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- Off-axis stress relaxation behavior of unidirectional T800H/3631 carbon/epoxy
composite exposed to high temperature is examined at relatively high tensile strain
levels, and a phenomenological viscoplasticity model is tested on the capability to
describe the time-dependent response observed. First, stress relaxation tests are
performed at 100°C on plain coupon specimens with different fiber orientations, 6=0,
10, 30, 45, and 90°. For each of the fiber orientations, in principle, stress relaxation tests
are carried out at three different strain levels. The relaxation of axial stress in the
unidirectional composite is clearly observed, regardless of the fiber orientation. Just
after the total strain hold, the axial stress quickly relaxes with time in a short period.
The stress relaxation rate of the composite tends to become zero, irrespective of the
fiber orientation. The associated relaxation modulus depends on the level of strain.
The entire process of the prior instantaneous tensile response and the subsequent off-
axis stress relaxation behavior is simulated using a macromechanical viscoplasticity
model based on an overstress concept. It is demonstrated that the model succeeds in
adequately reproducing the off-axis stress relaxation behavior of the unidirectional

composite laminate.
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1. Introduction

Glassy polymers have a strong tendency of time-
dependent deformation and fracture®®. Since the
long molecular chains of glassy polymers change with
time to a more stable configuration at a given temper-
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ature, their mechanical properties vary with time
under stress-free conditions*®. These imply that the
deformation and fracture behaviors of polymer
matrix composites (PMCs) subjected to off-axis load-
ing should be significantly influenced by the time-
dependent properties of polymer matrices. Regarding
the high-temperature durability of PMC laminates for
advanced aerospace structures, the matrix-dominated
responses to shear loading are crucial. To evaluate
the performance and reliability of PMCs, therefore, it
is very important to accumulate fundamental data on
the time-dependent behavior under various loading
and temperature conditions. To establish a rational
design procedure based on the local analysis of PMC
structures, it is also prerequisite to develop a con-
stitutive model that can describe the time-dependent
behavior of PMCs. _
Observation and modeling of the time-dependent
behavior of PMCs have been attempted, for example,
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by the following researchers. Beckwith® observed
the creep and creep strain recovery behavior of unidi-
rectional and angle-ply laminates of glass—fiber-rein-
forced composites (GFRPs), and applied the linear
viscoelasticity theory to the creep behavior of those
laminates. Sullivan” examined the off-axis creep
behavior of unidirectional GFRP laminates at rela-
tively low stress levels. It was also shown that the
Boltzmann superposition principle was well applied to
the short-term creep behavior, and the effective time
theory® was suitable for the long-term behavior.
Similar results are reported for carbon fiber-reinfor-
ced composites (CFRPs). Tuttle and Brinson®
examined the creep and creep strain recovery behav-
ior of the unidirectional and symmetric laminates of
T300/5208, and successfully applied the classical
laminated plate theory and a nonlinear viscoelasticity
model®? for individual plies to the description of the
creep behavior observed. Katouzian et al.®V inves-
tigated the creep behavior of [90] and [+45] lami-
nates made of unidirectional T800/Epoxy and AS4/
PEEK systems at various temperatures and stress
levels, and showed that the creep behavior was appro-
priately described by a nonlinear viscoelasticity
model®?,

Viscoelasticity models are favored for the
description of the time-dependent behavior of PMCs.
For cases of relatively low stress or strain, the time-
dependent behavior of PMCs is characterized by lin-
ear and nonlinear viscoelastic responses of polymer
matrices, as demonstrated in the above reports. When
relatively high stresses or strains are applied, how-
ever, the time-dependent behavior of glassy polymers
tends to deviate from the predictions using viscoelas-
ticity models. This is partly because loading of solid
polymers to high stress or strain levels results in time-
dependent inelastic deformation®. To consider the
effects of the time-dependent inelastic response of
PMCs to relatively high stress or strain, Tuttle
etal.’? added a viscoplastic strain term to the
Schapery nonlinear viscoelasticity model and success-
fully applied the viscoelastic-viscoplastic model to the
creep behavior of the [90] and [ +45] laminates of the
IM7/5260 system. In place of the nonlinear integral
representations modified as above, the constitutive
models in differential forms may also be applied to the
time-dependent behavior of PMCs. Ha and Sprin-
ger®® developed a rate form of the constitutive model
for unidirectional composites on the basis of the
viscoplasticity model for isotropic materials®®. Simi-
lar viscoplasticity models were proposed by Gates and
Sun“® and Wang et al.t**1? Chung et al.*® also devel-
oped a creep model for unidirectional laminates on the
basis of the Blackburn creep equation for isotropic
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materials. It has been demonstrated that those visco-
plasticity models in differential forms succeed in
adequately describing the time- and rate-dependent
behavior for various kinds of PMCs. However, sys-
tematic data for basic creep behavior of unidirec-
tional PMC laminates at high temperature over a
wide range of stress are limited. Very few studies
have been reported on the stress relaxation effect in
unidirectional PMC laminates. To confirm the valid-
ity of the rate form of the viscoplasticity model for
the time-dependent behavior of unidirectional PMC
laminates at relatively high stress/strain levels and
high temperatures, therefore, further studies for eval-
uation is needed.

In the present study, characteristics of the high-
temperature off-axis stress relaxation behavior of a
unidirectional CFRP laminate at relatively high strain
levels are first examined. To observe the effects of
fiber orientation and magnitude of sustained strain,
stress relaxation tests are performed at three
different strain levels on five kinds of unnotched cou-
pon specimens with different fiber orientations. The
off-axis time-dependent behavior is also explored by
repeated loading—unloading experiments with gradual
increase of the peak stress level in tension. Then, the
validity of a phenomenological viscoplasticity model
for the off-axis stress relaxation behavior is evaluat-
ed on the basis of the experimental results obtained.

2. Experiments

2.1 Materials and specimens

The material used in this study was a unidirec-
tional fiber-reinforced composite laminate fabricated
from prepreg tape (P2212-15, TORAY) that consists
of the carbon fiber (T800H) and the thermosetting
epoxy resin (#3631). The volume fraction of the fibers
was Vy=b1.7%, and the lay-up of the laminate was
[0],;. The glass transition temperature of the epoxy
resin is 215°C. The unidirectional T800H/3631 lami-
nate was cured at 180°C for two hours in an autoclave.

Five kinds of plain coupon specimens with
different fiber orientations (off-axis angle §=0, 10, 30,
45, 90°C) were cut from 400 mm by 400 mm unidi-
rectional laminate panels. The shape and dimensions
of the off-axis specimens were based on the testing
standard JIS K7073“% ; as shown in Fig. 1, the speci-
men length L was 200 mm and the thickness ¢ was 1.7
mm. The specimen width was 10 mm for §=0° and 20
mm for other off-axis angles. Rectangular-shaped
aluminum-alloy tabs were attached on both ends of
the specimens using epoxy adhesive (Araldate) ; the
thickness of the end-tabs was 1.0 mm. The tabs were
bonded at 90°C in the oven (Gravity Oven LG-112,
ESPEC) ; the specimens were exposed to that temper-
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Fig. 1 Specimen geometry (dimensions in mm)

ature for one hour to increase the adhesive strength.‘
2.2 Test pro'cedure
+ Off-axis stress relaxation tests were carried out
at 100°C at three strain levels for each fiber orienta-
tion. The middle strain level corresponded to the
stress equal to 6094 of the static tensile strength at the
test temperature. The duration of the strain hold was
specified to be five hours. Off-axis stress relaxation
tests were conducted under stroke displacement con-
trol. - Hence, the nominal strain ez over the gauge-
length part of specimen was kept constant, but the
local strain in the gauge part was not.
To obtain the reference stress-strain curves at
100°C for the specimens, static tension tests were
carried out with stroke control at the rate of 1.0 mm/

min on the basis of the testing standard JIS K7087%@9,

Repeated loading/unloading tension tests were also
conducted . to elucidate the 'characteristics of the
stress—strain curves. For the stress relaxation tests,
the loading to the desired strain was controlled at a
constant stroke rate of 1.0 mm/min.

These tests were performed using a closed-loop
hydraulic MTS-810 testing machine of the dual ser-
vovalve type; the flow capacities of the low- and
high-speed servovalves were 4 L/min and 19 L/min,
respectively. To raise the temperature of the speci-
mens, a heating chamber with precise digital control
capability was employed. The specimens were heated
to 100°C in air without applying load, and they were
preconditioned in the test environment for 60 minutes
prior to the test. The specimens were clamped in the
heating chamber by high-temperature hydraulic
wedge grips fitted on the testing machine. The devia-
tion from the prescribed specimen temperature was
less than 1.0°C. Humidity in the heating chamber was
not controlled. Longitudinal and lateral strains of
each off-axis specimen were monitored with two-
element L-type rosette strain gauges. These strain
gauges were mounted back to back at the center of
each specimen.

- 3. Experimental Results

The in-plane specimen coordinate system is
denoted as (x,y), and the z-axis is taken in the
loading direction. The principal axes of material
anisotropy, i.e., the fiber coordinate system, are ex-
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Fig. 2 Tensile stress—strain relationships of unidirec-
tional T800H/3631 at 100°C

pressed as (1,2), the 1-axis being in the fiber direc-
tion.
3.1 Off-axis static tensile behavior
Tensile stress-strain relationships for various
fiber orientations are shown in Fig.2. A significant

‘nonlinear behavior is observed for the off-axis angles

in the range 10°<8<45°. As for the fiber and trans-
verse directions (=0, 90°), the stress-strain curves
are almost linear up to fracture.

It was confirmed that the fiber orientation depen-
dences of the Young’s modulus Ex and the Poisson’s
ratio Vzy were adequately predicted using the ortho-
tropic linear elasticity theory. The off-axis tensile
strengths were appropriately described in terms of the
Tsai-Hill static failure criterion. The on-axis engi-
neering elastic constants based on the static tension
tests are listed in Table 1.

3.2 Successive loading and unloading behavior

The stress - strain responses to repeated loading/
unloading tension are shown in Figs.3(a) - (¢) for
fiber orientations =10, 30, and 45°, respectively.
Two important features are revealed for the off-axis

- nonlinear behavior of the unidirectional T800H/3631

laminate at 100°C. The first feature is that a certain
amount of strain remains after complete unloading.
The magnitude of residual strain becomes higher with
greater prior maximum tensile stress attained just
before unloading. The residual strain did not com-
pletely recover even after a long time of keeping load
at zero. This suggests that the off-axis nonlinear
deformation includes an inelastic part. - It may be
considered that the inelastic contribution to the off-

‘axis deformation is governed by the inelastic property

of the epoxy resin employed, since the axial response
of off-axis specimens is governed by the shear
response of the matrix along fibers. The second
feature is that a large stress—strain hysteresis appears
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Table 1 Engineering elastic constants for unidirectional
T800H /3631 laminates at 100°C

E, (GPa) E, (GPa) G, (GPa) Vi Va
151 7.29 3.51 0355 0.007
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Fig. 3 Off-axis hysteretic responses of unidirectional
T800H/3631 at 100°C
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upon cyclic loading with a sequence of loading, un-
loading and reloading. The width of the hysteresis
loop becomes larger with increasing peak level of the
prior tensile stress. Comparison between the cyclic
responses for all fiber orientations showed that the
width of the hysteresis loop became more significant
for the range =10 -45°.

3.3 Off-axis stress relaxation behavior

Off-axis stress relaxation responses for fiber orien-
tations 6=10, 45, and 90° are shown in Figs.4(a) -
(c), respectively. The stress relaxation data on the
45 and 90° specimens are presented only for two strain
levels, because of unexpected rupture during prior
loading. The stress relaxation effect is clearly ob-
served in all off-axis specimens. The amount of stress
relaxation depends on the total strain kept constant,
and it becomes more significant at a higher strain
level. Upon holding the strain, the axial stress quickly
relaxes and then tends to approach a steady-state
value associated with the sustained strain. Namely,
the stress relaxation rate decreases to zero in a short
period regardless of the strain level and the fiber
orientation. On comparing the stress relaxation
curves (figures not shown), we see that the stress
relaxation takes place more significantly at a higher
strain level regardless of the fiber orientation. A few
additional tests were conducted under the same condi-
tions, and the results confirmed that the characteristic
features of the off-axis stress relaxation shown in
Fig. 4 were unchanged by the data scatter.

On inspecting the stress relaxation response for
0=90° in Fig.4(c), we note that the axial stress
increases slightly after a certain amount of normal
stress relaxation. Such an anomalous response is also
observed for other fiber orientations, although it is
less significant. A similar anomaly is observed for the
transverse creep behavior of the same type of unidi-
rectional composite®”. This phenomenon may be
ascribed to the volume contraction of the epoxy resin
due to physical aging® and drying®?.

According to the specifications of the adhesive
bonding tabs attached to the specimens, the adhesion
is sufficiently high. However, the amount of stress
relaxation for the fiber direction (6=0°) is greater
than that predicted using the rule of mixture®®. This
throws suspicion on the result that a certain amount
of shear deformation occurred in the adhesive of the
tabs during the stress relaxation tests for the fiber
direction. It is believed that the stress relaxation data
for other fiber orientations are reliable, since the axial
stress associated with the hold strain is much lower
than that for the fiber direction. In the following
discussion, therefore, we limit ourselves to fiber orien-
tations 0>0°, at which the effect of tab slipping is
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Fig. 4 Off-axis stress relaxation responses of unidirec-
tional T800H/3631 at 100°C

considered to be negligible.
3.4 Off-axis stress relaxation modulus
Figure 5(a) and (b) show plots of the stress
relaxation modulus oz/er against time £ on logarith-
mic scale for the fiber orientations =10 and 45°
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Fig. 5 Relationship between the relaxation modulus and
time for unidirectional T800H3631 at 100°C

respectively. From these figures, we can see that the
stress relaxation modulus depends on the level of
strain sustained. This indicates that the Boltzmann
superposition principle®® cannot be accurately
applied to the off-axis stress relaxation behavior
observed.

4. Modeling and Simulation of the Off-Axis Stress
Relaxation Behavior

Considering the nonlinear stress-strain response
to off-axis loading and the permanent strain after
unloading, together with the strain dependence of the
relaxation modulus, we inferred that the off-axis
stress relaxation behavior of the unidirectional
T800H /3631 laminate at a relatively high strain level
is significantly influenced by the inelastic property of
the epoxy resin employed. On the other hand, it was
found that the nonlinear rate-dependent behavior of
unidirectional PMC laminates subjected to off-axis
loading is adequately described in terms of the
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phenomenological viscoplasticity models“®-“? bhased
on the overstress concept. In the present study, there-
fore, we attempted to evaluate the épplicability of the
rate form of a phenomenological viscoplasticity model
for the observed off-axis stress relaxation behavior.

Applying a high stress or strain to polymers
reactivates their physical aging®. This suggests that
the stress relaxation response of PMCs at relatively
high strain levels should be treated as the so-called
long-term behavior governed by complicated interac-
tions between mechanical effects and physical aging
of the polymer matrix employed. Presently, we have
no sufficient data on the relevant time hardening/
softening behavior of PMCs. Therefore, the material
constants appearing in the viscoplasticity model were
determined to fit the basic experimental data involv-
ing the effect of physical aging.

4.1 Modified Gates - Sun model

The phenomenological viscoplasticity models for
the time- and rate-dependent behaviors of unidirec-
tional composites were developed early on by Ha and
Springer®® and Gates and Sun®®. Those models are
characterized by the effective stress and effective
strain. ‘

The Gates - Sun model® is based on the master
relationship between the effective viscoplastic. strain
rate and effective overstress and is expressed as

N L7 \l/m

()", (1)
where H is the effective overstress, and K and m are
material constants. The angular brackets define the
operation <z>=zx (2=0); <x>=0(x2<0). The
effective overstress H is a net stress that determines
the magnitude of the viscoplastic strain rate and is
defined as

H=5—5" (2)
where &* is called a quasi-static stress. Obviously,
the viscoplastic strain rate vanishes when the applied
effective stress agrees with the quasi-static stress.

For simple loading of coupon specimens, the
effective stress and effective plastic strain can be
expressed as®?

5=n(0)0x (3)
?z%(lT)sz, (4)

where 0- and &% stand for the applied axial stress and
the resulting viscoplastic strain, respectively, and the
orientation factor #(@) is written in the form

h(6)=\/%(sin“ 0+ 2aes sin® @ cos?® ). (5)

The coefficient aes is a parameter representing the
anisotropy in the off-axis stress-strain relationship
for the given unidirectional composite.

In the original Gates - Sun model“?, the evolution
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equation of the effective quasi-static stress is written
as

et=A(c*)", (6)
where :

1 oz

ePﬁW (SI_E) , (7)

To evaluate the magnitude of the axial quasi-static
stress o, we must to solve the nonlinear algebraic
equation.

The effective internal strain &” given by Eq.(7)
is not identical to the effective viscoplastic strain &?,
and the physical interpretation of &? is not clear. In
general internal variable theories, the evolution of the
assumed internal variables is related to the develop-
ment of overall viscoplastic strain in order to clarify
the causality of the inelastic phenomena described.
To remove the above-mentioned problem in the origi-
nal Gates - Sun model, therefore, in the present study,
we adopted a modified evolution equation of the
quasi-static stress of the following form®®-7 .

7*=B(e) . (8)
The plane-stress viscoplasticity model using Eq.(8)
instead of Eq.(6) is referred to as the modified
Gates-Sun model hereafter.

4.2 Material identification

Five material constants K, m, ae, B, and [ are
involved in the modified Gates - Sun model. Follow-
ing the procedure developed in the Sun- Chen
model®?, we can identify the value of ass in such a way
that a single relationship between the effective stress
and effective viscoplastic strain is obtained regardless
of the fiber orientation. The axial viscoplastic strain
was evaluated as

eb=e:— 7. (9)

As a result of this procedure, the value of ae came out
as ass—1.3. Figure 6 shows the single-curve approxi-
mation of the relationship between the effective stress
and effective viscoplastic strain for the off-axis ten-
sion test results.

The axial quasi-static stress ¢f can be approx-
imated as the stress level after five hours of relaxa-
tion, since the stress relaxation rate almost dis-
appears in five hours, as observed in Figs. 4(a) - (¢ ).
Note that the quasi-static stress represents the stress
level at which the viscoplastic strain rate vanishes.
By fitting Eq.(8) to the experimental relationship
between the effective quasi-static stress evaluated as
above and the effective viscoplastic strain associated
with the axial viscoplastic strain at the end of the
stress relaxation, we obtained the following values :

B=170.88 MPa (10. a)

[=—0.67. (10.b)

The remaining constants £ and m in Eq.(1) can
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Fig. 8 Off-axis stress relaxation responses predicted using the modified Gates-Sun model

be evaluated by a straight-line fit of the logarithmic
plot of the master relationship between the effective
overstress H and the effective viscoplastic strain rate
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2%, The values of K and # evaluated in this manner
were slightly modified to reproduce the shapes of the
off~axis stress-strain curves well and were
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K=162.5 MPa™min™ (11.a) .

m=0.275. (11.b)
The off-axis stress - strain relationships predicted
using the modified Gates - Sun model are compared
with the experimental results in Fig.7. We can
confirm that good agreements are achieved.

4.3 Off-axis stress relaxation simulation -

Figures 8(a) - (d) show comparisons between
the predicted and observed stress relaxation curves
for =10, 30, 45, and 90° respectively. Note that the
entire process of the prior instantaneous response
upon straining to a hold level and the subsequent
stress relaxation behavior is simulated using the
modified Gates - Sun model.

We note that the accuracy of predictions for the
instantaneous behavior in Fig. 8 is not good as that in
Fig.7. More specifically, there is a discrepancy
between the observed and predicted stress levels at
the beginning of the relaxation responses shown in
Figs.8(a) - (d). This is because Figs. 7 and 8 show
experimental results for different specimens ; namely,
the off-axis tensile response to instantaneous strain-
ing in Fig.8 does not completely agree with that
shown in Fig. 7. In view of the data scatter as well as
the complex loading path simulated, we can conclude
that the viscoplasticity model succeeds in satisfacto-
rily describing the off-axis stress relaxation behavior
of the unidirectional laminate.

To obtain better predictions of the off-axis stress
relaxation behavior, we must improve the accuracy of
the prediction of the stress relaxation rate just after
the total strain is kept constant. The modified Gates -
Sun model overestimates the stress relaxation rate at
the beginning of the stress relaxation behavior ; this
feature is common to most viscoplasticity models

based on the overstress concept. To control the

magnitude of the initial rate of stress relaxation, we
must refine the evolution equation for the quasi-static
stress. Different kinds of variables may be necessary
in a more precise description of the internal state of
composite systems. In addition, a consideration of the
loading condition in stress relaxation tests may also
be required.

5. Conclusions

High-temperature off-axis stress relaxation
behavior of the unidirectional T800H /3631 composite
at relatively high strain levels was examined. The
validity of a phenomenological viscoplasticity model
for the description of the off-axis stress relaxation
response was also evaluated by comparison with the
experimental results. The results obtained can be
summarized as follows.

(1) The stress relaxation effect is clearly ob-
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served for all fiber orientations (4=10, 30, 45, 90°).
The amount of stress relaxation becomes more
significant at a higher strain level.

(2) The stress relaxation rate quickly decreases
just after the strain hold and it tends to vanish, regard-
less of the fiber orientation and the hold strain level.

(3) The stress relaxation modulus for a relative-
ly high strain level depends on the strain kept con-
stant, regardless of the fiber orientation. This result
and the related evidence of permanent deformation
upon loading imply that the stress relaxation behavior
observed in this study is influenced by the time-depen-
dent inelastic property of the polymer matrix em-
ployed.

(4) A modified form of the Gates- Sun
phenomenological viscoplasticity model is adopted.
The modified version is superior to the original form
in its clear causality of the evolution of internal
variable as well as easy numerical implementation.

(5) The modified Gates - Sun model satisfacto-
rily reproduces the observed off-axis stress relaxation
behavior for the unidirectional PMC system at 100°C.

(6) To improve the accuracy of predictions, we
must consider a more precise description of the inter-
nal state of PMCs as well as the loading condition of
the stress relaxation behavior observed.
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