
Integrated analysis on cure–microstructure–property–deformation
correlation of carbon fiber reinforced resin composites

Xiaoxia Wang a, Hao Su b, Yuxi Jia b,⇑, Pan Li c

a School of Mechanical-Electronic and Vehicle Engineering, Weifang University, Weifang 261061, China
b Key Laboratory for Liquid-Solid Structural Evolution and Processing of Materials (Ministry of Education), Shandong University, Jinan 250061, China
c ESI Group Shanghai Representative Office – CoE (Center of Excellence) Composites, Shanghai 200030, China

a r t i c l e i n f o

Article history:
Received 23 April 2015
Received in revised form 28 June 2015
Accepted 30 June 2015
Available online 14 July 2015

Keywords:
Curing deformation
Processing condition
Polymer composites

a b s t r a c t

Curing process-induced deformation is one of the major problems that restrict the widespread use of car-
bon fiber/epoxy composites in aerospace industry. The principles involved in the generation of
cure-induced stress in carbon fiber reinforced epoxy matrix laminates have received much interest in
published literatures. A new analysis methodology that integrates the thermodynamic model, the curing
kinetic model, the microstructural model and the stress–strain model is presented for simulating the cur-
ing process induced internal stress and deformation. By analyzing the curing behavior of carbon fiber/
epoxy composites, the cure–microstructure–property–deformation correlation can be revealed, which
does help in optimally designing the processing conditions in accordance with the specific needs for com-
posite structures or properties. The simulation results of internal stress and deformation were in good
agreement with the existing ones.

� 2015 Elsevier B.V. All rights reserved.

1. Introduction

As one of the primary structural materials, high performance
carbon fiber/epoxy composites are widely used in various industry
applications, especially in the aerospace industry. However, during
the curing process, serious process-induced internal stress is gen-
erated that can result in curing deformation, which is the obstacle
to the large scale application of carbon fiber composites. Thus, it is
imperative that researchers study the curing process of composite
materials, the optimization of composites, and analysis methods to
predict the behavior of materials. For this reason, many efforts
have been made to study the curing process and curing deforma-
tion. Yan used a two-dimensional finite element model to simulate
and analyze the mechanisms pertaining to resin flow, heat transfer,
and consolidation of laminated composites [1]. Yang used molecu-
lar dynamic simulation to compute thermo-mechanical properties
of cross-linked epoxy [2]. Bogetti and Gillespie applied a
one-dimensional elastic model to explain the relationship between
gradients of temperature and degree of cure, and then predict the
residual stress and mechanical properties of thick-section compos-
ite laminate [3]. Johnston et al. analyzed the five major factors of
process-induced deformation of L-shaped laminates during

autoclave process [4]. Li and Strachan used molecular dynamics
to provide a rather thorough characterization of the thermo-
mechanical response of thermoset polymer EPON862/DETDA [5].
Lingois et al. presented a combined modeling and materials char-
acterization approach to predict the chemically induced residual
stress in dental composites [6]. Ruiz and Trochu numerically ana-
lyzed the cure temperature and internal stress in thin and thick
RTM parts and then proposed a thermal optimization algorithm
to minimize processing stresses [7]. Sorrentino and Bellini used a
new analysis method to reveal both residual stresses and com-
paction during cure process simultaneously [8]. Kappel et al. car-
ried out experimental study to discuss the effect of the essential
parameters on process distortions [9].

Trial-and-error experimental tests for predicting
process-induced internal stress and deformation are typically
time-consuming and expensive. Over the last two decades, finite
element simulation has been used to study the internal stress
and curing deformation of carbon fiber/epoxy composites.
Although many studies on the numerical simulation of the
process-induced internal stress have been implemented, these
studies mainly focused on the effect of processing condition on
the internal stress of composites [10]. As is known to all, the
mechanical properties of carbon fiber/epoxy composites not only
depend on the processing condition but also depend heavily on
the microstructure of composites. Therefore, from the view of both
theoretical research and industrial applications, to establish a
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relationship among curing process, microstructure, property, and
deformation for carbon fiber/epoxy composites becomes an urgent
and tough task. However, little attention was paid to the integrated
cure–microstructure–property–deformation correlation analysis
from the viewpoint of curing theory and process simulation.

The objective of this study is to present a new cure–microstruc-
ture–property–deformation correlation analysis methodology, and
then to predict the curing process induced internal stress and
deformation of composite laminates via the finite element simula-
tion method. The most obvious difference between this methodol-
ogy and the ones published in other articles aiming at predicting
the internal stress is the calculation of the composite material
modulus. In this correlation analysis methodology, the material
modulus is related to the microstructural parameter based on the
crosslinking theory, while the computational formula of material
modulus in other published articles is empirical expression which
is the function of temperature and degree of cure instead of
microstructural parameter.

2. Cure–microstructure–property–deformation correlation
models

2.1. Thermal–chemical model

The thermal–chemical model relates to the temperature distri-
bution equation and the cure kinetic equation. This model repre-
sents degree of cure as a function of time and the temperature of
the material.

The temperature distribution equation during curing process
can be obtained by coupling the transient heat transfer with inter-
nal heat generation [11]:

qðX; TÞcðX; TÞ @T
@t
¼ @

@xi
kij
@T
@xj

� �
þ qðX; TÞHm

dX
dt
ði; j ¼ 1;2;3Þ ð1Þ

where q and c denote the material density and specific heat, respec-
tively. kij is the thermal conductivity in three directions. T denotes
the absolute temperature, X degree of cure, and Hm the ultimate
reaction heat in unit mass.

The curing reaction of epoxy/amine resin is autocatalytic. The
cure kinetic equation related to the reaction rate and degree of cure
is presented [12]
dX
dt
¼ KXm 1� Xð Þn ð2Þ

K ¼ Ae
�DE
RT ð3Þ

where K represents the curing reaction rate constant defined by the
Arrhenius equations, A the frequency factor, DE the activation
energy constant, and R the gas constant.

The numerical calculation of curing parameters is a prerequisite for
calculating the cross-linked structure and mechanical behavior param-
eters, which are the functions of temperature and degree of cure.

2.2. Relation between gel point and degree of cure

The recursive method, proposed by Miller and Macosko [13], is
employed to calculate the weight-average molecular weight, Mw,
of nonlinear polycondensate below the gel point. NE moles of f
functional epoxy molecules react with NA moles of g functional
amine molecules, and the weight-average molecular weight, Mw,
as a function of degree of cure is presented as follows [14]:

Mw ¼
pAM2

E=f þ pEM2
A=g

pAME=f þ pEMA=g

þ
pApE pEðf � 1ÞM2

A þ pAðg � 1ÞM2
E þ 2MEMA

h i
ðpAME=f þ pEMA=gÞ 1� pApEðg � 1Þðf � 1Þ½ � ð4Þ

where pE and pA denote the reaction extents of epoxy monomer and
amine monomer, respectively, with pA = fNEpE/gNA = X. ME and MA

denote the molecular weights of epoxy molecules and amine mole-
cules, respectively.

The number-average molecular weight, Mn, below the gel point
is calculated applying its definition equation [14]:

Mn ¼
MANA þMENE

NA þ NE � fpENE
ð5Þ

The gel point is an important critical point during resin curing
process, where the weight-average molecular weight, Mw, diverges
(Mw ?1) and the infinite network begins to form. According to
the Flory theory of gelation, the expression of the gel point Xgel is
obtained

Xgel ¼
gNA

fNEðf � 1Þðg � 1Þ

� �1=2

ð6Þ

2.3. Relation among segment weight, glass transition temperature and
degree of cure

Mechanical properties depend heavily on the material state. The
glass transition temperature, Tg, is one of the most important phys-
ical properties of polymers, which is dependent on the structural
features of polymers. The polymer is in the rubbery state when
its temperature is above the glass transition temperature, while
in the glassy state when its temperature is below the glass transi-
tion temperature. Previous works have attempted to theoretically
construct the relationship between the glass transition tempera-
ture and degree of cure. One of the important methods to calculate
the glass transition temperature is to use the classical DiBenedetto
equation, treating k as an adjustable structure-dependent parame-
ter [5]

Tg ¼ Tg0 þ
ðTg1 � Tg0ÞkX
1� ð1� kÞX ð7Þ

where Tg0 and Tg1 are the glass transition temperatures of the unre-
acted resin and the fully cured resin, respectively.

The segment weight between crosslinks, Mc, of the
three-dimensional polymer network is an important structure
parameter of polymers. Many studies have paid attention to the
relationship between the glass transition temperature and the
crosslink structure of network polymers, showing that there is an
unequivocal relationship [15]:

Mc ¼
kN

Tg � Tg0
ð8Þ

kN ¼ 39
2ðf c � 2Þ

f c
ð9Þ

where kN is a constant, and fc the functionality of the network
crosslink.

2.4. Relation between material modulus and segment weight

In the whole curing process, there exist three polymer states:
viscous state, rubbery state and glassy state, which have different
sets of properties in their respective states.

Material modulus is taken as a representative property of poly-
mer materials. The theory of rubber elasticity provides the follow-
ing quantitative relationship between the rubbery modulus, Gr

m,
and the segment weight between crosslinks, Mc, [16]:

Gr
m ¼

qmRT
Mc

ð10Þ
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