PII:

Acta mater. Vol. 47, No. 17, pp. 4275±4282, 1999
# 1999 Acta Metallurgica Inc.
Published by Elsevier Science Ltd. All rights reserved.
Printed in Great Britain
S1359-6454(99)00308-0
1359-6454/99 $20.00 + 0.00

A MODEL FOR THE LONGITUDINAL PRIMARY CREEP
OF A LONG-FIBER COMPOSITE
T. A. VENKATESH{ and D. C. DUNAND{
Department of Materials Science and Engineering, Massachusetts Institute of Technology, Cambridge,
MA 02139, U.S.A.
(Received 12 March 1999; accepted 13 August 1999)
AbstractÐThe longitudinal primary creep of long-®ber composites is modeled by considering the transient
stress states arising from load transfer from the weaker matrix phase to the stronger ®ber phase as the
composite transitions from the elastic state present immediately after loading to steady-state stage where
both phases creep. The eect of primary creep of each of the phases on the primary creep of the composite
is also taken into account. The model is evaluated for the NiAl±W system for which the primary creep of
tungsten ®bers is quite signi®cant. The composite primary creep strain is predicted to be signi®cant at high
applied composite stresses and for high ®ber volume fractions and primary creep time is found to be
uniquely related to the composite steady-state creep rate. The model is veri®ed with 10258C compressive
creep experiments in the NiAl±W composite system. Good agreement between model predictions and experiments is obtained when the observed composite steady-state creep behavior converges to the steadystate predicted for materials in which both phases experience creep deformation. # 1999 Acta Metallurgica Inc. Published by Elsevier Science Ltd. All rights reserved.
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1. INTRODUCTION

Unidirectional long-®ber composites with their
promise of high speci®c strength, stiness and creep
resistance have been the subject of considerable
research eort. Their ambient temperature elastic
and elasto-plastic properties in the longitudinal and
transverse directions are well understood [1]. The
high temperature creep behavior of composites
reinforced with elastic ®bers has been accurately
modeled as well [2]. Composites reinforced with
creeping ®bers have been investigated mostly for
the particular case where the life of the composite is
dominated by the secondary creep regime.
Continuum level mechanical models that correlate
the secondary creep of the individual constituents
with that of the composite have been developed and
validated with experiments for a variety of metal
matrix composites [2]. Since the primary creep of
monolithic homogeneous materials [3] and ceramic
®bers can be signi®cant [4±6], a more general solution that incorporates the primary creep of the individual constituents of the composite needs to be
developed.
McDanels [7] postulated qualitatively that ®ber
composites might exhibit primary creep transients
due to a combination of load-transfer eects and
{To whom all correspondence should be addressed.
{Present address: Department of Materials Science and
Engineering, Northwestern University, Evanston, IL
60208, USA

primary creep of the matrix and the ®ber. Blank [8]
analyzed the composite primary creep behavior for
the particular case where the matrix and ®ber creep
rates follow liner stress dependence. Park and
Holmes [9] reported ®nite element results for the
creep of ®ber reinforced ceramic composites for the
case where the matrix creep rate displays power-law
stress dependence, but the ®ber creep rate decreases
monotonically with time and exhibits a linear stress
dependence. DeSilva [10] developed a model and
compared it with the copper±tungsten system for
the case where the tungsten ®ber and the copper
matrix creep rates exhibit non-linear stress dependence, as discussed in more detail later.
The objectives of the present investigation are to
develop and experimentally validate a general mechanics model for the longitudinal primary creep
behavior of long-®ber composites, taking into
account the eects of load transfer and creep of
both phases. First, a model for the creep of long®ber composites is derived for the general case
where both ®ber and matrix undergo time-independent elastic deformation as well as time-dependent
plastic deformation by primary and secondary
creep. Second, the model is numerically evaluated
using the NiAl±W system for the case where tungsten ®bers exhibit signi®cant primary creep while
that of the NiAl matrix is negligible. Third, the
model is compared to the model developed earlier
by DeSilva [10]. Finally, the model predictions are
compared to experimental results from creep tests
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on NiAl composites reinforced with low volume
fractions of tungsten ®bers.

Upon applying a compressive stress to the composite, the matrix and ®ber stresses, at all times, are
governed by mechanical equilibrium:
scomp  vf sf  vm sm

2. MODEL

The instantaneous elastic/elasto-plastic response
as well as long-term creep behavior of unidirectional continuous ®ber reinforced systems
loaded in uni-axial compression [Fig. 1(a)] is modeled using a simple one-dimensional, non-linear
spring±dashpot model [Fig. 1(b)]. The model developed here for uni-axial compression is equally valid
for uni-axial tension. The springs and the dashpots
capture the elastic and creep responses of the constituent phases, respectively. In developing the
model, the following assumptions are made:
1. The in-plane material behavior (i.e. in the y±z
plane) is representative of the bulk behavior of
the composite.
2. Perfect bonding exists between the ®ber and the
matrix without interfacial slippage so that strain
compatibility is maintained at all times during
deformation.
3. The constituents are stress-free prior to loading.
4. Fibers are perfectly straight and parallel to the
applied stress direction. In compression, no
bending moments are introduced into the system.
5. Fiber volume fraction is low enough that inter®ber interactions are negligible, allowing the use
of a unit cell with a single ®ber.
6. End eects are negligible.
7. The elastic and plastic Poisson's ratios of both
constituents are identical.
8. Upon loading, the instantaneous elastic solutions
for ®ber and matrix stresses are valid.

1

where subscripts m and f represent matrix and
®ber, respectively, and vm=1ÿvf.
For a constant stress creep experiment where the
composite stress scomp remains invariant with time,
equation (1) yields
 
vf
s_ m  ÿ
s_ f
2
vm
where s_  ds=dt. The steady-state, or secondary,
creep rates of the matrix and the ®ber follow
power-law behavior with stress exponents n:
_E i ss  Ki si ni

3

where _E i ss represents steady state, or secondary,
strain rate, subscript i represents matrix or ®ber,
and K is a constant that accounts for microstructural eects and activation energies for creep deformation. The strain (E) and strain rate E_ 
compatibility between the matrix and ®ber dictate:
Ei  Ecomp

4

E_ i  E_ comp :

5

At any given time the total strain in the matrix and
®ber consists of elastic and plastic components:
Ei  Eelastic
 Eplastic
i
i

6

where the plastic component has contributions from
the primary transient and secondary steady-state
creep regimes. The elastic strain is given by Hooke's
law:

Fig. 1. Schematic of primary creep model.
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Eelastic

i

si
:
Ei

7

The plastic strain can be modeled as
Eplastic
jsconstant  _E i ss t  qi t1=3
i

qi  q0i  q1i si

9

where the constants q0i and q1i can be determined
from experiments.
From equations (8) and (9), the total plastic
strain that accumulates under conditions of varying
stresses is



t
1
plastic
ÿ2=3
Ei
q0i  q1i si t

 _E i ss dt: 10
3
0
Introducing equations (7) and (10) in the straincompatibility condition of equation (4) leads to


t
sm
1
q0m  q1m sm tÿ2=3  Km sm nm dt

Em
0 3


t
sf
1
nf
ÿ2=3

q0f  q1f sf t

 Kf sf  dt 11
Ef
0 3
where the left-hand side of the equation represents
the total matrix strain, consisting of a ®rst elastic
term and a second plastic term, and the right-hand
side is the total ®ber strain.
Using equation (11) in the strain-rate compatibility condition, equation (5):
s_ m 1
 q0m  q1m sm tÿ2=3   Km sm nm
Em 3


s_ f
1
 q0f  q1f sf tÿ2=3   Kf sf nf
3
Ef

method for ®ber stress as a function of time, subject
to the initial condition that upon loading at time
t=0, the stress in the ®ber is
scomp

sf jt0  
Em
vf  vm
Ef

8

where the primary creep transient is described with
Andrade time law with an exponent of 1/3 [11] and
qm, for the purpose of illustration and without any
loss in generality, is taken as a constant that exhibits a linear dependence with stress:

12

where the left-hand side of the equation represents
the total matrix strain rate, consisting of a ®rst elastic-rate term and a second plastic-rate term, and the
right-hand side is the total ®ber strain rate.
Introducing equations (1) and (2) in equation
(12) and rearranging yields

14

as dictated by the elastic solution, where equations
(1), (4) and (7) were used.
The composite strain rates and strains are then
computed as functions of time from equations (11)
and (12). At very long times, the composite creep
rate is expected to converge to the corresponding
steady-state creep rate E_ ss given by McLean [2] as

scomp  vf

E_ ss
Kf

1=nf

1=nm

E_ ss
1 ÿ vf 
:
Km

15

The steady-state ®ber and matrix stresses are then
given as


E_ ss
si jss 
Ki

1=ni

:

16

If the matrix primary is insigni®cant, i.e. Eprimary
 0,
m
equation (13) can be rewritten as
s_ f 
0
B Km
B
B
@



scomp ÿ sf vf
vm

1
1
ÿKf snf f  ÿq0f ÿ q1f sf tÿ2=3 C
3
C
 
C
1
vf 1
A

Ef
vm Em

 nm

17
and solved numerically for composite strain rates
and strains as indicated above.
DeSilva [10] models the primary creep of long®ber composites (Appendix A) using the principle
of virtual displacements assuming the stress relaxation in the matrix to be accommodated entirely by
elastic strains [equation (A3)]. DeSilva's model can
be compared to the model presented in this paper
by using explicit expressions for the matrix and
®ber strains:
Em sm , t 

sm

Em

t
0

Km sm nm dt

9
8 





scomp ÿ sf vf nm
1
scomp ÿ sf vf
>
>
nf
ÿ2=3
>
>
>
>
ÿ q0f ÿ q1f sf t
q0m  q1m
ÿKf sf 
=
< Km
3
vm
vm
 
s_ f 
:
1
vf 1
>
>
>
>
>
>

;
:
vm Em
Ef

In the most general case for any arbitrary value for
nm and nf, this dierential equation does not lend
itself to an analytical solution. Hence it is solved
numerically using the standard Runge±Kutta
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Ef sf , t 

sf

Ef

t
0



18

13


1
q0f  q1f sf tÿ2=3  Kf sf nf dt:
3
19
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Table 1. 10258C input parameters for the primary creep model [12±14]. Measured stress range in parentheses
Property
E (GPa)
K (/MPan s)
n
q0 (/MPa)
q1 (/MPa)

NiAl

W

128 GPa [15]
6.3710ÿ14 (15±32 MPa)
5.6
0
0

366 GPa [15]
3.4810ÿ26 (450±720 MPa)
6.77
ÿ2.8210ÿ4
8.6410ÿ7

Introducing equations (18) and (19) with only the
plastic component of strain (i.e. with the terms si/Ei
set to zero), in equations (A6), (A7) and (A12), the
rate of change in the matrix stress with time
obtained from DeSilva's approach also transforms
to equation (17) developed in this work. Thus,
despite the dierent derivation paths taken in the
two approaches, the expressions for the evolution
of ®ber and matrix stresses with time are the same,
as the fundamental strain compatibility criterion
between the deforming phases are satis®ed in both
approaches.
We could also model the case of weak interfaces
that could allow for slip across the ®ber±matrix
interface, for which the strain-compatibility criterion may not necessarily hold. In this case the
results from the two approaches would be dierent.
However, we do not address such a case as our experimental results have been obtained from a system that exhibits strong interfaces.
3. APPLICATION OF THE MODEL TO NiAl±W
COMPOSITES

The model developed in the previous section is
applied to characterize the creep response of a
NiAl±W composite under a compressive stress of
120 MPa at 10258C where both phases are expected
to creep. The various input parameters are given in
Table 1 and were measured independently on NiAl
and tungsten [13].

Fig. 2. Modeling the evolution of stresses in NiAl and
tungsten from the primary to secondary stage for a NiAl±
15 vol.% W composite at 10258C and under a stress of
120 MPa.

As shown in Fig. 2, upon loading a 15 vol.%
tungsten composite to 120 MPa, the stresses in the
®ber and matrix evolve from their elastic values of
268 and 94 MPa [equation (14)] to their respective
steady-state values of 700 and 18 MPa [equation
(16)] over a time-scale of 10,000 s. As there is a
singularity in the stress solution at time t=0, the initial time used in numerical simulations is set at
0.001 s. The subsequent time-steps for the numerical computations are typically on the order of 1 s.
Over the same time-span, the contribution to
total ®ber strain rate from the elastic and plastic
(i.e. primary and secondary) parts is illustrated in
Fig. 3. At very short times (t < 4 s) the elastic strain
rate term dominates, while at longer times (t >
2000 s) it becomes vanishingly small. This is to be
expected as the ®ber stress changes rapidly at short
times and remains virtually unchanged at longer
times (Fig. 2). At short times, the primary part of
the plastic rate dominates over the secondary part
of the plastic rate while at longer times, the secondary term dominates and determines almost entirely
the total ®ber strain rate [equation (12)].
The composite creep strains can then be calculated as a function of time under three dierent
conditions, as shown in Fig. 4.
a. Using McLean's model [equations (3) and (10)
with qm=0] assuming the composite reaches a
steady-state instantaneously upon loading. In
this case the creep curve is linear in time as the

Fig. 3. Model predictions for the evolution of primary and
secondary contributions to the ®ber creep rate in a NiAl
composite with 15 vol.% W at 120 MPa and 10258C.
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Fig. 4. Model predictions for the composite creep strain as
a function of time with and without tungsten primary contribution (120 MPa, 15 vol.% W, 10258C).

Fig. 6. Model predictions for the variation of composite
primary time (with tungsten primary contribution) with
applied composite stress.

composite creeps at a constant steady-state strain
rate from t=0 [equation (15)].
b. Using the present model, but ignoring the primary creep regime in tungsten [equation (17)
with qf=0]. Then, the composite creep curve
exhibits a primary region due solely to load
transfer from matrix to ®ber (Fig. 2), followed
by a secondary region where the creep rate
remains constant and equal to the steady-state
strain rate [equation (15)].
c. Using the present model, but incorporating the
primary creep regime in tungsten [equation (17)].
In this case, the composite exhibits a primary
region that is more pronounced and extended
over longer times compared to case (b) and followed by a secondary region. As expected, the
composite creep strain predicted by this model is
higher than for case (a) or (b) above.

. Total primary-creep strain accumulated by the
composite Ep (Fig. 4) de®ned as the total strain
that is accumulated by the composite while the
plastic primary region is dominant.
. Total time over which the primary region is
dominant tp (Fig. 3) de®ned as the time over
which the primary plastic-rate contribution is
greater than the secondary plastic-rate contribution (Fig. 3).

This model (case c) is then applied to systematically
investigate the primary creep behavior of NiAl±W
composites at 10258C for a range of stresses (100±
130 MPa) and ®ber volume fractions (5±20 vol.%).
The two most important parameters that characterize the composite primary regime are:

Fig. 5. Model predictions for the variation of composite
primary creep strain (with tungsten primary contribution)
with applied composite stress.

The primary creep strain Ep exhibits a complex
dependence with changes in applied stress and reinforcement volume fraction at a given temperature
(Fig. 5). This is because primary creep strains are
integrated from strain-rate transients whose dependence on the composite stresses and volume fractions is complex.
The primary time tp on the other hand, decreases
with applied stress for the four volume fractions
investigated (Fig. 6). As shown in Fig. 7, tp can
be uniquely related to the steady-state strain rate
of the composite through the following empirical
relation:

Fig. 7. Model predictions for the variation of composite
primary time (with tungsten primary contribution) with
the composite steady-state strain rate and empirical ®t
(same symbols as Fig. 6).
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Fig. 8. Comparison of theoretically predicted with experimentally observed creep behavior of NiAl composites
with 6 and 7 vol.% W (experiments 1 and 2, respectively,
in Ref. [13]) at 80 MPa and 10258C.

Fig. 10. Comparison of theoretically predicted with experimentally observed creep behavior for NiAl composites
with 12 vol.% W (experiment 9 in Ref. [13]) at 120 MPa
and 10258C.

tp _E ss n  l

In most cases (Figs 8±13), experimentally
obtained creep curves exhibit reasonable agreement
with model predictions for the spectrum of volume
fractions investigated. For cases where there exists a
good correlation between the predicted and the
observed steady-state creep rates, there is also a
good correlation between the predicted and
observed primary creep strains [12, 13]. As the
strain-rate transients converge to the predicted
steady-state creep rates the primary creep strains
computed by integration of strain-rate transients
are also expected to converge to the observed
values.
Reasons for the observed discrepancy between experiments and model predictions are discussed as
follows:

20

where the parameters n and l are 1.1 and 6  10ÿ4/
s0.1, respectively, for the range of parameters studied here.
4. EXPERIMENTAL VERIFICATION OF MODEL

The primary and secondary creep behavior of
NiAl and tungsten ®bers were characterized at
10258C, as reported in detail in Refs [12±14]. It was
found that NiAl exhibited negligible primary creep
while the primary creep of tungsten was signi®cant
and could be described by the Andrade time law
[equations (8) and (9)] with an exponent of 1/3.
Creep parameters of NiAl and tungsten are summarized in Table 1. Compression creep experiments
were carried out on NiAl reinforced with 6±
16 vol.% of tungsten ®bers [12±14] at two dierent
stress levels, 80 and 120 MPa. Figures 8±13 show
the primary creep sections of a selection of creep
curves reported in Ref. [13].

Fig. 9. Comparison of theoretically predicted with experimentally observed creep behavior of NiAl composites
with 8, 9 and 10 vol.% W (experiments 4, 5 and 6, respectively, in Ref. [13]) at 80 MPa and 10258C.

1. The NiAl±W composites were fabricated through
the reactive in®ltration process as described in
detail in Ref. [13]. Due to the high temperatures
involved in this processing technique, the tungsten ®bers were partially recrystallized. As the
tungsten creep results were obtained from exper-

Fig. 11. Comparison of theoretically predicted with experimentally observed creep behavior of NiAl composites
with 14 vol.% W (experiment 13 in Ref. [13]) at 120 MPa
and 10258C.
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Fig. 12. Comparison of theoretically predicted with experimentally observed creep behavior of NiAl composites
with 15 vol.% W (experiment 14 in Ref. [13]) at 120 MPa
and 10258C.

Fig. 13. Comparison of theoretically predicted with experimentally observed creep behavior of NiAl composites
with 16 vol.% W (experiment 15 in REf. [13]) at 120 MPa
and 10258C.

iments on unrecrystallized tungsten, the eects of
recrystallization have not been incorporated.
Recrystallization is expected to in¯uence both
the primary and secondary creep behavior of
tungsten, thus in¯uencing the primary creep of
the NiAl±W composites.
2. During reactive in®ltration processing of NiAl±
W composites, up to 2 at.% of tungsten from
the tungsten ®bers could dissolve in the NiAl
matrix and subsequently reprecipitate at the
NiAl grain boundaries. As NiAl creep results
were obtained from reactive in®ltration of nickel
preforms that did not have any tungsten ®bers,
the eect of tungsten dissolution/reprecipitation
on the secondary creep behavior of NiAl and
thus the primary creep behavior of the NiAl±W
composite has not been quanti®ed.
3. In general the tungsten ®bers were reasonably
well aligned. However, as it was not possible to
determine the alignment of the embedded ®bers
without destroying the samples, any misalignment of the tungsten embedded ®bers in the
tested samples could not be completely ruled
out.

to steady states attained at long times when both
phases exhibit secondary creep.
2. This model was evaluated numerically for the
NiAl±W system for the case where the primary
creep of the NiAl matrix was negligible while
that of tungsten ®bers was quite signi®cant. The
model predicted:

Thus the observed correlation between experiments
and model predictions (which in most cases is
within a factor of two) can be considered satisfactorily.
5. CONCLUSIONS

The longitudinal primary creep response of long®ber composites was investigated for the general
case where both the matrix and the ®ber undergo
plastic deformation by creep and exhibit primary
and secondary creep regimes.
1. A methodology was developed that solved for
the transient stress states while loads are transferred from the weaker phase (matrix) to the
stronger phase (®ber) as the composite transitions from the elastic state present at loading

a. composite primary creep to be more signi®cant at relatively high applied stresses and for
composites with high volume fraction of reinforcements;
b. primary creep strain to vary with stresses and
reinforcement volume fraction in a complex
manner; and
c. primary creep time to be uniquely linked to
the composite secondary creep rate.
3. Good agreement between the primary creep
model predictions and experiments is obtained
when the observed composite steady-state creep
behavior converges to the predicted secondary
composite steady state.
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APPENDIX A
The model developed by DeSilva [10] for the primary
creep of long-®ber composites is given below using
DeSilva's original notation. Let lt be the extension of
the composite at any instant t. In the next small time
interval dt the matrix creeps a distance dx under the in¯uence of stress sm present at the beginning of the time-step:
dx  h0

dEm
dt
dt

A1

where h0 is the initial length of the composite, dEm/dt is
the creep rate of the matrix at the beginning of the timestep. The ®ber creeps a distance dZ given by a similar expression:
dZ  h0

dEf
dt:
dt

A2

In order to maintain strain compatibility between the
phases, the composite extends an intermediate amount dlt.
Therefore, during the interval dt the matrix relaxes its
stress by (ÿdsm) given by


dx ÿ dlt
ÿdsm  Em
:
A3
h0
As the total composite stress remains constant, the
decrease in matrix stress is matched by a corresponding
increase in the ®ber stress weighted by corresponding
volume fractions obeying rule of mixtures given as




dx ÿ dlt
dlt ÿ dZ
Em
v m  Ef
vf :
A4
h0
h0
From equations (A1)±(A4) the rate of change of matrix
stress with time is given as


dEf
dEm
ÿ
dsm
dt
dt 
:
A5

1
vm
dt

Em
v f Ef
Matrix and ®ber strains are modeled as functions of stress
and time as
Em  cm sm , t

A6

Ef  cf sf , t

A7

and matrix and ®ber strain rates are given as
dEm
@ cm dsm
@ cm


dt
@ sm dt
@t

A8

dEf
@ cf dsf
@ cf


:
dt
@ sf dt
@t

A9

and

Under constant stress conditions, the ®ber and matrix
stress changes are related as
 
vf
s_ m  ÿ
s_ f :
A10
vm
Substituting equation (A10) in equation (A9):
dEf
vm @ cf dsm
@ cf
ÿ

:
dt
vf @ sf dt
@t

A11

Using equations (A5) and (A11), the rate of change of
matrix stress with time is then given as


dcm
dcf
ÿ
dsm
dt
dt
:
ÿ

A12
1
vm
dcm
vm dcf
dt



Em
v f Ef
dsm
vf dsf

