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ABSTRACT
Process-induced residual stress in fiber reinforced
thermoset polymer-matrix composite materials
wereanalyzed using a unit cell model, with the
consideration of chemical shrinkage of the epoxy
resin and thermal cooling contraction of the
whole fiber and resin system. The constitutive
behaviour of the epoxy matrix was described by a
cure and temperature dependent viscoelastic
material model. Calculated residual stress shows
strong dependency on the fiber volume fraction
and fiber packing. The effect of residual stress on
damage and failure of the model was also studied
using the maximum stress failure criterion
combined with a post-failure stiffness reduction
technique. Both initial and final failure envelopes,
predicted for biaxial normal (longitudinal and
transverse) loading, were shown to be shifted and
contracted by the inclusion of residual stress.
Keywords: Residual stress, Thermo-viscoelastic,
Unit cell model, Failure envelope.
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Introduction
Process-induced residual stress in
polymer matrix composites is a direct
consequence of the chemical shrinkage of the
matrix during polymerization and the mismatch
of thermal contraction between the fiber and the
matrix during cooling. The formation of residual
stresses can have significant effects on the
mechanical performance of composite structures
by causing warpage1 or initiating pre-load
damage such as interface de-bonding and matrix

micro-cracking2,3. Both war page and initial
damage can reduce the stiffness and the strength
of the material, as well as acting as sites for
nucleation of macro-cracks and environmental
degradation.
For thermoset polymer composites, a
typical curing process consists of two steps:
curing at a constant elevated temperature and
thermal cooling from the curing temperature to
room temperature. During curing, the polymer
shrinks as a result of thepurely chemical reaction
(polymerization) and its material characteristics
change dramatically through the transition from
a liquid state to a solid statewhile the
reinforcement remains unchanged4,5.
For thermal cooling, both polymer and
reinforcement contract but by different amounts
and in addition the polymer may change its
stiffness significantly. Therefore, the build-up of
residual stress over time is governed by the
change of volume and material properties during
the complete cure process.
Effects of residual stress on mechanical
behaviour of the composite materials have been
studied primarily by analytical methods.
Nimmer6 and Wisnom7 showed that the
presence of compressive residual stress at the
interface of fiber and matrix is beneficial for the
transverse behaviour of a composite with low
interfacial strength. It was also shown that
residual stress can result in changing and
movement of the yielding surfaces for metal
matrix composites8. For
polymer-matrix
composites, process-induced residual stress may
introduce contraction and shifting of biaxial
failure envelopes for transverse loading9.
Residual stress is one of the major
concerns in the manufacturing of polymer matrix
composites, especially the effects of residual
stress on damage and failure behaviour. In the
1
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present work, unit cell analysis was used to
study residual stress and its effect on damage
and failure of fiber-reinforced thermoset
polymer
matrix
composites
using
a
micromechanical unit cell model. The residual
stress introduced during curing was determined
by considering both chemical shrinkage of resin
and thermal cooling contraction of fiber and
resin. A cure and temperature dependent
viscoelastic material model was adopted to
describe the constitutive relationship of the
polymer matrix. Effects of fiber volume fraction
and packing on residual stress were investigated.
In addition, effects of residual stress on damage
and failure of the unit cell subjected to
mechanical loading after curing were predicted
using the maximum stress failure criterion and a
post-failure stiffness reduction technique.
2.
2.1

Materials
Cure Kinetics
Thermoset resin undergoes chemical
reactionsduring the curing process at an
elevated temperature. Curing of a resin occurs
over time and the degree of cure depends on the
temperature history. The chemical kinetics of
thermoset resin defines the dependency of the
degree of cure on temperature history. In order
to capture the conversion-dependent material
properties, the resin cure kinetics need to be
characterized accurately. For epoxy resins, the
autocatalytic model has been used widely to
describe cure kinetics and this is also adopted
here. The model can be expressed as follows10.
𝑑𝛼
= 𝐾1 + 𝐾2 𝛼 𝑛 1 1 − 𝛼 𝑛 2
2.1
𝑑𝑡
𝐾1 = 𝐾01 𝑒𝑥𝑝

𝐸01
𝑅𝑇

(2.2𝑎)

𝐾2 = 𝐾02 𝑒𝑥𝑝

𝐸02
𝑅𝑇

(2.2𝑏)

where 𝛼 is the degree of cure, 𝑡the time, 𝐾1 and
𝐾2 the rate constants, 𝑛1 and 𝑛2 the exponents,
𝐾01 and 𝐾02 the temperature-independent
factors, 𝐸01 and 𝐸02 the activation energies, and
𝑅and 𝑇the universe gas constant and the
temperature, respectively. The values of the
parameters are given in Eom et al. 10. As shown
in Eom et al10, the predicted degree of cure from

equations (1) and (2) agrees with the
experimental measurements very well for cure
temperatures between 150°C and 170°C.
2.2

Viscoelastic Model
As shown in Xia et al11, Visco-elastic
material behaviour for epoxy resin can be well
described by a combination of Kelvin elements
connected in series in a uniaxial representation.
As a result, viscous strain rate can be obtained as
the sum of the strain rate of each Kelvin element,
i.e.,
𝑛
𝑛
𝑆𝑖𝑗𝑘𝑙
1 𝑚
𝑚
𝐶𝑖𝑗 =
𝐶𝑖𝑗 =
𝜎𝑘𝑙 −
𝐶 (2.3)
𝐸𝑚 𝜏𝑚
𝜏𝑚 𝑖𝑗
𝑚 =1

𝑚 =1

Where 𝑆𝑖𝑗𝑘𝑙 is the compliance components and
𝜂
𝜏𝑚 = 𝑚 𝐸 (m = 1, 2, …, n) denotes the
𝑀
retardation time with 𝐸𝑀 being the spring
stiffness and 𝜇𝑚 being the dashpot viscosity for
the m-th Kelvin element, respectively.
The retardation time 𝜏𝑚 in equation (2.3)
determines a time duration after which the
contribution from the individual Kelvin element
becomes negligible. Therefore, the number of
Kelvin elements adopted in the constitutive
equation depends on the required time range.
For simplicity, a time scale factor b was
introduced in Xia et al11, and it was assumed that
𝜏𝑚 = 𝛽

𝑚 −1

𝜏1 .

(2.4)

The description of the nonlinear behaviour inthe
above model was achieved in Xia et al11, by
letting 𝐸𝑀 be a function of the current equivalent
stress, thus,
𝐸𝑀 = 𝐸1 𝜎𝑒𝑞 = 1.055
𝜎𝑒𝑞 − 22.764
∗ 105 𝑒𝑥𝑝 −
(2.5)
18.0
For epoxy resin, it was shown that the material
shows different behaviour inuniaxial tension and
compression12. To account for this, the
equivalent stress in equation (5) was defined as
𝑅 − 1 𝐼1 + 𝑅 − 1 2 𝐼12 + 12𝐽2
𝜎𝑒𝑞 =
(2.6)
2𝑅
Where 𝐼1 = 𝜎1 + 𝜎2 + 𝜎3 is the first invariant of
𝑆 𝑆
the stress tensor, 𝐽2 = 𝑖𝑗 𝑖𝑗 2 is the second
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invariant of the deviatoric stress 𝑆𝑖𝑗 , and R is the
ratio of the tensile to compressive “yield stress”.
2.3
Cure and Temperature Dependent
Material Properties
The composite constituents considered
here areglass fiber and epoxy resin. The
properties of glass fiber are assumed to remain
constant and independent of temperature, with
the Young’s modulus E = 72.5 GPa, the Poisson’s
ratio v= 0.22 and the coefficient of thermal
expansion𝜒 = 5.0 ∗ 10−6 / OC 13.
For epoxy resin, the Young’s modulus is
afunction of the temperature T and the degree of
cure a, which is expressed as14
𝐸0
𝐸 𝑇, 𝛼 = 𝛼
(2.7)
cosh
(𝑎𝑇)𝑏
Where 𝐸0 is the Young’s modulus for fully
curedresin at room temperature, a and b are
constants. The function (2.7) is also applied for
the spring stiffness 𝐸𝑀 of each Kelvin element to
simulate the dependency of spring stiffness on
the temperature and the degree of cure, i.e.,
𝐸1 𝜎𝑒𝑞
𝐸𝑚 = 𝛼
(2.8)
cosh
(𝑎𝑇)𝑏
The thermal expansion coefficient 𝜒 of the
epoxy resin is expressed as a linear function of
the temperature, with 𝜒 = 63*10-6 / °C for 23°C
and 𝜒= 139*10-6 / °C for 110°C [13].
In addition, the Poisson’s ratio for epoxy
resinis taken to be constant and assumed to be
independent of degree of cure and temperature.
Values of the material properties and the model
parameters required by equations (2.3) to (2.8)
are all given in [11] and [14].
3.

Analysis of Residual Stress
Residual
stress
caused
by
constrainedshrinkage and thermal cooling
contraction of the resin can be expressed as
𝑑𝜎𝑖𝑗 = 𝐶𝑖𝑗𝑘𝑙 𝑑𝜀𝑖𝑗 − 𝑑𝑐𝑖𝑗 − 𝛿𝑖𝑗 𝑑𝑠
− 𝛿𝑖𝑗 𝛼 𝑇 𝑑𝑇 (2.9)
where 𝑑𝜎𝑖𝑗 are the stress increments, 𝑑𝜀𝑖𝑗 is the
total strain increments, 𝑑𝑐𝑖𝑗 is the viscous strain
increments, ds the shrinkage strain increment,
𝛼 𝑇 the thermal expansion coefficient, 𝛿𝑖𝑗 is the
Kronecker delta, 𝑑𝑇 is the temperature change,
and 𝐶𝑖𝑗𝑘𝑙 the stiffness components, related to the

Young’s modulus E and the Poisson’s ratio n of
the material.
In Equation (2.9), the viscous strain can
beobtained from the viscoelastic model in
Section 2.2 and the thermal strain can be
obtained from the assigned thermal expansion
coefficients and temperature history. The
chemical shrinkage strain needs to be
determined from the volumetric shrinkage of the
resin associated with the reaction process. For a
given incremental change in the degree of cure
during reaction𝑑𝛼 , the associatedchange in
specific volume of the resin 𝑑𝑉can beexpressed
as15,16
𝑑𝑉 = 𝑑𝛼𝑉𝑠
(2.10)
Where 𝑉𝑠 is the total volume change in the resin
atthe end of cure. The isotropic resin shrinkage
strainof a unit volume element of resin, resulting
from incremental volume resin shrinkage, is then
given by15,16
𝑑𝑠 =

3

1 + 𝑑𝑉 − 1

(2.11)

4.

Damage and Failure Prediction
The unit cell model consists of fiber
reinforcement and resin matrix. Depending on
the failure mechanism, the following criteria for
damage onset prediction were used.
For transverse failure, damage tends to
occurwithin the resin matrix and is related to the
stress state within the (x, y) plane. In this case,
failure is predicted from the maximum principal
stress criterion in the (x, y) plane, i.e.
(𝑥,𝑦)
𝑥,𝑦
𝜎𝑚𝑎𝑥 ≥ 𝜎𝑢𝑡 𝑜𝑟 𝜎𝑚𝑖𝑛 ≤ 𝜎𝑢𝑐
(2.12)
(𝑥,𝑦 )

𝑥,𝑦

Where 𝜎𝑚𝑎𝑥 and 𝜎𝑚𝑖𝑛 are the maximum and
minimum principal stresses in the (x, y) plane
and 𝜎𝑢𝑡 and 𝜎𝑢𝑐 are the tensile and compressive
strengths of the resin, respectively.
For longitudinal failure, damage might
occur inboth the fiber and the resin. Obviously,
longitudinal failure is due to the normal stress in
the fiber direction and the failure criterion can
be expressed as
𝜎𝑧𝑧 ≥ 𝜎𝑢𝑡 𝑜𝑟 𝜎𝑧𝑧 ≤ 𝜎𝑢𝑐
(2.13)
Where 𝜎𝑧𝑧 is the normal stress in the z-direction
(fiber-direction) and 𝜎𝑢𝑡 and 𝜎𝑢𝑐 are the tensile
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was chosen to be 3% [20-22], which corresponds
to a shrinkage strain of 0.99% (about 1%).
A contour plot of the maximum principal
residual stress is shown in Fig.1 for square
fiberpacking with a fiber volume fraction of 60%.
It can be seen that, as expected, the resin
experiences a tensile maximum principal
residual stress while the fiber has a compressive
maximum principal residual stress. The greatest
value (48.8N/mm2) occurs in the central region
(at 𝜃 = 45°) of the fiber-matrix interface of the
quarter unit-cell model, within the resin.
According to the maximum stress failure
criterion, the residual stress can introduce resin
failure along the interface of the fiber and the
resin, which agrees with the experimental
observation of interface micro-cracking shown in
Gentzet al2,3.

Figure 1: Contour plot of the maximum
principalresidual stress (N/mm2) for Vf= 60%.
55

Maximum principal residual stress (N/mm 2)

and compressive strengths of the fiber or the
resin, respectively.
Material strengths used for failure prediction are
taken in line with Soden et al17, with tensile
strength of 2150N/mm2 and compressive
strength of 1450N/mm2for the areca fiber and
tensile strength of 80N/mm2and compressive
strength of 120N/mm2 for the epoxy resin
In simulating material damage, it is
common practice to reduce the stiffness (or
stiffness in a certain direction) to a near zero
value following the onset of damage. Selective
and non-selective stiffness reduction schemes
are often used. Selective schemes are typically
applied for composites wherethe load-carrying
nature is dependent on the damage
orientation18. In the present study, under normal
loading, damage is distinguished by the
transverse and longitudinal failure for matrix
and thus aselective scheme is used. Specifically,
for transverse failure only the modulus in the
transverse direction was reduced to a near zero
value (0.01 times the original value) after
damage onset, while for longitudinal failure, only
the modulus in the longitudinal direction was
reduced (also 0.01 times the original value).
The stiffness degradation scheme,
togetherwith the residual stress analysis from
equation (2.9), was programmed into a userdefined material subroutine (UMAT) interfaced
with the commercial standard19. During the
analysis, the stress level was calculated at the
Gauss integration points for each time increment
and examined for damage detection using the
above failure criteria. Once the failure criterion
was satisfied, the stiffness reduction was applied
for further analysis until final failure of the
model.
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Overall residual stress (Elastic solution)
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35
30
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Overall residual stress (Viscoelastic solution)
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Residual stress before cooling

10
5
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5
5.1

Results and Discussion
Residual Stress
The cure process considered here has
twostages: curing at 150°C for 3 hours and
thermal cooling from 150°C to 23°C (room
temperature) at a cooling rate of 2°C/min.
Therefore finite element analysis was performed
in two discrete steps, wherestep one is the
chemical shrinkage stress analysis at 150°C and
step two is the thermal cooling stress analysis
from 150°C to 23°C. For the epoxy resin
considered here, the total volume shrinkage Vsh
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Figure 2: Distribution of the maximum principal
residualstress in the resin along the fiber/matrix
interface for Vf= 60%.
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Figure2a: Analysis fit for distribution of the max
principal residual stress in resin along
fiber/matrix interface (Vf= 60%).
The distribution of the maximum
principalresidual stress in the resin along the
interface is presented in Figure 2, where the
elastic solution and the chemical shrinkage
contribution are also included. Compared to the
purely elastic solution, a reduction in residual
stress was predicted due to the stress relaxation
caused by the viscoelastic behaviour of the epoxy
matrix. Also the results show that the chemical
shrinkage of resin makes only a relatively small
contribution to the overall residual stress due to
the relatively low modulus at the high
curetemperature (150°C). At the central position
in the interface of the quarter unit cell (q = 45°),
the maximum principal residual stress due to
chemical shrinkage has a value of 5.9 N/mm2,
about 12% of the overall maximum principal
residual stress 48.8N/mm2. This indicates that
the curing shrinkage still makes a reasonable
contribution to the overall residual stress, and

Maximum principal residual stress (N/mm 2)
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Figure3: Distribution of max principal residual
stress in resin along fiber/matrix interface for
three different fiber volume fractions.
Table 2: Analysis table of distribution of the max
principal residual stress in resin along
fiber/matrix interface for three different fiber
volume fractions
𝑋𝑖
0
9
18
27
36
45
54
63
72
81
90

𝑑𝑓 𝑋𝑖 𝑑𝑋
6.63333
4.97878
3.2708
1.33805
0
0
0
-1.33805
-3.2708
-4.97878
-6.63333

𝑑 2 𝑓(𝑋𝑖 ) 𝑑𝑋 2
-0.118387
-0.24929
-0.0412979
-0.388201
0
0
0
-0.388201
-0.0412979
-0.24929
-0.118387

𝑖𝑛𝑡𝑒𝑔𝑟𝑎𝑙 𝑓(𝑋𝑖 )
0
-181.71
33.6768
509.012
1091.87
1676.87
2261.87
2844.74
4420.07
3535.46
3353.75

Analysis of fit "fit 1" for dataset "rs vs. t"
10

1st deriv

1st deriv

0

60

0

-10
0

2nd deriv

Analysis of fit "fit 1" for dataset "rs1 vs. t"
0.5

should be included for stress analysis in polymer
composites.

-0.2

-0.4
4000

Integral from 0

Table 1: Analysis of distribution for the max
principal residualstress in resin along the
fiber/matrix interface (Vf= 60%).
𝑋𝑖 𝑑𝑓 𝑋𝑖 𝑑𝑋 𝑑 2 𝑓(𝑋𝑖 ) 𝑑𝑋 2 𝑖𝑛𝑡𝑒𝑔𝑟𝑎𝑙 𝑓(𝑋𝑖 )
0
0.133333
0
0
9
0.133333
0
23.4
18 0.170667
0.00711111 57.668
27 0.0906667 -0.0248889
104.648
36 0
0
158.5
45 0
0
212.5
54 0
0
266.5
63 0
0
320.5
72 -0.361846 0.00328205 372.643
81 -0.155624 0.00784046 406.662
90 -0.044444 0.0168661
428.237
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Figure3a: Analysis fit for distribution of max
principal residual stress in resin along
fiber/matrix interface for three different fiber
volume fractions
The effects of fiber volume fraction on
process-induced residual stress were studied for
5
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Table 3: Analysis of distribution of the maximum
principal residual stress in the resin along the
fiber/matrix interface for three different fiber
packing (fiber volume fraction Vf= 60%).
𝑋𝑖
0
9
18
27
36
45
54
63
72
81
90

𝑑 2 𝑓(𝑋𝑖 ) 𝑑𝑋 2
0
-0.108874
-0.0286916
0.0317815
0.0792
0.335238
0.285591
-0.073405
-0.0331852
-0.045037
0

𝑑𝑓 𝑋𝑖 𝑑𝑋
0
-0.313379
-0.13855
-2.62495
-1.0044
0
1.63539
2.76301
0.192
0.0782222
0

𝑖𝑛𝑡𝑒𝑔𝑟𝑎𝑙 𝑓(𝑋𝑖 )
0
431.854
852.277
1235.84
1416.37
1467.9
1531.52
1727.37
2111.78
2537.14
2969.11

Analysis of fit "fit 1" for dataset "rs vs. t"

1st deriv

5

0

2nd deriv

-5
0.5

0

-0.5
3000

Integral from 0

square packing arrangement. Figure3 shows the
maximum principal residual stress in the resin
along the fiber-matrix interface for three
different volume fractions, i.e., Vf= 50%, 60% and
70%, respectively. For all three volume fractions,
the distribution of maximum principal residual
stress follows a similar pattern, with the greatest
value at 𝜃 = 45° and the lowest values at 𝜃 = 0°
and 90°. The magnitude of residual stress was
seen to increase with the increase in fiber
content, since higher fiber content tends to
prevent free shrinkage of the resin more
significantly and causes increased residual
stress. With the increase of fiber volume fraction,
the maximum principal residual stress always
remains tensile at 𝜃= 45°. However, at 𝜃 = 0° and
90°, the maximum principal residual stress tends
to become compressive with the increase of fiber
volumefraction. For Vf = 70%, it is noticed that
acompressive maximum principal residual
stress, up to -50.2N/mm2, was developed at 𝜃 =
0° and 90°. Increased tensile residual stress at 𝜃
= 45° might facilitate crack initiation or interface
de-bonding in these areas, while developed
compressive residualstress at 𝜃 = 0° and 90°
might be beneficial inpreventing interface debonding in those areas6,7.
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Maximum principal residual stress (N/mm 2)

45
Square packing

Figure 4a: Analysis fit for distribution of the
maximum principal residual stress in the resin
along the fiber/matrix interface for three
different fiber packing (fiber volume fraction Vf=
60%).
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Figure 4: Distribution of the maximum principal
residual stress in the resin along the
fiber/matrix interface for three different fiber
packing (fiber volume fraction Vf= 60%).

In addition to the square packing,
hexagonaland square-diagonal packing were also
considered to study the effects of fiber packing
on residual stress (fiber volume fraction was
60% for both packing arrangements).
Distributions of the maximum principal residual
stress of the resin along the fiber/matrix
interface are presented in Figure 4 for the three
different fiber-packing arrangements. The
magnitude of residual stress depends on the
fiber arrays, with higher values for square and
square diagonal packing and lower values for
hexagonal packing. The magnitude of maximum
principal residual stress for hexagonal packing is
about 36.8N/mm2 at 𝜃 = 45°, about 25% lower
than those seen in square and square diagonal
6

Online Journal of Polymer Research; 1 (1): 1-9

packing. This may be as a result of the more
uniform distribution of resin as seen in
hexagonal packing.
5.2

Effects of Residual Stress on Failure
Envelopes
To study the influence of residual stress
on theresponse of the unit cell model, the
damage onset and final failure were examined
under mechanical loading for a square packing
model with a fiber volume fraction of 60%. After
curing and thermal cooling analysis, distributed
normal traction was applied to the model
surfaces. At each time increment of the analysis,
the initiation and evolution of damage are
monitored using the maximum stress failure
criterion and stiffness reduction technique
described in Section 5.
Under biaxial longitudinal (z-direction)
andtransverse (x-direction) normal loading,
failure envelopes were constructed by
considering different biaxial load ratios for initial
and final failures, respectively. Failure envelopes
for no residual stress, as well as the test data of
final failure for unidirectional E-glass/epoxy
composites from Soden et al23, are also included
for comparison. Initial failure level corresponds
to the onset of damage. With further increase of
load after damage onset, damage develops from
the location of onset and spreads over the unit
cell. Final failure occurs when the damage
spreads across the section normal to the loading
direction which makes the unit cell unable to
carryany further load. It can benoticed that by
considering the residual stress, both initial and
final failure envelopes are shifted and contracted
when compared to those derived by excluding
residual stress. A similar shifting effect of
residual stress on failure envelopes was also
shown in Zhao et al 9, for transverse biaxial
normal loading. Also, Aghdam and Khojeh 8
showed that residual stress caused a shifting of
initial yield surfaces for unidirectional fiberreinforced metal matrix composites under
transverse loading. By comparing, it can be
noticed that initial and final failure envelopes are
very different in the regions with tensile
longitudinal loading, since the initial failure is
mainly transverse and occurs within the matrix,
which is much earlier than the final matrix or
fiber failure. In the regions with compressive

longitudinal loading, the initial and final failure
envelopes are comparable due to the rapid
spread of damage over the unit cell after the
damage onset
From the failure envelopes, residual
stress is shown to have little effect on the load
levels for longitudinal final failure due to the
high fiber strengths (see the two straight edges
on the left and the right), but greatly affects the
transverse failure behaviour due to the relatively
low resin strengths. In the transverse failure
region, residual stress is mainly detrimental for
transverse compression by causing earlier
compressive failure. For transverse tension,
residual stress has a complex effect depending
on the load ratios. Residual stress is beneficial
for load ratio -14.0 <RLT < 4.0 and detrimental
for 4.0 <RLT < 48.0 (RLT is the ratio of
longitudinal load to transverse load).
Experimental data follow the predictions in the
tension-tension region, but show a big
discrepancy in the tension-compression region.
There are four aspects which might contribute to
the discrepancy. Firstly, test data in Soden et al23
were taken from the biaxial tests performed by
Al-Khalil et al24 on nearly unidirectional ±85° Eglass/MY750-epoxy tubes (with a fiber volume
fraction of approximately 60%), which are,
strictly speaking, bi-directional composites.
Therefore, the tests could over estimate
the transverse compressive strength due to the
additional contributions from the fibers present
in the transverse direction. Secondly, the curing
procedure for the tested tubes was different,
with 2 hours at 90°C followed by 1.5 hours at
130°C and 2 hours at 150°C 23, which might
introduce different residual stress states in the
tested tubes and affect their failure behaviour,
particularly for transverse loading situations.
Thirdly, the stress based criterion for
compressive damage predictionin the matrix
resin used in this work might underestimate the
failure level, since the test curve for compressive
stress and strain shows a softening behaviour 12.
This means that compressive strength does not
reflect the final failure correctly under
compressive loading. Other failure criteria, such
as a strain based failure criterion, may be more
appropriate for detection of compressive failure
in the resin matrix. Finally, non-ideal fiber
distribution and concentration in real
7
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composites could alsomake contributions to this
difference 25.
Conclusions
A thermo-viscoelastic micro-mechanical
model and the finite element method have been
used tostudy process-induced residual stress in
unidirectional fiber-reinforced polymer-matrix
composites. Viscoelastic behaviour was assigned
to the epoxy matrix with cure and temperature
dependent material properties. From a three
dimensional unit cell, residual stress was
computed by considering the chemical shrinkage
of the epoxy resin and the thermal cooling
contraction of the whole fiber and resin system.
Computed residual stress shows strong
dependency on the fiber volume fraction and
fiber packing. A higher fiber volume fraction will
result in much greater residual stress levels due
to stronger fiber constraints on the matrix
contraction. Fiber packing studies suggest that
evenly distributed fibers, as in hexagonal
packing, could reduce the magnitude of residual
stress by weakening the overall fiber constraints.
Using the maximum stress failure criterion,
effects of residual stress were addressed on
failureenvelopes. The inclusion of residual stress
results incontraction and movement of both the
initial and final failure envelopes predicted for
biaxial normal (longitudinal and transverse)
loading. For final failure, residual stress shows
little effect on the load levels for fiber-dominated
longitudinal failure, but greatly affects the load
levels for matrix-dominated transverse failure.

composites as a function of aging”.
Composites Science and Technology, 64,
1671-1677.
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