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ORIGINAL ARTICLE

Process modeling and characterization of thermoset composites for residual
stress prediction

Sagar P. Shaha, Sagar U. Patilb, Christopher J. Hansena, Gregory M. Odegardb, and Marianna Maiar�ua

aUniversity of Massachusetts Lowell, Lowell, MA, USA; bMichigan Technological University, Houghton, MI, USA

ABSTRACT
A computational process modeling framework is presented to predict performance-altering
residual stress generation at the microscale. A comprehensive material characterization effort is
carried out as a function of the resin temperature and curing state, resulting in a novel material
database. For a prescribed cure cycle, in-situ elastic modulus evolution, chemical and thermal
strains, and random fiber distribution are shown to significantly influence residual stress gener-
ation. The results also show that a full process modeling analysis that includes the complete cure
cycle (instead of the standard approach of just considering post-processing cool-down) is neces-
sary to accurately predict manufacturing-induced residual stresses.
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1. Introduction

Polymer matrix composites (PMCs) are finding widespread
applications as primary load-bearing components in the
wind energy industry due to their desirable properties and
high strength-to-weight ratios [1]. However, manufacturing
such composites remains a challenging task. The chemo-
rheological and thermo-mechanical properties of the
constituent matrix evolve as curing progresses. Several
multi-physical phenomena, such as chemical shrinkage, exo-
thermic heat generation, and mismatch between constituent
material properties, further influence the in-situ matrix
response and result in performance-altering residual stress
build-up, deformation, and damage during manufacturing
[2–9]. The extent to which these residual stresses alter the
composite performance is not fully understood.

Process modeling simulations informed by accurate and
comprehensive material characterization can fill this knowledge
gap. The resulting process model can be used to optimize com-
posite manufacturing to improve the performance of composite
parts for wind energy applications. Process modeling leverages
robust computational analysis tools to enable accurate predic-
tion of the composite microscale response when subjected to
various thermo-mechanical loads [2–8, 10–16]. Numerous
computational studies, based on aerospace-grade composites,
have reported phenomenological and constitutive relations to
predict the evolution of matrix cure [17], estimate the process-
induced residual stress generation [18–27], and evaluate its
effect on the processed composite performance [3–6, 8, 10, 11,
28]. However, due to the lack of a complete cure- and tem-
perature-dependent material property dataset, such studies typ-
ically rely on room temperature data or employ deterministic
matrix properties for their analysis. Consequently, the

prediction accuracy of the numerical methods presented in
these studies strongly depends on the quality of the input
material property dataset [29].

In-depth knowledge of the cure- and temperature-
dependent material behavior is critical to fully understand
the development of residual stresses within composite mate-
rials and accurately quantify their effect on composite part
performance [30]. Few studies have reported comprehensive
material characterization methodologies to accurately and
reliably determine the matrix curing kinetics and the devel-
opment of thermo-mechanical properties as a function of
the degree of cure and temperature [29–36]. However, these
studies are limited to the characterization of aerospace-grade
resin systems. Similar material property datasets are
extremely scarce for commercial systems used in wind
energy applications. Consequently, the implementation of
robust process modeling techniques to optimize wind blade
manufacturing proves challenging and thus remains unex-
plored. Therefore, the need for a comprehensive and reliable
material property dataset is paramount to facilitate process
modeling of wind energy composites for their optimized
manufacturing and improved performance and durability.

In this study, a robust computational process modeling
framework, informed by comprehensive material character-
ization, is presented to predict residual stress generation in
composite microstructures during manufacturing. Using
established characterization procedures typical to aerospace-
grade materials, this work presents a novel material property
dataset for a widely-used wind energy material system as a
function of the degree of cure and temperature. For ease of
implementation within the process modeling framework,
resin-specific material models are developed that establish
the dependence of the resin thermo-mechanical properties
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on the degree of cure and temperature. Subsequently, finite
element (FE)-based process modeling analyses are carried
out to predict residual stress generation in composite micro-
structures subjected to an arbitrary temperature profile. A
separate linear-elastic thermal cooldown analysis is per-
formed using constant room temperature material proper-
ties. The end-of-cure residual stresses from the process
model and the thermal cooldown are compared. The sensi-
tivity of residual stress generation to the material property
evolution during manufacturing is thus evaluated.

The manuscript is organized as follows: the material
characterization methodology is outlined and the relevant
results are discussed in Sec. 2, the computational model gen-
eration and process modeling analysis of composite micro-
structures are detailed in Sec. 3, and the main conclusions
are elaborated in Sec. 4.

2. Material and experimental methods

2.1. Material and manufacturing

The present research focuses on a low viscosity thermosetting
epoxy system developed by Hexion Inc. for wind energy applica-
tions. The system, commercially sold as EPIKOTETM Resin
MGSTM RIMR 135 with the EPIKURETM Curing Agent MSGTM

RIMH 1366 (henceforth referred to as RIM R135/H1366), is a
two-part formulation consisting of a base epoxy and an amine-
based hardener. This system has a low processing temperature
and long gel time, making it an ideal choice for infusion proc-
esses popularly used in wind turbine blade manufacturing.

For all the characterization techniques discussed in this
section, the resin mixture was prepared at room temperature
by thoroughly mixing the RIM R135/H1366 in a stoichio-
metric ratio of 100:30 parts by weight for two minutes. The
mixture was then degassed for a minimum of twenty
minutes. Depending on the characterization technique, the
uncured mixture was either directly tested for specific prop-
erties or injected into molds to prepare the test specimens.

Test specimens were cured at a manufacturer-recommended
temperature of 80 �C.

2.2. Cure kinetics

The resin cure kinetics were measured with a Differential
Scanning Calorimeter (DSC Discovery, TA Instruments). For
these tests, a small amount of uncured mixture (6±2.5mg)
was sealed in a hermetic aluminum pan. Before each DSC
scan, the pan was equilibrated to �10 �C for two minutes to
avoid premature curing. Non-isothermal measurements were
performed to measure the total exothermic heat of the reaction
HT: During these tests, specimens were heated at a constant
temperature rate of 10 �C/min over a temperature range of
�10 �C to 300 �C. The total heat of reaction was computed by
integrating the area under the normalized heat flow versus
temperature plot shown in Figure 1(a).

The relationship between the heat release rate dH=dt and
the cure time t for a given isothermal cure temperature T was
established with isothermal DSC measurements. For these tests,
uncured resin specimens were rapidly heated from the equili-
bration temperature (Teq ¼ �10 �C) to 50 �C, 60 �C, and 70 �C
(typical processing conditions based on manufacturer recom-
mendations) and cured for 720minutes (the time at which full
cure is expected). The normalized heat flow versus time plots
for the three temperatures, shown in Figure 1(b), were used to
compute the instantaneous dH=dt and the partial heat of the
reaction Hpr up to t: The rate of reaction d/=dt and the
degree of cure / were determined using

d/
dt

¼ 1
HT

dH
dt

(1)

/ ¼ 1
HT

ðt
0

dH
dt

dt ¼ Hpr

HT
(2)

For each value of T, d/=dt was expressed as a function
of / using a phenomenological autocatalytic semi-empirical
kinetic model developed by Kamal et al. [17],

Figure 1. Normalized heat flow vs. (a) temperature plot from a non-isothermal DSC measurement and (b) time plot from three independent isothermal DSC
measurements.
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d/
dt

¼ K1 þ K2/
mð Þ 1� /ð Þn (3)

Ki ¼ Aiexp � DEi
RT�

� �
i ¼ 1, 2 (4)

where K1 and K2 are Arrhenius rate functions, m and n
dimensionless and real modeling parameters, A1 and A2 are
pre-exponential factors, DE1 and DE2 are activations ener-
gies, T� is the absolute temperature in Kelvin, and R is the
gas constant. For each isothermal cure temperature, d/=dt
and / were fitted to Eq. (3) using least-squares non-linear
regression. Exponents m and n (constants for all isothermal
measurements) were determined through trial-and-error in
order to obtain the best fits. This yielded the relevant rate
functions Ki for each isothermal cure temperature.
Subsequently, Ai and DEi were obtained from a linear fitting
of the ln Kið Þ versus 1=RT�: These kinetic constants are sum-
marized in Table 1.

The derived model predictions were superimposed onto
the experimental d/=dt versus / curves computed using
Eqs. (1) and (2) in Figure 2(a). A strong match was
observed between the experiments and model predictions.
To gauge the model’s accuracy, partially cured specimens
were tested under dynamic conditions to determine their
degrees of cure. The kinetic model was very accurate in pre-
dicting the final cure state of these specimens, as shown in
Figure 2(b).

2.3. Glass transition temperature

The resin glass transition temperature Tg was determined
using dynamic DSC. During the test, the normalized heat
flow was measured as a function of the test temperature. A
discontinuity in the slope of the normalized heat flow was
regarded as the glass transition temperature.

For these tests, uncured resin specimens were sealed in
hermetic pans and cured under isothermal conditions at
80 �C for several time intervals to attain intermediate cure
levels. Following the isothermal cure, the specimens were
rapidly cooled to �70 �C to stop further curing. The speci-
mens were subsequently subjected to a dynamic temperature
sweep from �70 �C to 300 �C at a temperature rate of
10 �C/min. Figure 3(a) shows the normalized heat flow ver-
sus temperature plot for partially cured specimens. The mid-
point of the step-change in the normalized heat flow versus
temperature plot (marked with arrows) was regarded as T/

g :

The residual heat of the reaction Hrs following the glass
transition phase was used to determine the degree of cure
using

/ ¼ 1�Hrs

HT
(5)

The evolution of the glass transition temperature with the
degree of cure is presented in Figure 3(b). This evolution of
T/
g with / was modeled with the DiBenedetto equation [37],

T/
g � T0

g

T1
g � T0

g
¼ k/

1� 1� kð Þ/ (6)

where T0
g ¼ �53.2 �C and T1

g ¼ 85.6 �C are the glass transi-

tion temperatures of the uncured and fully cured resin, T/
g

is the glass transition temperature for an intermediate
degree of cure /, and k is a dimensionless fitting parameter
used to obtain the best fit. For this material system, k ¼
0:2373: This model accurately predicted the evolution of the
glass transition temperature with an R2-value of 0.999. The
glass transition temperatures obtained by two other meth-
ods, thermo-mechanical analysis (TMA) and dynamic mech-
anical analysis (DMA, discussed below), were also compared
to the predicted temperature as shown in Figure 3(b). The
DiBenedetto equation predictions of the T/

g agreed well with

the measured values from the TMA and DMA methods.
The Tg values between the testing methods were expected to
differ marginally since the glass transition passage does not
affect the thermodynamic and mechanical properties at the
same point, but rather occurs over a range of temperatures
[34, 38].

2.4. Gelation

The time to gelation tgel was measured with a rotational rhe-
ometer (ARES-G2, TA Instruments). The uncured resin
mixture, prepared at room temperature, was injected
between the parallel plates with an initial gap of h0 ¼
1.5 ± 0.05mm. The mixture was then rapidly heated to
80 �C. To avoid temperature-induced volumetric changes in
the test specimen, the tests were carried out under isother-
mal conditions at 80 �C.

For these tests, the rheometer was set in gap control
mode, which meant the instrument maintained a constant
gap of h0 for the duration of the test. As the resin cured, it
was subjected to an oscillating shear strain c with a max-
imum value of 200% and an oscillating frequency of 1Hz.
The storage modulus G0 and the loss modulus G00 are com-
ponents of the complex shear modulus G, which relates the
applied c to the measured shear stress s: Their evolution, as
a function of the t, for one isothermally-cured test specimen
is shown in Figure 4. The crossover between G0 and G00,
which indicates that the resin has sufficiently solidified to
transfer stresses, was used to determine the resin gel point.
This crossover occurred approximately at tgel ¼ 38minutes
of isothermal curing at 80 �C. Considering the time-tem-
perature history of the rheology test, the degree of cure cor-
responding to tgel was calculated from the kinetic model
given by Eq. (3). The average gel point from the three tests
/gel ¼ 0.78. Literature studies on other RTM resin systems
have reported similar gel point values [31, 34, 39–42].

Table 1. Summary of the kinetic constants determined from isothermal DSC
measurements of RIM R135/H1366 epoxy system.

Property Value Unit

Exponent m 0.4 [–]
n 1.5 [–]

Rate constant A1 3.6� 109 [sec�1]
A2 0.01246 [sec�1]

Activation energy DE1 85.3 [kJ/mol]
DE2 11.1 [kJ/mol]

MECHANICS OF ADVANCED MATERIALS AND STRUCTURES 3



2.5. Chemical shrinkage

The post-gelation volumetric chemical shrinkage �/sh was
measured using the same rheometer setup as the gel point
measurement. The test procedure for the shrinkage measure-
ment was divided into two steps. The first step was identical
to the gel point measurement where the instrument operated
in gap control mode. During this step, the liquid resin was
allowed to cure under zero normal force FN when t < tgel:
The complex viscosity measured during this step was used
to switch from gap control mode to force control mode
when t ¼ tgel: During the second step, the instrument
applied a constant FN ¼ 0.1N to maintain contact between
the shrinking specimen and the plates. Additionally, a max-
imum torque of 100mN was applied at a 30Hz frequency.
The steady decrease in the gap distance (h) resulting from
chemical shrinkage in the specimen, was monitored by
the instrument.

The decrease in h relative to the t is presented in Figure 5.
When t < tgel, h remained constant with a value of h0 indicat-
ing a gap control mode operation. When t ¼ tgel, the instru-
ment switched to a force control mode and applied a FN ¼
0.1N. This caused a sudden decrease in h, as seen in Figure 5.
Upon stabilizing, h steadily decreased as the specimen volume
reduced due to chemical crosslink formation. The specimens
were allowed to cure for an additional 120minutes after gelation.
By then, the specimens were expected to be fully cured and add-
itional change in h was found to be insignificant. Neglecting the
decrease in h due to the application of FN, the post-gelation
volumetric chemical shrinkage �sh was computed using

�sh ¼ 1þ 1
3

h� h0
h0

� �� �3
� 1 (7)

This relationship assumes the in-plane strains in the speci-
men are zero and the material is incompressible (� ¼ 0.5)

Figure 2. Comparison of experimental data with the predictions from the autocatalytic cure kinetic model. The plot of (a) the rate of reaction vs. degree of cure
computed from isothermal DSC measurements and (b) degree of cure and temperature vs. time obtained from non-isothermal DSC measurements.

Figure 3. Plot of (a) normalized heat flow vs. temperature from dynamic DSC measurements of partially cured specimens and (b) glass transition temperature vs.
degree of cure computed as the mid-point of the step-change, model fitting obtained from the DiBenedetto equation.
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[40]. The chemical shrinkage as a function of the cure time
for three isothermally cured test specimens is shown in
Figure 6(a). The average post-gelation volumetric shrinkage
for a fully cured specimen �1sh ¼ 2.1 ± 0.07%. This value was
within the typical range of shrinkage values observed in the
literature (2–7%) for epoxy systems [34, 43, 44]. Based on
the time-temperature history of the test, the degree of cure
was computed using Eq. (3). The chemical shrinkage as a
function of the degree of cure is presented in Figure 6(b).

�/sh was modeled as a linear function of /

�/sh ¼
0, / � /gel

bð/� /gelÞ, / > /gel

(
(8)

where b is the shrinkage coefficient determined using the
least square linear regression of chemical shrinkage versus
time curves. For this material system, b ¼ 0:111:

2.6. Coefficient of thermal expansion

The post-gelation coefficient of thermal expansion (CTE) a/i of
the RIM R135/H1366 epoxy was measured using a TMA
(Q400, TA Instruments). The TMA employs a highly sensitive
expansion probe to measure the through-thickness dimension
changes Dh in the specimen relative to the temperature.

The test specimens were prepared in an open mold. The
degassed mixture was injected into the mold, which was
then transferred into a convection oven that was pro-
grammed to run the manufacturer-recommended cure cycle.
Specimens were allowed to cure in the oven until the target
degrees of cure were achieved. The specimens were removed
from the oven and rapidly cooled to arrest further curing.
The specimens were then cut into 3–4mm cubes and polished
to achieve top and bottom surfaces that were flat and parallel
for the probe to rest on [45]. The specimens were placed in
the TMA furnace which was equilibrated at 20 �C and heated
at a constant rate of 5 �C/min to 130 �C. An FN ¼ 0.01N was
applied for the entire duration of the test to maintain contact
with the specimen. As the specimen was heated, the probe

measured the through-thickness dimension change Dh in the
specimen as a function of the temperature T:

The CTE is defined as the relative change in the speci-
men dimension Dh=h0 with respect to the change in the
temperature DT [34, 45]. This value was obtained as the
slope of the relative dimension change versus the tempera-
ture plot generated by the TMA. Figure 7(a) shows one such
plot for a fully cured specimen. A distinct linear region
between 40 �C and 80 �C (region I) was observed, followed
by a transition region between 80 �C and 95 �C (gray area),
where the slope changed. After this transition region, a
second linear region was observed between 95 �C and 110 �C
(region II). The transition region represented the material’s
physical transition from a glassy state to a rubbery state as it
was heated, and the inflection point was defined as the Tg:

The slopes of the plot before and after the transition region
corresponded to the pre- and post-transition CTE. The spe-
cimen registered a T1

g ¼ 91.2 �C. The pre-transition CTE

was a1I ¼ 7.39� 10�5/�C while the post-transition CTE was
a1II ¼ 17.1� 10�5/�C.

The variation in the post-gelation CTE is illustrated as a

function of / in Figure 7(b). For T < T/
g , a/I ¼ 7:926ð

0:538Þ�10�5/�C was obtained. This value did not change
with /: By contrast, above Tg, the material registered a CTE

value ranging from a/II ¼ 18:9560:86ð Þ � 10�5/�C for / ¼
0:9 to a/II ¼ 16:8660:21ð Þ � 10�5/�C for / ¼ 1: A 11% drop
was observed in the material CTE with an increasing degree
of cure which was attributed to crosslink network formation,
which restricts molecular mobility as cure progresses. The
variation in the post-gelation CTE with the degree of cure
and glass transition temperature was defined using

a/i ¼
7:93� 10�5, T � T/

g

a� b /� /gel
� �� 	� 10�5, T > T/

g

8<
: (9)

where a and b are dimensionless fitting parameters obtained
using linear regression. For this material system, a ¼ 21.21
and b ¼ 18.25.

Figure 4. Plot showing the evolution of the storage and the loss moduli as a
function of cure time. The crossover between storage and loss moduli is defined
as the gel point.

Figure 5. Plot showing the variation in the gap between the parallel plates (cir-
cular, square, and triangular symbols in blue) during various phases of the test
and the evolution of the degree of cure (dot-dash curve in orange).

MECHANICS OF ADVANCED MATERIALS AND STRUCTURES 5



2.7. Elastic modulus

The variation of the post-gelation elastic modulus E/T with
the processing temperature and the degree of cure was char-
acterized with a DMA (Q800, TA Instruments). The test
specimens were prepared in a closed mold. The degassed
mixtures of resin were injected into the mold, which was
then transferred into a convection oven that was pro-
grammed to run the manufacturer-recommended cure cycle.
Specimens were allowed to cure in the oven until target
degrees of cure were achieved. The specimens were removed
from the oven and rapidly cooled to arrest further curing.
The specimens were then cut and polished to conform to
the ASTM D7028-07 standard test specimen geometry [46].

During the test, fully cured specimens were mounted in a
single cantilever beam configuration inside the DMA cham-
ber. The specimens were first tested isothermally at 20 �C

for 15minutes by applying an oscillating displacement of 10
l m at a 1Hz frequency. Following this, a temperature
sweep was performed, where the temperature was linearly
increased to 120 �C at a rate of 3 �C/min. For the entire dur-
ation of the test, the instrument measured the storage
modulus E0 and the loss modulus E00: The complex elastic
modulus E was computed using

E ¼ E0 þ iE00 ! E ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
E02 þ E002

p
(10)

The variation in the complex elastic modulus with the tem-
perature for a fully cured specimen (/ ¼ 1) is shown in
Figure 8. For the initial 20minutes of the test, the tempera-
ture was held constant, and the specimen registered an
E120 ¼ 2482MPa. As the temperature gradually increased, the
material elastic modulus began to drop. A sharp drop in the
complex elastic modulus was observed close to 85 �C, where
the glass transition passage was expected. Past the glass

Figure 6. Evolution of the measured volumetric chemical shrinkage under isothermal conditions as a function of (a) time and (b) degree of cure.

Figure 7. (a) Relative dimension change as a function of temperature for a fully cured specimen and (b) variation in the coefficient of thermal expansion with the
degree of cure before and after the glass transition region.
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transition window, the material registered a significantly
low modulus.

Partially cured specimens were tested under similar test
conditions and the evolution of their elastic moduli as a
function of the degree of cure and temperature is also pre-
sented in Figure 8. It is clear from this plot that all speci-
mens exhibited an elastic modulus close to 2400MPa at
20 �C. Subsequently, the elastic modulus began to drop as
the temperature approached the specimen T/

g corresponding

to its cure level. This trend suggested that the post-gelation
elastic modulus of the vitrified resin (T < T/

g ) had a low

sensitivity to the degree of cure. However, as the resin tem-
perature approached its glass transition temperature, which
is highly dependent on the degree of cure (see Figure 3b),
its elastic modulus dropped significantly. The post-transition
elastic modulus, when the resin is in the rubbery state
(T � T/

g ), was highly sensitive to not only the temperature

but also the degree of cure (Figure 8). Therefore, the effect
of temperature and the degree of cure on the elastic modu-
lus should be carefully accounted for during process model-
ing analysis.

To model this complex dependence of the elastic modu-
lus on the degree of cure and temperature, an approach con-
sisting of a dimensionless, normalized independent
parameter and regression was introduced. The dimensionless
parameter g is defined as

g � 1� T�

T�
r

(11)

where T�
r is the reference temperature in degrees Kelvin,

which herein was assigned as the highest temperature for
which data was available. The parameter g was thus defined
to be independent of units and provided a modulus function
with direct proportionality to the independent variable, that
is, as g increases, so does the modulus. Here, according to
Figure 8, T�

r ¼ 393.15K (or 120 �C) was utilized. The E ver-
sus g curve was fitted to a sigmoidal function (Boltzmann
equation) for all degrees of cure:

E MPað Þ ¼ A2 /ð Þ þ A1 /ð Þ � A2 /ð Þ
1þ exp g�g0 /ð Þ

dg /ð Þ
� � (12)

The data fitting was performed using the Origin Pro [47]
analysis tool and the phenomenological parameters
g0, dg, A1 and A2 were all determined as a function of
degree of cure:

g0 ¼ �0:860/þ 0:955

dg ¼ 0:070/� 0:041

A1 /ð Þ ¼ �10�13exp 34:55/ð Þ
A2 /ð Þ ¼ 1471:3/þ 801:39

(13)

This set of equations can be used to compute E at arbitrary
cure levels and temperatures.

3. Computational micromechanics

Computational studies of composite microstructures trad-
itionally assume that the thermo-mechanical response of
composite material can be determined by analyzing a
Repeating Unit Cell (RUC). A unit cell can be termed as a
representative volume element (RVE) if the cell is large
enough to capture the intended physical mechanisms that
influence the composite response without any boundary
effects [8]. A convergence analysis must be carried out to
determine the appropriate size of the RVE for a particular
microstructure. The results of a size effect study performed
previously [8] were used for the current study. The micro-
mechanical and process modeling details are discussed in
the following sections.

3.1. RVE generation

In this study, RVEs comprising a random dispersion of glass
fibers (fiber diameter, df ¼ 14 l m) in a RIM R135/H1366
epoxy matrix were generated with a random RVE generator
that was developed in-house with MATLAB. Here, 40 fiber
RVEs with a fiber volume fraction vf ¼ 0.55 were used.
Perfect bonding was assumed between the fiber and the
matrix. Five distinct renditions of the 40 fiber RVE were
analyzed, as shown in Figure 9. The fibers were modeled as
isotropic linear-elastic solids, the thermo-mechanical proper-
ties of which are summarized in Table 2. The matrix was
modeled as an isotropic material. The material-specific mod-
els described above were used to define the matrix behavior
during curing. The process modeling and thermal cooldown
analysis were carried out with the commercial FE code
Abaqus/STANDARD, supplemented with user-written
UMATHT and UMAT [48] subroutines. Each RVE was
meshed with C3D8T elements (eight-node, brick elements
with temperature degrees of freedom) [48]. Flat Boundary
Conditions (FBCs) were chosen over Periodic Boundary
Conditions (PBCs) due to their efficient and low-cost imple-
mentation [8].

3.2. Process modeling

The process modeling replicated the complete manufactur-
ing of the composites by accounting for (a) kinetic progres-
sion of the cure which was quantified by / and (b) the

Figure 8. Variation in the matrix elastic modulus with time, temperature, and
degree of cure.
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evolution of the in-situ thermo-mechanical matrix properties
which led to residual stress generation. The progression of
the cure for a prescribed temperature profile was defined by
Eq. (3) and the kinetic constants summarized in Table 1. A
coupled temperature-displacement analysis was carried out
in Abaqus/STANDARD with user-subroutines UMATHT
and UMAT [48]. The kinetic model was solved simultan-
eously with the 3-dimensional Fourier heat transfer model
to predict the progression of cure and the temperature dis-
tribution as a result of the exothermic heat of reaction.
Figure 10 shows the prescribed cure cycle for virtual manu-
facturing of the composite microstructure along with the
computed degree of cure.

The evolution of the in-situ matrix properties and
residual stress generation was modeled with a UMAT user
subroutine [48]. For a given cure state, the instantaneous
material properties were computed with the help of the
material models described above. Residual stress generation
was then modeled with an instantaneous linear-elastic con-
stitutive model [4, 8],

ri tð Þ ¼ Cij tð Þ
� 	

�totalj tð Þ � �thj tð Þ þ �shj tð Þ
� �

dj
h i

where,
dj ¼ 1 if j ¼ 1, 2, 3

dj ¼ 0 if j > 3

(
(14)

where i and j are Voigt notation indices; �totalj tð Þ, �thj tð Þ and

�shj tð Þ are the total, thermal, and chemical shrinkage strains,

respectively; CijðtÞ is the stiffness matrix as a function of the
time of cure; riðtÞ is the accumulated residual stress gov-
erned by the development of the in-situ matrix elastic
modulus and the chemical and thermal strains experienced
by the matrix.

The evolution of the in-situ matrix elastic modulus in a
representative RVE with the degree of cure and temperature
is shown in Figure 11(a). Figure 11(b)–(d) shows the devel-
opment of residual stresses with the time of cure at three

distinct points in the same RVE resulting from the elastic
modulus evolution and volumetric strains experienced by
the matrix. In Figure 11(a), the pre-gelation epoxy matrix
(/ � /gel) exhibits a very low elastic modulus. Therefore, no
significant residual stress generation is observed in Figure
11(b)–(d) during the pre-gelation phase, even though the
matrix experienced thermal and shrinkage strains during the
initial heating and isothermal hold stages of the cure cycle,
respectively. However, the formation of sufficient crosslink
networks led to a rapid increase in the material elastic
modulus post-gelation, as seen in Figure 11(a). A high post-
gelation elastic modulus combined with chemical shrinkage
strains during the isothermal cure stage and thermal strains
during the cooldown stage of the cure cycle resulted in a
maximum residual stress generation of 20.28MPa at point 3
in the RVE, as seen in Figure 11(d). The representative RVE
registered volume-average residual stress of 4.9MPa.

The residual stresses were also sensitive to the local fiber
packing. Figure 11(b)–(d) shows a variation in the magni-
tude of the residual stresses at three distinct points within a
representative RVE. Owing to the random fiber distribution,
the end-of-cure residual stresses at three points within the
RVE varied between 12.95MPa and 20.28MPa. To further
illustrate the influence of random fiber packing on residual
stress generation, the contour plots of the end-of-cure max-
imum principal stress for each of the 40-fiber RVEs are

Figure 9. Five distinct realizations of 40 fiber composite microstructures generated by the random RVE generator.

Table 2. Constituent thermo-mechanical properties of E-glass fiber.

Property Value Unit

Density qf 2,550 [kg/m3]
Elastic Modulus Ef11 ¼ Ef22 ¼ Ef33 73,000 [MPa]
Poisson’s ratio �f12 ¼ �f13 ¼ �f23 0.22 [–]
Shear Modulus Gf

12 ¼ Gf
13 ¼ Gf

23 30,000 [MPa]
Coefficient of Thermal Expansion af11 ¼ af22 ¼ af33 5� 10�6 [K�1]
Thermal Conductivity kf 1.2 [W/m-K]
Specific Heat cfp 800 [J/kg-K]

Figure 10. Evolution of the degree of cure as a function of the applied
cure cycle.
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presented in Figure 12(a)–(e). The figures demonstrate a
considerable difference in the distribution of the residual
stresses owing to the unique fiber packing topology in each
RVE. Between the RVEs, there was a maximum and vol-
ume-average end-of-cure residual stress of 20.426 0.26MPa
and 4.986 0.2MPa, respectively.

3.3. Thermal cooldown analysis

Simple thermal cooldown analyses are typically employed to
estimate the end-of-cure residual stresses in composites
when extensive material property characterization and com-
putational modeling are not feasible. These analyses only
consider the final cooling stage of the primary curing cycle
during which the matrix material is expected to be fully
cured and is gradually cooled from the processing tempera-
ture to room temperature. Consequently, the progression of
cure, matrix elastic property evolution, and chemical shrink-
age strains are ignored in such analyses, and only differential
thermal volumetric changes experienced by the constituent
fiber and matrix are thus assumed to contribute to the total
residual stress generation. A comparison of the end-of-cure

residual stresses from the full process model described herein
and a simple thermal cooldown analysis can quantify the con-
tributing sources that influence residual stress generation.

To perform a thermal cooldown analysis in FE, constant
room temperature matrix properties corresponding to the fully
cured state were allotted to the RVEs shown in Figure 9 with a
prescribed linear cooldown from 80 �C to 20 �C. The residual
stress evolution during the thermal cooldown analysis at the
same three points in the representative RVE is overlayed on
the process modeling results in Figure 11(b)–(d). As seen in
the figure, the residual stresses increased linearly at each point
as the RVE temperature decreased from 80 �C to 20 �C. Stress
values as high as 23.84MPa were predicted in the representa-
tive RVE shown in Figure 11(d). Compared to the process
modeling results at the same location (rmax

rs ¼ 20.28MPa), the
thermal cooldown analysis overestimated the maximum
residual stresses by 17.5%. Furthermore, the volume-average
residual stress over the entire representative RVE from the
thermal cooldown analysis was 7.34MPa. Compared to the
process model (ravgrs ¼ 4.9MPa), the cooldown analysis overes-
timated the volume-average stress by 18.6% as well. This over-
estimation is further evident in Figure 12 which compares the
end-of-cure residual stress contour plots from the simple

Figure 11. (a) Evolution of the matrix elastic modulus as a function of the prescribed cure profile and degree of cure for process modeling analysis and develop-
ment of residual stresses (max. principal) at (b) point 1, (c) point 2, and (d) point 3 within an RVE for process modeling and thermal cooldown analysis.
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thermal cooldown analysis (Figure 12f–j) to those from the full
process model (Figure 12a–e). The thermal cooldown analyses
predicted maximum and volume-average residual stresses of
25.26 0.6MPa and 7.446 0.27MPa, respectively. These values
were 23.6% and 49.4% higher than the maximum and volume-
average stresses reported by the full process model, respectively.

From these results, it is clear that simple thermal cool-
down analyses for this material fail to accurately predict the
process-induced residual stress. In addition to ignoring the
mechanical property evolution and chemical shrinkage dur-
ing curing, the higher initial CTE, which gradually decreases
as the cure progresses, may cause significant volumetric
expansion during the initial heating stage of the cure cycle,
which was also not accounted for. Thus, a combination of
low elastic modulus, high initial volumetric expansion, and
chemical shrinkage result in non-negligible residual stress
generation. Therefore, reliable predictions of residual stress
development are not possible with the simple thermal cool-
down analysis approach. With the full process modeling
approach, the evolution of cure- and temperature-dependent
material properties, as well as thermal and chemical shrink-
age strain predictions, are possible for any prescribed cure
cycle. This implies that the process modeling analysis devel-
oped herein can be employed to tailor the prescribed cure
cycles to mitigate residual stress generation or to achieve a
desired internal stress state for enhanced composite part
performance.

4. Conclusions

This work expands the premise of composite process model-
ing to wind energy applications. A robust and reliable com-
putational process modeling framework was presented to
facilitate virtual manufacturing of composite microstructures
and accurate residual stress prediction during their manufac-
turing. Using established characterization procedures typical
to aerospace-grade materials, this work presented a novel
material property dataset for a wind energy material system
as a function of the cure and temperature. Informed by

these accurately measured material properties, the ability of
process modeling tools to reliably estimate the manufactur-
ing-induced local residual stress distribution within compos-
ite microstructures was highlighted.

Process modeling techniques such as those presented in
this research can greatly benefit the efforts to reduce the
generation of residual stresses or to achieve the desired
internal stress state for enhanced composite part perform-
ance. Optimization studies can be performed with process
models to assess the influence of each processing parameter,
such as the heating rate, hold temperature, and cooling rate
on the final stress state. This in turn will provide optimiza-
tion opportunities and facilitate the establishment of rapid,
reliable, and cost-effective manufacturing procedures.
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