf «‚ f 1 (1 2 vf)«‚m [A2]
deflections and represented the bulk behavior of the com-

For fiber composites with strong interfaces, even though theposite. Brooming and bulging were typically character-
fibers are oriented at 90 deg to the loading axis, some creepized by axi-symmetric fiber deflections and displayed a
strengtheningis expecteddue to load transfer from the matrixstrong dependenceon the local stress states at the regions
to the fiber, and, thus, the composite creep rate is expectedof applicationof the compressive stresses and were classi-
to be lower than that of the matrix. On the other hand, thefied as end-effect phenomena.
degree of strengthening is expected to be lower than that2. A simple kink-band model was developed that predicted
offered by a lamellar (plate-like) composite of the same(1) the critical strain for the onset of the tertiary stage to
volume fraction, as the matrix flow around the lamellae isbe most sensitive to the initial kink angles and relatively
strictly restricted in this iso-stress/lower-bound model (Eq.insensitive to the initial kink-band heights, and (2) the
[A2]). Thus, the true creep rate of the composite where thecritical strain to vary inversely with the volume fraction
fibers are orientated at 90 deg to the loading axis is expectedof fiber in the composites. For the two experiments where
to be lower than that of the matrix (Eq. [A1]) but higherfiber kinking was observed, reasonable agreement with
than that predicted by Eq. [A2]. However, for compositesthe model predictions was obtained.
where the matrix creep rate dominates over that of the fiber3. By extension of the kink-band model, the effects of fiber
and the fiber volume fractions are low, the results predictedbuckling were also examined. For the experiment where
by the upper-bound model do not vary significantly fromfiber buckling was observed, reasonable agreement with
those predicted by the lower-bound model.the model predictions was obtained.

For the third test, we chose a3 5 89 deg and set the4. At 715 8C, the fiber kinking/bucklingmodels do not predict
composite creep rate at a3 5 89 deg as equal to that for a2a tertiary stage in the compressive-creep behavior of NiAl-
5 90 deg. That this is a reasonable approximation is borneW composites, consistent with experimental observations.
out by an inspection of the results of the creep experiments
of Miles and McLean (Ref. [A2]) in the (Co,Cr)-(Co,Cr)7C3ACKNOWLEDGMENTS
system at 825 8C with different fiber orientations, where,This work was supported by the National Science Founda- for large values of a (.60 deg), the observed composite

tion through Grant No. MSS 9201843, monitored by Dr. creep rate converged to the composite creep rate correspond-
B. McDonald. The authors also acknowledge the financial ing to a 5 90 deg. While the parameters l and m can besupport of the Department of Materials Science and Engi- determined from the 0- and 90- deg experiments, v can beneering, MIT, in the form of teaching assistantships BrTAV rigorously obtained by choosing the 40- or 60- deg experi-
and the AMAX career development chair BrDCD. One of ments. If, however, we ignore the real (40 or 60 deg) experi-
the authors (TAV) also acknowledges Professor S. Suresh ments and choose a virtual (89 deg) experiment and set thefor funding in the form of a postdoctoral position at MIT composite creep rate at a3 5 89 deg as equal to that for a2during which time this article was completed.

5 90 deg, we note that, qualitatively and quantitatively, the
functional dependence of the kink-band creep behavior with

APPENDIX A fiber orientation to the loading direction does not change
significantly (Figure A1). Thus, for the purpose of illustra-For determining the three material constants (l, n, and

m) that describe the kink-band deformation, three creep tests tion and without loss of generality, we set the composite
creep rate at a3 5 89 deg as equal to that for a2 5 90 deg.on composites with fibers aligned at three angles to the

loading direction, i.e., a1, a2, and a3 are required. In summary, while the mathematics of Johnson’s model
require three different creep tests, we invoke the physicalFor the first test, we chose a1 5 0 deg. The composite

creep rate is then predicted exactly by Eq. [2], for composites argument that the composite behavior is virtually invariant
with changes in a at large values of a, and, thus, in effect,with strong fiber/matrix interfaces.[7] It has also been demon-

strated (Ref. [A1]) that the zone of dislocation interaction we reduce the model to a two-parameter model.
By applying the first test (setting a 5 0 deg in Eq. [11]with the fibers is on the order of about 1 mm. Hence, in
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Fig. A1—Comparison of experimental results of Miles and McLean (Fig. Fig. A2—Variation of n with choice of a between 80 and 89 deg for the
A2) with theoretical values of U(a) calculated from Eq. [11] using 40 and determination of the third boundary condition, for different tungsten fiber
60-deg experiments and the proposed methodology with a 5 89 deg. volume fractions at composite stresses of 80 and 120 MPa for NiAl-W

composites at 1025 8C.

and using Eqs. [4] and [11] in Eq. [13], the parameter l is
obtained as APPENDIX B

Upon the application of a compressive stress to a kinkl 5 K1 2
nc112

c [A3]
band that has fibers misoriented at an angle of a with respect
to the loading axis, the fibers tend to rotate away from theBy applying the second test (setting a 5 90 deg in Eq. [11]
loading axis. The procedure that has been used to track thisand using Eqs. [A1] and [A2] in Eq. [13]), the parameter m
fiber rotation is discussed as follows. Let OA (Figure B1)is obtained as
and a0 represent the initial length and initial misorientation
of the fibers in the kink band. Assuming the creep rate of

m 5 1«‚90

snc
c
2
1 2
nc112

[A4] the kink band in the loading direction (given by Eq. [13])
to be constant in an infinitely small time interval, the kink-

where «‚90 5 «‚ub
c or «‚ 90 5 «‚ lb

c , depending on the choice of band displacement in the loading direction is computed as
the two limiting cases discussed previously.

Using Eq. [11] in Eq. [13], the constant v is obtained in
the general form as

n 5 l 1 11
«‚a

snc
c
2
1 2
nc112

2 l cos4 a 2 m sin4 a

sin2 a cos2 a 2 [A5]

Setting a 5 89 deg in Eqs. [11], [13], and [A5], using Eq.
[A4], and invoking the physical argument that «‚89 ’ «‚90,
the particular solution for v is obtained as

n 5 l 1 1m 2 l cos4 89 deg 2 m sin4 89 deg
sin2 89 deg cos2 89 deg 2 [A6]

(In the limit a ® 90 deg Eq. [A6] gives n ® l 1 2m).
The sensitivity of n to the choice of a between 80 and

89 deg (with the corresponding «‚ (80 to 89) ’ «‚ 90) is examined
in Figure A2, for composites with fiber volume fractions
between 5 and 20 pct at 80 and 120 MPa. It can be concluded
from this analysis that v does not vary significantly with the
choice of a (for values of a between 80 and 89 deg).
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