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Abstract In this study, the micro curing residual stresses
of carbon fiber-reinforced thermoset polymer (CFRP)
composites are evaluated using a multiscale modeling
method. A thermochemical coupling model is developed at
the macroscale level to obtain the distributions of
temperature and degree of cure. Meanwhile, a representa-
tive volume element model of the composites is estab-
lished at the microscale level. By introducing the
information from the macroscale perspective, the curing
residual stresses are calculated using the microscale model.
The evolution of curing residual stresses reveals the
interaction mechanism of fiber, matrix, and interphase
period during the curing process. Results show that the
curing residual stresses mostly present a tensile state in the
matrix and a compressive state in the fiber. Furthermore,
the curing residual stresses at different locations in the
composites are calculated and discussed. Simulation
results provide an important guideline for the analysis
and design of CFRP composite structures.

Keywords CFRP, curing residual stress, multiscale
modeling, finite element method

1 Introduction

Carbon fiber-reinforced thermoset polymer (CFRP) com-
posites have been widely used in various applications, such
as aeronautics and aerospace, automotive, and marine and
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civil engineering, due to its high specific stiffness and
strength [1-3]. The autoclave curing process is a
commonly used method in the manufacturing of CFRP
composite parts of different industries [4,5]. In the curing
process, the residual stresses invariably occur due to the
mismatched thermal expansion between the fiber and
matrix and the chemical shrinkage of the matrix. Curing
residual stress is a critical defect that affects the mechanical
performance of composite parts. For instance, the release
of residual stresses results in shape distortion, that is,
curing deformation [6]. In extreme cases, large residual
stresses can even cause debonding in the fiber—matrix
interphase and microcracks in the matrix before loading
[7]. Therefore, investigating the evolution of curing
residual stresses is important to understand the mechanical
performance of final composite parts thoroughly.

Several experimental methodologies have been used to
measure the curing residual stresses in CFRP composites.
For example, strain gauges [8,9] or fiber optic sensors [10]
were embedded in composites to characterize the evolution
of residual stresses in curing processes. Destructive
methods, including hole drilling [11] and indentation
[12] methods, have also been used to characterize the final
residual stresses of cured composite parts. However,
experimental methods are usually complicated and costly
to monitor the evolution of residual stresses during curing.
Moreover, experimental methods cannot capture the curing
residual stresses developed at the microscale level, that is,
the residual stresses in the fiber—matrix interphase.

Therefore, many studies have focused on investigating
curing residual stresses numerically [13—15]. The genera-
tion of curing residual stresses is a complicated cure
reaction of process coupling, heat transfer, and mechanical
response. Many researchers have presented various cure
kinetics models, such as N-order [16] and Kamal [17]
models, to characterize the cure reaction process. The
temperature of composites in the curing process is affected
by the applied temperature boundary in the autoclave, heat
transfer in the mold, and heat released in the cure reaction.
Thus, thermochemical simulations have been widely used
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to capture the temperature and degree of cure variations in
composites during the curing processes [18]. Curing
residual stresses can be further calculated via thermo-
mechanical analysis based on the obtained temperature
fields and degree of cure. The characterization of curing
residual stresses can be presented from macro- [19-21] to
microscale [22-25]. However, macro residual stresses
cannot intuitively reflect stress distributions in the different
phases (fiber, matrix, and interphase) of composites. In this
case, an increasing number of investigations has focused
on the prediction of micro residual stresses by using the
micromechanics method [26,27]. The representative
volume element (RVE) is usually modeled in accordance
with the periodic structure of composites, and finite
element simulation is used to predict the residual stresses.

Although these studies have been conducted to
investigate the micro curing residual stresses of compo-
sites, most have neglected the effects of interphase on
micro curing residual stresses. Meanwhile, studies on the
evolution of micro curing residual stresses at various
locations in the composites are limited. In the composites
of carbon fiber-reinforced resin matrices, the interphase is a
three-dimensional, heterogeneous, and transitive region
where the two components (fiber and matrix) meet [28]. As
shown in Fig. 1, Qi et al. [28] presented the interphase in
the composites of carbon fiber-reinforced resin matrices
via atomic force microscopy. Thus, this study aims to
present a detailed investigation of micro curing residual
stresses by using a multiscale modeling method. The
temperature and degree of cure are first obtained via
macroscale thermochemical simulation. Then, in consid-
eration of the interphase, an RVE model of the composites
is developed. The macroscale simulation result is then
introduced into the microscale RVE model to calculate the
micro curing residual stresses. The evolution of micro
curing residual stresses in various phases (fiber, matrix,
and interphase) and locations (along the thickness) is
calculated and discussed in detail.

Carbon fiber

Fig. 1 Atomic force microscope observation of the interphase.
Reprinted with permission from Ref. [28] from Elsevier.

2 Multiscale modeling framework and
theoretical formulation

The composite system T300/5228 in this study is
commonly used in aeronautical structures. The multiscale

modeling framework shown in Fig. 2 is proposed to predict
the micro curing residual stresses of composites. The
following steps are involved in this framework:

1) At the macroscale, the temperature and degree of cure
of composites in the curing process are calculated via
coupled thermochemical analysis. A three-dimensional
heat transfer problem considering the heat released via
curing reaction is solved.

2) The calculated temperature and degree of cure in the
macroscale model are further imposed in the microscale
RVE to predict the curing residual stresses. The constitu-
tive models of fiber, interphase, and matrix are defined.

2.1 Macroscale model

2.1.1 Heat transfer equation
The temperature field of composites depends on the
external curing temperature profile and the heat released by
the curing reaction of resin and is considered a nonlinear
temperature transfer problem with heat source. The three-
dimensional heat transfer equation of composites during a
curing process can be expressed as follows [29]:
oT o°T T T

pC@t = kxxax2 +kyy6y2 + k,, P +4q, @)
where T is the current temperature, ¢ is the curing reaction
time, C and p are the specific heat and density of
composites, respectively, and k., k,,, and k.. are the
thermal conductivities of the composites in the three
directions. The density of the T300/5228 prepreg is
provided by the supplier. The thermal conductivities and
specific heat of the T300/5228 composite system are tested
and listed below:

ko = 5.1309 4+ 0.018767 W-m/°C;

k

W = ko = 0.6522 4 0.00177 W-m/°C;

C=1.154 J/(g-°C);

p = 1540 kg/m’.

The following rate of heat generation ¢ in Eq. (1) is
related to the curing reaction of resin matrices in
composites:

do
dr’
where p, is the density of the resin, V; is the fiber volume

fraction, H, is the total heat released by the curing reaction
of a unit mass of resin, « is the degree of cure of the resin;

q :pr(lfo)Hr (2)

da . S, . .
and — is the resin’s instantaneous curing rate, which can

be determined through the cure kinetics model.
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Fig. 2 Illustration of the multiscale modeling framework.

2.1.2  Cure kinetics equation

In this study, a differential scanning calorimetry (DSC) test
is conducted to characterize the curing reaction kinetics of
5228 epoxy resin. On the basis of the DSC test results, the
cure kinetics model can be derived to describe the
relationship between the curing rate with temperature and
the degree of cure during the curing process. In this study,
the following phenomenological framework [17] is used to
model the cure kinetics of resin:

da

i (Ki + Kyd")(1-a)", 3)
where m and n are the reaction orders, and K; and K, are
the constants of reaction rate governed by Arrhenius
equations. These constants can be expressed as follows:

_AE.
K; _AieXp( RTI>’ i=1, 2, “4)

where 4; is the pre-exponential factor, E; is the reaction
activation energy, and R is the universal gas constant. The
parameter values of the cure kinetics model are calibrated
using the DSC test results listed below:

A, =1269.65s";

A, =438948.12 s ;

m = 0.046;

n=1.095;

E, =7036.32 J/mol;

E> =9761.48 J/mol;

R =18.3145.

2.1.3  Coupled thermochemical simulation

Coupled thermochemical analysis is conducted using the
commercial software package ABAQUS to calculate the
temperature distribution and degree of cure. In this study, a
cross-ply plate made of four symmetric plies [0/90/90/0]
with dimensions of 100 mm x 100 mm x 30 mm is
considered. User subroutines UMATHT and USEFLD are
written in ABAQUS to implement the coupled thermo-

chemical simulation. The finite element model of the
composite plate is shown in Fig. 3. Eight-node linear heat
transfer (DC3D8) elements of ABAQUS are used.

Fig. 3 Finite element model of the macroscale composite plate.

2.2 Microscale model

2.2.1 Constitutive models of fiber, interphase, and resin
At the microscale level, each phase of the composites
exhibits different constitutive behavior during the curing
process. The elastic and thermal properties of the fiber and
interphase are all considered constant during the curing
process. The mechanical properties including thermal
expansion of the T300 fiber and interphase in Refs.
[30,31] are used. By contrast, the constitutive behavior of
resin remarkably varies with the degree of cure during the
curing process. In this study, the elastic behavior of resin
during the curing process is described using an incremen-
tally linear elasticity model [32,33]. The total strain
increment of resin is described as follows:

AE = A&® + Ae™ + Ag™, 5)

where Ag°, Ag™, and A are the elastic strain, thermal
strain, and chemical shrinkage increments, respectively.
Chemical shrinkage occurs in the 5228 resin after the gel
point at 0.6% [13].
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The equivalent stress increment can be expressed as
follows:

Ac = CAE, (6)

where C is the elastic matrix. In this study, the variation in
the elastic properties of resin during the curing process is
described as follows [34]:

E° o < Qg
E= ) ()
(1 ~ Omod )E =+ Oimod E* o= Qgel»
where g is the degree of cure at the gel point, which is
determined as 0.4 by the DSC test [14]. & o4 1S considered
the function of degree of cure and the gel point and is
calculated as follows:

o— agel

Omod = 1— (8)
- agel

E° and E* denote the moduli of uncured and cured
resin, where E° can be derived from the following
equations:

K® =~ K>/2.5,

G® ~ G*/100,

W= (3K°-2G%) /(6K +2G°),
E'=2(1+)G°,

(©)

where K is bulk modulus, G is shear modulus, and v is
Poisson’s ratio. The variation in the thermal expansion
coefficient (CTE) of resin during the curing process is
expressed as follows [35]:

B= (1_a)ﬂr+a:8g’ (10)

where f, and f, are the thermal expansion coefficients of
resin in rubbery and viscous flow (uncured) and glassy
(cured) states, respectively. In accordance with the test
results of the elastic moduli and the thermal expansion
coefficients of uncured and cured resin, the parameters in
Egs. (8)—(10) are listed below:

Fiber: E1 =233 GPa, E, = E3 =23.1 GPa, G1, =G5 =
8.96 GPa, G23 = 8.26 GPa, Vi2 = Vi3 = 02, Vo3 = 0398,
CTE, =-0.54 x 10°°C", CTE, = CTE; = 10.1 x 10°¢
oc—l;

Interphase: £ = 10.2 GPa, v =0.28, CTE =20 x 10°°
ocfl;

Matrix: E° = 20.8 MPa, E* = 3.483 GPa, v’ = 0.49,
v® =0.336, £,=3536 x 10°°C", f,=88.4 x 10°°C".

2.2.2  Computation of micro curing residual stresses

The micro curing residual stresses are evaluated using the
microscale RVE model with square fiber arrangement, as

shown in Fig. 4. The RVE model consists of an § um-
diameter fiber, 0.1 pm-thick interphase, and resin matrix.
The fiber volume fraction is 53%. The finite element mesh
is implemented with 155500 eight-node linear break
elements (C3D8) in ABAQUS.

I 1300 fiber
I Resin matrix

Interphase

X3

A

X1 X2

Fig. 4 Finite element model of the microscale RVE.

A user subroutine UMAT is written to describe the
constitutive behavior of each phase in the microscale
model. The properties of resin are updated in accordance
with the simulation result of the degree of cure from the
macroscale model. The calculated temperatures from the
macroscale model are imposed on the microscale RVE
model to predict the curing residual stress via coupled
thermomechanical analysis. Periodical boundary condi-
tions [36] are applied to the RVE model. In addition, 0.6
MPa pressure loads are imposed on the external surface of
the model to simulate an actual pressure environment in the
autoclave system. Three-dimensional periodical boundary
conditions [36] are applied to the RVE model and
expressed as follows:

Ui(Ly, x2, x3)=Ui(0, X3, x3) = Li&1y,
Up(Ly, X3, x3)=Us(0, x3, x3) = 2L,&)3,
Us(Ly, X3, x3)=Us(0, x3, x3) = 2L3€)3,
Ui(x1, Ly, x3)=Uy(xy, 0, x3) = 2L,&p,
Up(x1, Ly, x3)=Us(x1, 0, x3) = Lyén, (11)
Us(x1, Ly, x3)=Us(xy, 0, x3) = 3L3€3,
Uy(x1, X3, L3)=Us(x1, X, 0) =2L;&y3,
Ui(x1, xp, L3)=Us(x1, X3, 0) = 2Lyé3,
Uy(x1, X3, L3) = Us(x1, xp, 0) = L3éss,

where L; (i=1, 2, 3)and U; (i =1, 2, 3) represent the
lengths and displacements of the microscale RVE,
respectively, along the x;, x;, and x3 directions, and &;
are the tensorial strains.
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3 Results and discussion

3.1 Evolution of temperature and degree of cure

The macroscale model is subjected to a prescribed
temperature profile. The temperature profile with two
heat preservation platforms is described as follows: First,
the temperature is initially set to 25 °C and then increased
to 120 °C with a heating rate of 3 °C/min. Second, a short
heat preservation (first dwelling) platform is carried out for
1 h, and the temperature is increased to 180 °C with the
same heating rate. Third, a long heat preservation platform
(second dwelling) is carried out for 150 min to provide
sufficient curing. Finally, the temperature is decreased to
25 °C with a cooling rate of —3 °C/min.

The temperature distribution on the macroscale compo-
site plate after cooling is presented in Fig. 5. The
temperature difference in the composite is evident. Given
that the lower layer of the composite plate adheres to the
mold during the curing process, the temperature value
determined by the curing temperature history is set in the
lower surface of the model. In the other surface, convective
boundary conditions are assigned. When the curing

NT11
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reaction is completed, the temperature in the upper layer
is higher than that in the lower layer, and the maximum
difference is 13.4 °C.

Figure 6 presents the history of temperature and degree
of cure at the central point of the macroscale model. In the
first stage of heat preservation, resin is solidified slowly. At
the beginning of the second dwelling period, the resin
begins to cure rapidly, accompanied by an increase in
internal temperature (higher than the applied temperature)
and a significant increase in the degree of cure. During the
second dwelling period, the resin is almost fully cured with
a constant degree of cure.

3.2 Evolution of micro curing residual stresses

After macroscale modeling, the degree of cure and
temperature at all the nodes of the macroscale model are
obtained. Then, the results at the central node of the
macroscale model are transferred to the microscale model
to characterize the micro curing residual stresses further.
The distributions of micro curing residual stresses of the
microscale model after curing are depicted in Fig. 7, where
S11 represents the fiber direction.

Temperature distribution in the macroscale model after the curing cycle.

200 1.00
150 | 10.75
e
B
3
100 | 050 g
oh
[
A
50 ¢ 0.25
—— Temperature cycle
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0 L . . . . 0.00
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Curing time/min
(b)

Fig. 6 Evolution of (a) temperature and (b) degree of cure with curing time.
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Fig. 7 Distributions of the curing residual stresses of the microscale model after the curing cycle in the (a) fiber, (b) the interphase, and (c) the matrix.

After curing, compressive residual stresses in three
directions occur in the interphase. In the fiber, the curing
residual stresses along the fiber direction (S11) are all
compressive. Along the transverse directions (S22 and
S33), most of the curing residual stresses are under the
compressive state, whereas a small portion of the stresses is
under the tensile state. Compared with that of fiber, the
curing residual stresses in the matrix shows an opposite
distribution. The curing residual stresses along the S11
direction undergo a completely tensile state. Along the S22
and S33 directions, most of the curing residual stresses are
under the tensile state, whereas a small portion of the
stresses is under the compressive state.

The evolution of the maximum von Mises curing
residual stresses is plotted in Fig. 8. Figure 8(a) shows
that the evolution of curing residual stresses in resin
undergoes several stages. Before reaching its gel point, the
resin’s residual stresses are significantly low due to its
small modulus. The increase in temperature gradually
increases the curing degree of resin, and chemical
shrinkage occurs as the resin reaches its gel point.
Chemical shrinkage leads to the rapid increase in the
curing of residual stresses, as shown in Fig. 8(a). Then, the
curing residual stresses maintain a stable value in the
second heat preservation platform. During the cooling
stage, the residual stresses increase sharply due to the large
temperature difference. The coefficient of thermal expan-
sion in fiber is clearly lower than that of resin. Thus, the
generation of residual stresses in fiber is mainly from the
influence of resin deformation. Therefore, the evolution
law of curing residual stresses in fiber is similar to that of

the resin matrix, as shown in Fig. 8(b). By contrast, the
generation of residual stress in the interphase is mainly due
to its thermal deformation during the curing process. Thus,
the evolution law of curing residual stresses is generally
consistent with the temperature curve, as shown in
Fig. 8(c).

3.3 Micro curing residual stresses at different locations

In practice, the evolution of curing residual stresses in a
composite part varies with different locations, especially
along the thickness direction. In the macroscale model in
this study, five reference points at different locations along
the thickness direction (Fig. 9) are considered.

The temperature and degree of cure evolution at the
reference points are first calculated via coupled thermo-
chemical analysis. Given that the evolution laws at the five
reference points have almost the same behavior, only the
temperature and degree of cure at the end of curing are
presented in this study. As shown in Fig. 10, the
temperature and degree of cure increase along the
thickness direction. Given that the temperature in the
upper layer is higher than that in the lower layer, the curing
reaction of the resin matrix located in the upper layer is
more complete. The temperature and degree of cure at
Points 1 and 5 are 25 °C and 0.925, and 37 °C and 0.936,
respectively.

The von Mises curing residual stresses at the reference
points are presented in Fig. 11. The curing residual stresses
slightly decrease along the thickness direction due to the
temperature distribution along the thickness direction. At
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Fig. 8 Evolution of curing residual stresses in the (a) matrix, (b) fiber, and (c) interphase.

Fig. 9 Illustration of the five reference points at different locations in the macroscale model.

the end of curing, the temperature difference in the upper
surface is lower than that in the lower surface; thus, lower
residual stresses are found at the upper surface.

4 Conclusions

A multiscale modeling method is proposed to investigate
the micro curing residual stresses of CFRP composites.
This method effectively achieves information transmis-
sion, such as that of temperature and degree of cure
between different scales. In the process of solving the
curing residual stresses, the material property evolution
and chemical shrinkage of resin are considered. Through
micromechanical analysis, the coupled thermomechanical
behavior of the fiber, interphase, and matrix during curing
are characterized. The contour plot of the residual stresses
of the microscale model demonstrates a tensile state in the
matrix and a compressive state in the fiber and interphase
of the curing residual stresses. Furthermore, the evolution
laws of the curing residual stresses in the fiber, interphase,
and matrix are discussed in detail. Several reference points
along the thickness direction of the macroscale model are
selected to calculate the curing residual stresses. The
results show that the curing residual stresses decrease
along the thickness direction.

Experimental verification is not conducted in this study.
The curing residual stresses at the microscale level are
difficult to obtain with existing experimental methods.
Nevertheless, curing deformation induced by the curing
residual stresses can be tested easily. Therefore, in future
studies, the curing deformation of composite samples will
be computed using the curing residual stresses. At present,
we use this simplified RVE model to develop the
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= kS
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Fig. 10 Temperature and degree of cure at the reference points
after curing.
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Fig. 11 Curing residual stresses at the reference points after curing.

multiscale modeling method. This multiscale modeling
method will be further improved with a refined RVE model
that contains multifiber.
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