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Abstract: Fiber-reinforced thermosetting composites are of great significance in aerospace, marine, automotive, wind power, and 
civil engineering fields. They have outstanding advantages and can reduce weight and enhance performance, especially by re-
placing steel pieces. However, nonreversible cured deformation is an obstacle to the rapid development of these composite 
components. Studies in this field typically focus on the numerical prediction of the effects of cured deformation on composite 
components, which helps engineers design and modify the mold to compensate for deformation. In this review we discuss the 
latest achievements relating to cured deformation mechanisms, prediction models, and control strategies in fiber-reinforced ma-
terial fields. In particular, different intrinsic and extrinsic factors that affect cured deformation are summarized and five main 
control strategies are proposed: die surface compensation, process optimization, structural optimization, tool-part contact opti-
mization, and development of other methods. In addition, the effects of these factors on controlling deformation are compared. 
Unlike previous studies, this study integrates control strategies and the main mechanisms involved to achieve a more compre-
hensive view of cured deformation in thermosetting composites. 
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1 Introduction 

 
Composites have outstanding functionality and 

properties. In early human civilizations, fiber- 
reinforced material was fabricated using straw and 
earth to form composite bricks for buildings. These 
provided much better performance than bricks made 
solely of earth. In the last four decades, tremendous 
advancements have been made in the science and 

technology of fiber-reinforced composites (Liu et al., 
2015). Several types of composite materials are now 
widely used in aerospace (Mrazova, 2013), aircraft 
(Tang and Lee, 2010), marine (Gagani et al., 2018), 
automobile (Kim et al., 2012), wind power (Kalagi et 
al., 2018), sports equipment (Bai and Li, 2012), civil 
engineering (Daugevičius et al., 2012; Ibos et al., 
2014), and other industries (Mallick, 2007). Their 
popularity is primarily due to their low density, high 
strength, high stiffness-to-weight ratio, excellent du-
rability, and design flexibility. The application of 
composites has also led to innovations in their man-
ufacture. Manufacturing technologies have been de-
veloped from the hand layup technique. Although this 
technique is a reliable process to manufacture compo-
site materials, it is relatively slow and labor-intensive. 
Following the development of the automotive industry, 

 

‡ Corresponding author 

* Project supported by the National Basic Research Program (973 
Program) of China (No. 2015CB057301) and the National Natural 
Science Foundation of China (Nos. 21676244 and 51373153)  

 ORCID: Jiao-yuan LIAN, https://orcid.org/0000-0002-1769-5641; 
Zhong-bin XU, https://orcid.org/0000-0001-7225-8420 
© Zhejiang University and Springer-Verlag GmbH Germany, part of 
Springer Nature 2019 

Journal of Zhejiang University-SCIENCE A (Applied Physics & Engineering) 

ISSN 1673-565X (Print); ISSN 1862-1775 (Online) 

www.jzus.zju.edu.cn; www.springerlink.com 

E-mail: jzus@zju.edu.cn 

Review: 

Administrator
新建图章

http://crossmark.crossref.org/dialog/?doi=10.1631/jzus.A1800565&domain=pdf


Lian et al. / J Zhejiang Univ-Sci A (Appl Phys & Eng)   2019 20(5):311-333 312

compression molding, pultrusion, and filament 
winding have become the primary methods for man-
ufacturing fiber-reinforced composites. Resin transfer 
molding (RTM), which has the ability to produce 
composite parts with complex shapes and at relatively 
high production rates, is another manufacturing pro-
cess that has received significant attention in both 
aerospace and automotive industries. 

However, one of the obstacles to composite 
manufacturing and application is dimensional infi-
delity (Dong et al., 2004; Kappel, 2013), which refers 
to warpage (for flat sections), spring-in or spring-out 
(for angled sections) (Albert and Fernlund, 2002), 
distortion, deflection, curvature or cured deformation 
after the fabrication process. This phenomenon has 
been given great attention because it is crucial to the 
assembly processes that follow, and to the working 
performance of parts in applications of thermosetting 
composites. Scientists have investigated the mecha-
nisms behind deformation and developed many con-
trol strategies to lessen its impact during manufac-
turing. These achievements have great importance for 
both the manufacture and application of fiber- 
reinforced composites. Although great progress has 
been made, many processes of cured deformation 
remain unknown and/or controversial. Therefore, the 
control of cured deformation remains a challenge in 
the application of fiber-reinforced composites. 

In this paper, recent advances relating to the 
study of the main mechanisms of induced cured de-
formation and the strategies for controlling this phe-
nomenon are summarized and discussed. First, we 
summarize the mechanisms responsible for cured 
deformation and describe three main mechanisms. 
Then, the control strategies, such as die surface 
compensation, process optimization, structural opti-
mization, tool-part contact optimization, and other 
measures developed with detailed factors are pre-
sented. At last, we discuss applications of the above 
strategies, existing problems, and perspectives for 
cured deformation control.  

 
 

2  Mechanisms of the composite cured  
deformation 

 
Visible deformation of composite components 

generally forms after the cool-down stage and the 

demolding process. Typical cured deformations are 
shown schematically in Fig. 1, in which the manu-
factured components do not comply with the designed 
shape. Since there are requirements for the optimal 
shape and characteristics of composite parts, an 
in-depth understanding of cured deformation is of great 
importance for composite part design and application. 

Various mechanisms are responsible for cured 
deformation. The three leading mechanisms are 
thermal deformation, chemical shrinkage of resin, and 
tool-part interaction. Moreover, resin flow (Johnston 
et al., 2001), fiber volume fraction gradients (Radford 
and Rennick, 2000; Dong, 2010; Nawab et al., 2013), 
stacking sequence (Dong et al., 2004; Kappel et al., 
2013b; Nawab et al., 2013), temperature gradients 
(Radford and Rennick, 2000; Ruiz and Trochu, 2005), 
moisture swelling (Wu et al., 2000; Wisnom et al., 
2006), fiber wrinkling (Garnich and Karami, 2004; 
Karami and Garnich, 2005; Çınar and Ersoy, 2015), 
degree of cure (DOC) (Nawab et al., 2013), and 
component size and shape (Kappel et al., 2013b) have 
also been identified as mechanisms that could be 
responsible for cured deformation. In the following 
sections, the three main mechanisms generating shape 
distortions and advances in their understanding are 
explained in detail. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

2.1  Thermal deformation 

Since the thermal expansion coefficient (CTE) 
and mechanical properties of an orthogonal aniso-
tropic composite laminate differ between the fiber 
direction and its perpendicular direction, the degree of 
thermal deformation in the two directions in the  

Fig. 1  Schematic of typical cured deformation of a flat 
panel (a) and an “L”-shaped component (b) 
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heating and cooling process also differs. When the 
laminates are laid-up, different thermal deformations 
interplay between the laminates, resulting in inter-
laminar residual stresses and visible deformation 
(Fig. 2). 

In early studies, the cool-down stage of the 
composite manufacturing process was considered to 
be the leading factor causing thermal deformation 
based on the assumption that the laminate is in a 
stress-free state at the end of the curing phase. Hence, 
purely thermal-stress analysis of the material re-
sponse was used in the cooling to room temperature 
stage.  

Experiments have recently been conducted to 
determine the real stress-free temperature of resin. 
Results revealed that the stress-free temperature is 
closely related to the cure temperature (Cox et al., 
2013). A viscoelastic-based stress-free temperature 
theory that relates to the gelation process of compo-
sites has been proposed (Lu et al., 2016). It was also 
determined that a non-uniform temperature field 
during curing influences deformation (Costa and 
Sousa, 2003), especially for thick composite lami-
nates. Moreover, the heat released by the chemical 
reaction of resin is considered to have a great influ-
ence on the total thermal anisotropy (Balvers et al., 
2008). Therefore, the internal heat generation of the 
exothermic cure reaction is now included in thermal 
deformation analysis, and a coupled thermokinetic 
simulation is widely applied (Zhu et al., 2001; 
Cheung et al., 2004; Behzad and Sain, 2007; Prulière 
et al., 2010).  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

2.2  Chemical shrinkage of resin 

Apart from the thermal expansion/contraction 
effect, chemical shrinkage of resin can directly result 
in a volumetric change of polymer composites 
(Fig. 3). Polymerization, by which the liquid resin is 
converted into a hard brittle solid by chemical 
cross-linking, is responsible for chemical shrinkage. 
Once composited with fibers, the amount of chemical 
shrinkage differs between the fiber direction x and the 
transverse direction y in the plane x-y, as well as in the 
in-plane directions and the through-thickness direc-
tion in space, due to the constraints provided by the 
fibers. This shrinkage anisotropy also induces de-
formation in composite components (Kravchenko et 
al., 2017).  

 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
In contrast to thermal deformation, chemical 

shrinkage occurs above the gel point of resin (Hu et 
al., 2017). Therefore, the residual deformation before 
cooling to room temperature is considered to be the 
chemical shrinkage deformation (Kravchenko et al., 
2017). Chemical shrinkage can also be determined on 
the basis of reaction kinetics and nonlinear defor-
mation theory (Wang et al., 2012). Based on experi-
mental verification (Zarrelli et al., 2002), the volume 
of chemical shrinkage exhibits a linear dependence on 
the DOC (Kravchenko et al., 2014), and the coeffi-
cient can be tested using a digital image correlation 
setup at the microscopic scale (Kravchenko et al., 
2016). However, chemical shrinkage is nonlinear as a 
function of the DOC in thick laminates due to thermal 

Fig. 2  Deformation caused by different CTEs and ply 
angles (cx and cy represent the CTEs along and perpen-
dicular to the fiber direction, respectively) 

Fig. 3  Scheme showing resin polymerization and volu-
metric shrinkage: (a) cross-linked process; (b) chemical 
shrinkage of resin; (c) chemical shrinkage of a ply 
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gradients (Nawab et al., 2012). Recently, experi-
mental investigations of internal stress/strain states 
revealed that chemical cure shrinkage induces 
through-thickness shear deformation, which is the 
key deformation affecting the final shape (Takagaki et 
al., 2017). Since chemical shrinkage is curing- 
dependent (Kravchenko et al., 2017), a cure cycle can 
be designed to reduce the amount of shrinkage and 
residual deformation in composite materials. This 
strategy will be introduced in Section 3. 

2.3  Tool-part interaction 

Tool-part interaction is an extrinsic source of 
residual stress and shape deformation compared to 
intrinsic thermal deformation and chemical shrinkage 
(Baran et al., 2017). Molding tools are commonly 
manufactured with isotropic materials, i.e. aluminum, 
steel, or invar (Fig. 4), which have much higher CTEs 
than composite parts (Joven et al., 2013). Thus, a CTE 
mismatch between tool and composite parts leads to 
shear stress between them. The stress rises when the 
temperature ramp becomes large, and finally reaches 
a limit value triggering the debonding process. In the 
thickness direction, tool-part interaction stress de-
creases with thickness due to interlayer sliding of the 
laminates and shear compliance of the resin. The total 
anisotropy of both the in-plane and through-thickness 
directions will then generate a warpage when the part 
is removed from the tool. 

 
 
 
 
 
 
 
 
 
 
Tool-part interaction is considered to be the 

primary factor that constrains the free expansion and 
contraction of the part and the tool. This effect can be 
quantified by measuring the slippage coefficient or 
friction coefficient between a tool and a composite 
(Kaushik and Raghavan, 2010). However, the inter-
action between the tool and the part has been proven 
to be a function of the cure cycle (Kaushik and 
Raghavan, 2010). Hence, cure-dependent tool-part 

interfacial friction coefficients have been developed 
and used to simulate the effect (Zeng and Raghavan, 
2010). A release agent (Ra) and a release film at the 
tool-part interface can reduce the frictional force and 
alleviate the tool-part interaction effect (Joven et al., 
2013). Currently, with the progress of process tech-
nology, new curing methods are being investigated, 
i.e. microwave curing. The tool-part interaction dur-
ing microwave curing is different from that in con-
ventional thermal heating because of the rapid and 
selective heating mechanism (Li NY et al., 2017). 
 
 
3  Strategies for controlling composite cured 
deformation 

 
Based on the mechanisms explained above, 

cured deformation has been studied experimentally, 
analytically, and numerically. Factors affecting cured 
deformation have been presented and investigated. 
This section summarizes the factors that researchers 
have studied to control deformation and analyzes the 
effects obtained and problems faced. 

The control strategies of cured deformation are 
categorized into five main methods in composite 
component processing. Traditional dimensional con-
trol operation for composite manufacturing is based 
mainly on a trial-and-error approach, referred to here 
as die surface compensation. Process optimization 
design, structure optimization design, tool-part con-
tact optimization, and other new methods are also 
described.  

3.1  Die surface compensation 

To obtain the shape of the composite structure 
meeting design requirements, the die surface must be 
amended according to the size and distribution of the 
deformation. This method has the ability to counteract 
the cured deformation thoroughly without changing 
the DOC and strength of the parts. However, the tra-
ditional compensation method of die shaving is a 
time-consuming, laborious, and uneconomic process 
(Li XD et al., 2012). 

In recent years, computer simulation technology 
has provided an effective solution for this difficulty 
(Kappel, 2018). Many researchers have devoted effort 
to the prediction and simulation of cured deformation 
using the finite element method (FEM). The curing 

Fig. 4  Schematic of through-thickness (b) stress (σb) gra-
dients caused by tool-part interaction 
CFRP: carbon fiber-reinforced polymer 
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process is complex, and predictive studies have 
evolved from simplified models that concerned only 
the thermal contraction effect of the curing process 
and the elastic material model, to more concrete 
models that may contain many mechanisms causing 
deformation and have more advanced material mod-
els and analytical measures. Baran et al. (2017) dis-
cussed process prediction models of cured defor-
mation in detail. A brief summary is given here to 
illustrate their differences and applications. 

3.1.1  Model dimensions 

In terms of model dimensions, there are 1D 
models (Kappel et al., 2011), 2D models (Johnston et 
al., 2001; Ersoy et al., 2010; Çınar et al., 2014), and 
3D models (Zhu et al., 2001; Svanberg and Holmberg, 
2004; Bapanapalli and Smith, 2005; Fernlund and 
Floyd, 2007; Dong, 2009a, 2010; Li J et al., 2009, 
2010; Khoun and Hubert, 2010; Khoun et al., 2011; 
Tavakol, 2011; Roozbehjavan et al., 2012; Tavakol et 
al., 2013; Kappel et al., 2015; Çınar and Ersoy, 2016; 
Ding et al., 2016b, 2016c; Zhang et al., 2016; 
Makinde et al., 2017; Li DN et al., 2018). The 1D 
models have high efficiency but cannot be used to 
analyze complex structural and spatial distortion. The 
2D plane strain model is used to solve the plane de-
formation and requires a conversion of material pa-
rameters. Although this model is more efficient than 
3D prediction models, it is still not sufficient to cap-
ture complex deformation patterns. The 3D prediction 
models are necessary because of the 3D anisotropy, 
but they have often been replaced by 1D, 2D, or 
combined 2D/3D simplified models because of their 
low efficiency. Currently, 3D finite element analysis 
(FEA) is being reconsidered because of the devel-
opment of computer technology and theories of 
analysis. It is now considered to be both accurate and 
time-efficient in predicting deformation (Tavakol et 
al., 2013), and has become the main method for cured 
deformation prediction. In terms of prediction accu-
racy, it is not possible to compare the three kinds of 
models since they differ from each other based on the 
applicable situation. 

3.1.2  Mechanical models 

Classical lamination theory is traditionally used 
to analyze the stress and deformation of composites 
(Yoon and Kim, 2001; Li J et al., 2009; Khoun and 

Hubert, 2010; Kappel et al., 2011; Khoun et al., 2011; 
Tavakol, 2011; Tavakol et al., 2013). The stress-strain 
relationship of this theory is shown in Eq. (1). In this 
theory, each lamina is defined as an element along the 
through-thickness direction with its material proper-
ties and orientation assigned. However, this theory 
consumes a lot of time and computer memory, espe-
cially for thick and large components. 
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where u0, v0, and w denote the displacement compo-

nents of a deformation; ijQ  is the stiffness coefficient, 

which is different for each layer; k denotes the kth 
layer of laminate; σ denotes the stress; τxy denotes the 
shear stress; γxy denotes the shear strain; ε0 and κ de-
note the total plane strain and bending strain in the 
middle surface, respectively.  

Shell theory (O’Neill et al., 1988; Stefaniak et al., 
2012; Kappel, 2013; Kappel et al., 2015) and modi-
fied shell theory (Pirrera et al., 2012) are other methods 
introduced to develop modules, especially for thin and 
shell components. The basic stress-strain relationship 
of shell theory is summarized in Eq. (2). The detailed 
deduction and expression are given by Pirrera and 
Weaver (2009). This theory is based on the assumption 
that the normal stress in the thickness direction is neg-
ligible compared to other stresses. Hence, this theory is 
unable to account for deformation-inducing effects 
acting in the thickness direction.  
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where Q  is the transformed stiffness matrix, referred 

to as the laminate coordinate direction. 
Structural analysis has also been used instead of 

lamination theory to improve analytical efficiency at 
the expense of accuracy. Equivalent material proper-
ties are used in the analysis (Bapanapalli and Smith, 
2005; Dong, 2009a). The relationship between stress 
and strain can be expressed as Hooke’s law, as shown 
in Eq. (3). Some finite element software offers a range 
of element types for which the anisotropic or ortho-
tropic mechanical and thermomechanical properties 
of laminated materials can be described (Clifford et 
al., 2006). Compared with the characteristics of lami-
nation theory, the number of elements is significantly 
reduced, and the time savings are increased (Dong, 
2009a). In addition, it can be used to simulate the 
through-thickness deformation of the thick component. 

 

   0 , C                               (3) 

 
where C is the equivalent stiffness for the structural 
model. 

3.1.3  Constitutive laws 

Because of the complexity of resin curing, elas-
tic (Yoon and Kim, 2001; Bapanapalli and Smith, 
2005; Fernlund and Floyd, 2007; Kappel et al., 2015; 
Wang XX et al., 2016; Wineman et al., 2016; Li DN et 
al., 2018), cure hardening instantaneous linear elastic 
(CHILE) (Li J et al., 2009; Ersoy et al., 2010; Khoun 
and Hubert, 2010; Khoun et al., 2011; Çınar et al., 
2014), viscoelastic (Zhu et al., 2001; Zhu and 
Geubelle, 2002; Clifford et al., 2006; Zobeiry, 2006; 
Li J et al., 2010; Ding et al., 2016c; Wang XX et al., 
2016; Zhang et al., 2016), and path-dependent con-
stitutive law (Svanberg and Holmberg, 2004; Ding et 
al., 2016b, 2017b) models have been proposed for 
describing the mechanical behavior of resin. Recently, 
a step change model has been presented and studied 
as a new expression of constitutive law (Çınar and 
Ersoy, 2016; Ding et al., 2017a). 

The constitutive equation of the elastic model 
can be described as Hooke’s law with all the material 
properties remaining constant. The elastic model is 
the simplest and most effective model, but the least 
accurate. The other models are considered more ac-
curate but far more complicated. The CHILE law is an 

elastic constitutive law that can also be expressed by 
Eq. (3), but the stiffness is instantaneously dependent 
on the DOC and the temperature of the material. The 
cure-dependent instantaneous isotropic resin modulus 
Er is expressed as 
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where 0
rE  and rE  are the temperature-dependent 

resin moduli when fully uncured and fully cured, 

respectively; α represents the DOC; mod
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are the DOCs at the point of gelation and the fully 
cured resin, respectively; γ is a parameter quantifying 
the competing mechanisms between stress relaxation 
and chemical hardening.  

Hence, the necessity to update all material 
properties at each time step in numerical implemen-
tation results in high time consumption for large 
critical composite structures. Comparative study of 
the elastic and CHILE models shows little difference 
between these models (Galińska, 2017). The results 
of the simpler elastic model are more accurate. 
However, the assumption of linear-elastic behavior 
tends to overestimate the residual thermal stresses and 
deformation. Hence, the viscoelastic model has been 
developed, which includes the nonlinearity that is 
attributed to stress effects on relaxation. This model 
uses the temperature and DOC results as inputs to 
calculate the thermal expansion/contraction and 
chemical shrinkage of parts. Therefore, it requires 
extensive material characterization, long calculation 
times, and large memory requirements for storage of 
internal state variables for numerical simulations. 
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σij are the stress components, εkl are the total strains, 
Qijkl is the material stiffness coefficient, and ξ and ξ′ 
refer to the current and past reduce time, respectively. 
t and t′ are the current and the past time. χ is the 
temperature (T) and degree of cure or crystallization 
(ψ) dependent shift factor.  

The relaxed modulus in Eq. (5) can be approx-
imated by the Prony series expressed as 
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where r
rE  and ur

rE  are related to the fully relaxed 

modulus and the unrelaxed modulus, respectively; wi 
refers to the weight fitting factor; τi(ψ) is the 
polymerization degree-related discrete relaxation 
times; n is the number of Prony series terms. 

The viscoelastic parameters in the model are 
generally determined by dedicated experiments. 
Hence, it is more complex than other models. The 
path-dependent model is a limiting case of the visco-
elasticity model, which has the rate dependence re-
placed by a path dependence on the state variables: 
strain, DOC, and temperature. It is a simplified linear 
viscoelastic constitutive law with the time-cure- 
temperature being approximated as zero in the rub-
bery state and infinity in the glassy state for the curing 
matrix. Eq. (7) shows the stress-strain relation of this 
model:  

 

vit

ru
g

g g ru
g

, ( ),

( ) , ( ),

ijkl kl

ij
ijkl kl ijkl ijkl kl t t

Q T T

Q Q Q T T

 


  


           

(7) 

 
where tvit is the time of vitrification; Qru and Qg denote 
the rubbery and glassy state stiffnesses, respectively; 
Tg(α) is the glass transition temperature. The corre-
sponding incremental formulation is  
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where Sij is a state variable that is related to the 
loading history, particularly for stress relaxation. Sij 
stores the stresses and reduces to zero in the glassy 

and rubbery regions, which can be expressed as the 
following incremental form: 
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The elastic modulus of Eq. (7) is expressed by a 
step change at the vitrification point (tvit): 
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where ru
rE  and g

rE  are the rubbery and glassy stiff-

ness of matrix, respectively.  
Therefore, this model leads to significant sav-

ings in computational time, memory requirements, 
and costs for material characterization compared to 
viscoelastic models. The step change model is a sim-
plified form of path-dependent constitutive model. In 
this model, the mechanical properties of the laminate 
are assumed to be constant within each of the viscous, 
rubbery, and glassy material phases. 

Studies of the elastic and viscoelastic constitu-
tive models (Zobeiry, 2006) show that if elastic 
models are properly calibrated, they can be more 
valid and efficient, but are not always applicable. 
Therefore, the presented models should be chosen 
depending on whether the cost or accuracy of solu-
tions is of primary concern (Ding et al., 2016a). 

3.1.4  Process, shape, and software 

Many curing processes are simulated, including 
autoclave processing, RTM, pultrusion processing, 
filament winding, and vacuum bagging (Table 1). 
During simulation, the main differences between the 
processes are different loads, tool-part interactions, 
curing methods, and processes, as well as other as-
pects, such as the characteristics of fiber motion in-
cluded in the fiber winding process. 

The simulated component shape includes a flat 
panel, rib or rod, “L”, “V”, “C”, “T”, “U”, “Z”, cir-
cular, cylinder or tube, and other complex shapes 
(Table 2). “L” shaped components are the most stud-
ied and typical case because they often show the 
spring-in phenomenon. Component shapes studied 
range from simple flat panels and ribs or rods to more 
complex types, such as boxes. The more complex the 
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shape, the more complex the physical model. More-
over, the analytical difficulty and calculation time 
increase correspondingly. 

The software used includes COMPORO, 
ABAQUS, ANSYS, and other software (Table 3) or 
FEA packages. ABAQUS is the most used software. 
It is well suited to secondary development with the 
user subroutine UMAT, and offers a range of element  
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

types for which the anisotropic or orthotropic me-
chanical and thermomechanical properties of lami-
nated materials can be described. ANSYS is special-
ized for nonlinear analysis and ease of use. It also has 
a range of element types that can have up to 100 lay-
ers with provision for variable material properties and 
thicknesses for each layer. COMPORO is a plane- 
strain finite element process software specialized for  
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Table 1  Studies of FEA-based curing processes 

Curing process Reference 

Autoclave Johnston et al., 2001; Fernlund et al., 2002, 2003; Zhu and Geubelle, 2002; Twigg et al., 2004; 
Bapanapalli and Smith, 2005; Clifford et al., 2006; Fernlund and Floyd, 2007; Arafath et al., 
2008, 2009; Ersoy et al., 2010; Li J et al., 2010; Kappel et al., 2011, 2013a; Çınar et al., 2014; 
Fiorina et al., 2017 

RTM Svanberg and Holmberg, 2004; Dong, 2009a, 2009b; Khoun and Hubert, 2010; Khoun et al., 2011; 
Sonnenfeld et al., 2016; Chen and Zhang, 2018 

Pultrusion Wang et al., 2000 

Filament winding Li J et al., 2009 

Vacuum bagging Tavakol et al., 2013; Galińska, 2017 

Table 2  Simulated shapes of CFRP components 

Shape Reference 

Flat panel Fernlund et al., 2003; Twigg et al., 2004; Bapanapalli and Smith, 2005; Arafath et al., 2008; Kappel 
et al., 2011; Khoun et al., 2011; Tavakol et al., 2013 

Rib or rod Fernlund et al., 2003; Svanberg and Holmberg, 2004 

“L” Wang et al., 2000; Johnston et al., 2001; Zhu et al., 2001; Fernlund et al., 2002; Zhu and Geubelle, 
2002; Bapanapalli and Smith, 2005; Fernlund and Floyd, 2007; Dong, 2009b; Roozbehjavan et 
al., 2012; Çınar et al., 2014; Kappel et al., 2015; Çınar and Ersoy, 2016; Ding et al., 2016b; 
Kappel, 2016; Bellini et al., 2017 

“V” Kim et al., 2002; Clifford et al., 2006 

“C” Fernlund et al., 2002; Ersoy et al., 2005, 2010; Kappel 2016; Ding et al., 2017a; Galińska, 2017 

“T” Dong, 2010; Li J et al., 2010 

“U” Bapanapalli and Smith, 2005; Roozbehjavan et al., 2012; Çınar and Ersoy, 2016; Bellini and 
Sorrentino, 2018 

“Z” Kappel et al., 2015; Sonnenfeld et al., 2016 

Circular Arafath et al., 2009 

Cylinder or tube Li J et al., 2009; Khoun and Hubert, 2010; Pirrera et al., 2012 

Complex shape Fernlund et al., 2003; Dong, 2009a; Kappel et al., 2013a; Fiorina et al., 2017; Galińska, 2017; 
Kappel, 2018 

Table 3  FEA software used for simulation 

Software Reference 

COMPORO Johnston et al., 2001; Fernlund et al., 2002, 2003; Khoun et al., 2011; Stefaniak et al., 2012; Li DN et 
al., 2018 

ABAQUS Wang et al., 2000; Fernlund et al., 2003; Svanberg and Holmberg, 2004; Clifford et al., 2006; Li J et 
al., 2009, 2010; Ersoy et al., 2010; Kappel et al., 2011, 2015; Pirrera et al., 2012; Stefaniak et al., 
2012; Çınar et al., 2014; Ding et al., 2016c; Zhang et al., 2016 

ANSYS Bapanapalli and Smith, 2005 

Others Dong, 2009a, 2010; Khoun and Hubert, 2010; Tavakol, 2011; Tavakol et al., 2013 
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multiphysics coupling simulation. This code is in-
tended to include all relevant effects, including auto-
clave and tool characteristics, as well as material 
behaviors for the modeling of the autoclave pro-
cessing of composite structures (Fernlund et al., 
2002). 

Although there are advantages of using FEM 
instead of trial-and-error procedures to estimate dis-
tortion and residual stresses, the FEM has its own 
limitations. The curing process is complex, and there 
are several mechanisms inducing residual stresses and 
deformation. Also, there are several nonlinearities 
associated with geometry, material properties, and 
boundary conditions. Thus far, the FEM has usually 
been used to estimate distortion and residual stresses 
in simple shapes and is generally based on several 
assumptions and simplifications. In addition, signif-
icant computational time is required to perform FEA. 

3.2  Process optimization 

In the study of cured deformation, process op-
timization affects the deformation based on the 
mechanisms of chemical shrinkage and thermal de-
formation. A general curing profile of composite 
material is shown in Fig. 5 (with epoxy resin as an 
example), where Tg denotes the transition temperature, 
Tgel the gelling temperature, and Tr the room temper-
ature. Curing often contains five temperature stages 
with two different pressure levels (P1 and P2). The 
purpose of the applied pressure is to help consolidate 
the materials and ensure intimate fiber-matrix inter-
actions. In some cases, a vacuum is also applied to the 
part during the second stage to help facilitate the 
removal of entrapped gases. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

Since the cure cycles are equivalent in terms of 
matrix DOC, glass transition temperature Tg, and 
fiber volume fraction, and to restrain changes in ma-
terial physical properties, only a few parameters have 
been studied for controlling the residual stress and 
deformation (Albert and Fernlund, 2002; Lee et al., 
2006; Olivier and El Sawi, 2010; Nawab et al., 2014). 
Many studies have been devoted to numerical simu-
lation of the curing process (Radford and Rennick, 
2000; Fernlund et al., 2002; Adolf and Chambers, 
2007; Khoun and Hubert, 2010; Msallem et al., 2010; 
Nawab et al., 2012, 2013; Yang et al., 2017).  

3.2.1  Cure cycle 

The cure cycle is the temperature and pressure 
profile designed for the curing process (Fig. 5). 
Studies of new cure cycles show that there are almost 
no notable cure-induced stresses in the parts 
(Madhukar et al., 2000; Russell et al., 2000). There-
fore, the cure cycle has been designed and optimized 
recently for specific structures, especially for thick 
laminates (Sorrentino and Tersigni, 2012). The prin-
ciple of optimization is generally based on the uni-
form cure degree between the core and external sur-
face. A new strategy to automatically control the inner 
and outer surface temperatures of parts has been in-
vestigated for thick composite filament wound 
structures (Lee et al., 2006). It has been reported that 
stress and strain can be reduced by this cure method.  

Parts of the cure cycle have also been investi-
gated, such as the number of dwell cycles (stages II 
and IV in Fig. 5) (Albert and Fernlund, 2002; 
Fernlund et al., 2002). The results indicate that a 
two-dwell process cycle may produce more spring-in 
than a single-dwell process cycle. Dwell temperature 
and time have also been researched with the rules that 
the matrix DOC for laminates remains constant, and 
that the cure temperature value Tg lies within allow-
able limits (Olivier and El Sawi, 2010). It was found 
that a lower curing temperature produces less curva-
ture at the cost of a longer duration. 

In addition, a symmetry cure has been recog-
nized as a basic feature of conventional curing pro-
cesses because it can reduce the unevenness of the 
external thermal field applied. By using a symmetry 
cure, better dimensional qualities can be obtained in 
composite components, regardless of the cure cycle, 
stacking sequence, or other features.  Fig. 5  A typical curing profile of thermosetting resin 
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3.2.2  Cure temperature 

The influence of cure temperature (stage IV in 
Fig. 5) on the DOC (White and Hahn, 1992) and 
curvature (White and Hahn, 1993) has been experi-
mentally studied. As the cure temperature increases, 
the isothermal equilibrium DOC increases, and the 
time to complete the cure reaction decreases (Fig. 6). 
Moreover, the dimensionless curvature also increases 
with increasing temperature. Since incomplete curing 
leads to a sacrifice in mechanical properties, it is not 
recommended to adopt low curing temperatures. Thus, 
curing temperature optimization should be restricted 
to a certain range on the basis of adequate mechanical 
properties. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

3.2.3  Temperature ramp 

Temperature ramp refers to stage III in Fig. 5. 
Different temperature ramps of 0.25, 0.50, and 
1.00 °C/min were investigated in a thick part (Bogetti 
and Gillespie Jr, 1992). The results indicated that 
slower thermal ramps create an inside-to-outside cure 
history and consequently develop internal compres-
sive stresses. As the ramp is increased, the cure his-
tory changes to an outside-to-inside cure, resulting in 
a reverse in the parabolic stress distribution. Hence, in 
theory there should be a certain temperature ramp by 
which the components can be cured simultaneously 
inside and outside. Moreover, unevenly distributed 
stress and distortion can be significantly reduced in 
the thickness direction. As for thin parts, the curvature 

is found to decrease as the ramp rate is reduced 
(Fig. 7). Therefore, the temperature ramp deserves 
further study because parts with different shapes or 
thicknesses may have unique optimal temperature 
ramps. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

3.2.4  Cooling rate 

The viscoelastic relaxation effect of resin is the 
main mechanism that affects deformation in the 
cool-down process (Lu et al., 2016). Since the cure 
reaction finishes before the cooling stage, the me-
chanical properties should not be affected by the 
cool-down rate. However, the viscoelastic relaxation 
effect is time- and temperature-dependent, so theo-
retically, the lower the cooling rate, the better the 
viscoelastic relaxation effect, and the smaller the 
deformation of the components.  

3.2.5  Cure time 

The DOC and curvature both increase with in-
creasing cure time, which indicates an increase in 
mechanical properties as well as a reduction in the 
stress relaxation effects (Fig. 8). However, cure time 
and cure temperature both relate to the DOC. There-
fore, the purpose of controlling deformation without 
changing the mechanical properties is difficult to 
achieve through individual control of the cure time.  

To have both good deformation control and ex-
cellent mechanical properties in a composite, it is 
necessary to optimize the dwell time and other  

Fig. 6  DOC evolution with different isothermal temper-
atures. Reprinted from (Kravchenko et al., 2016), Copy-
right 2016, with permission from Elsevier  

Fig. 7  Temperature ramp effects on part deflection
(MRCC and MCC are the manufacturer recommended 
cure cycle and the modified cure cycle, respectively).
Reprinted from (Kravchenko et al., 2017), Copyright 
2017, with permission from Elsevier 
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process parameters, such as the cure temperature 
(Olivier and El Sawi, 2010). 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

3.2.6  Pressure 

Pressure is necessary to avoid air bubbles and to 
consolidate composite parts during the curing process. 
White and Hahn (1992) found no significant reduc-
tion in dimensionless curvature for the cool-down 
pressures 0.35, 0.70, and 1.00 MPa. However, it has 
been found that applying higher pressure produces 
more chemical shrinkage in components. An average 
of 14.1% chemical shrinkage was obtained by ap-
plying a lower pressure (P2=0.32 MPa compared to 
P2=0.65 MPa) (Nawab et al., 2014). 

Chemical shrinkage is one of the main mecha-
nisms that induces cured deformation (Section 2), so 
any change in chemical shrinkage may lead to a 
change in induced shape distortion. Hence, the pres-
sure applied before stage V has a notable effect on the 
cured deformation. 

3.3  Structure optimization 

Structure optimization aspects include the fiber 
fraction (Nawab et al., 2013), layup sequence (Dong 
et al., 2004; Kappel et al., 2013b), and dimensions 
(Sicot et al., 2003; Dong et al., 2004). The fiber frac-
tion refers to the percent of reinforced fiber in a 
composite material. The layup sequence is the stack 
sequence of different ply angles. The dimensions 
include thickness, length, and angles of components. 
By optimizing these parameters, deformation can be 

reduced to within a certain range without changing 
the DOC or strength. 

3.3.1  Laminate thickness 

Laminate thickness influences the temperature 
distributions and the corresponding DOC in laminates. 
For thicker laminates, more exotherms and severe 
gradients develop. These ultimately have a profound 
influence on the evolution of process-induced stress 
and deformation. 

Since the DOC is temperature-dependent, the 
distributions of temperature and DOC with different 
laminate thicknesses have similar profiles and trends 
for different thicknesses (Fig. 9). The temperature 
exotherm increases with laminate thickness when the 
residence time is long enough, as does the DOC. It is 
predicted that thick laminates will ultimately develop  
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 

 
 
 

Fig. 8  DOC, thermal expansion, and shrinkage contribu-
tions vs. cure time (fibers are 32% by volume). Reprinted 
from (Nawab et al., 2012), Copyright 2012, with permis-
sion from Elsevier  

Fig. 9  Temperature (a) and DOC (b) distributions in glass 
polyester laminates at 164 min. Reprinted from (Bogetti 
and Gillespie Jr, 1992), Copyright 1992, with permission 
from Elsevier  
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more severe gradients, which will in turn have an 
influence on the process-induced stress and defor-
mation (Bogetti and Gillespie Jr, 1992).  

However, the high-temperature area increases 
when the chemical reaction begins in a thick com-
ponent. A large amount of chemical heat is generated 
and transferred to other low temperature areas. 
Therefore, the global temperature level of the part is 
increased. Finally, the cure reaction of the part is 
accelerated accordingly. Hence, contrary to the pre-
vious conclusion, it appears that the corresponding 
stress gradients and deformation will be alleviated 
with increasing laminate thickness. In addition, the 
bending stiffness also increases in a thick laminate. 
This has been confirmed (Radford and Rennick, 2000; 
Albert and Fernlund, 2002; Kappel et al., 2013b). 
Thin parts have greater spring-in and warpage than 
the corresponding thick parts, which is a thermoelas-
tic response (Radford and Rennick, 2000). The same 
tendency has also been found in flat parts (Stefaniak 
et al., 2012). The maximum deflection of thinner parts 
is considerably greater than that of thicker parts, re-
gardless of the length. 

3.3.2  Laminate stacking sequence 

A reasonable stacking sequence is selected ini-
tially based on specific mechanical or process re-
quirements. However, the laminate stacking sequence 
also plays a vital role in the residual stresses and de-
formations. Asymmetric lay-up laminates show out of 
plane warpage as the laminate cools from the curing 
temperature, due to through-the-thickness lack of 
symmetries. Asymmetrical cross-ply laminates pro-
duce cylindrical shapes or saddle shapes after curing. 
Hence, a symmetrical lay-up has become a standard 
design feature. 

The lay-up sequence is still worth studying in 
symmetrical stacked laminates. Deformations in-
duced by different stacking sequences are diverse 
(Fig. 10). Parts in stacking sequences other than a 
unidirectional sequence have a greater spring-in, 
which can be explained by Poisson’s effects (Li J et al., 
2009). In addition to the fiber stacking angle, the ar-
rangement of the layers also affects the cured defor-
mation (Fig. 11). 

The stacking sequence also has a profound effect 
on spring-in (Radford and Rennick, 2000; Kappel et 

al., 2013b). Stacking sequences with similar isotropic 
properties ([(0)8]T and [0/+30/0/−30]S stacking se-
quences) have fewer spring-in deformations. This is 
because of their similar in-plane and through- 
thickness thermal expansion in the 90o direction 
(Radford and Rennick, 2000). Changing the stacking 
sequence also induces non-thermoelastic behavior in 
components, especially changing from quasi- 
isotropic to nonisotropic sequences. In addition, the 
effect of stacking sequence on cured deformation is 
greater than that of the tool radius and the number of 
plies (Bellini et al., 2017). 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 11  Measured deformations along the x direction for 
laminate plates with two stacking arrangements. Re-
printed from (Sun et al., 2017), Copyright 2017, with 
permission from Elsevier  

Fig. 10  Stacking sequence effects on spring-in with dif-
ferent tool radii. Reprinted from (Kappel et al., 2013b),
Copyright 2013, with permission from Elsevier  
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3.3.3  Dimensions 

The part dimensions play in cured deformation is 
shown in Fig. 12. The thickness includes the laminate 
thickness, as illustrated in Section 3.3.1, and the neat 
resin thickness as discussed here. 

Cured deformation is accentuated when length l 
increases in the flat part (Stefaniak et al., 2012) and in 
the “L” shaped part. Nevertheless, the spring-in angle 
decreases with increasing corner radius r, and the 
specimen included angle φ in the “L” shaped part. The 
slopes of spring-in angles vs. temperature (i.e. Δθ/ΔT) 
are nearly constant for different corner radii, while 
they decrease with increasing specimen angles. This 
indicates that changing the specimen angle, but not 
the corner radius, may induce non-thermoelastic be-
havior in components (Radford and Rennick, 2000). 
The mechanisms behind this are still unclear. In ad-
dition, the influence of neat resin thickness means that 
a thicker total neat resin layer causes a larger deflec-
tion (Stefaniak et al., 2012).  

 
 
 
 
 
 
 
 
 
 
 
 

3.3.4  Fiber volume fraction 

The presence of fiber hinders the resin from 
shrinking during curing, so the shrinkage of resin 
without fibers is higher than the shrinkage of the same 
quantity of resin in composites (Nawab et al., 2014; 
Parmentier et al., 2016).  

The curvature of parts decreases with increasing 
fiber volume fraction (Nawab et al., 2012, 2013, 
2014). Chemical shrinkage is nearly proportional to 
the mean DOC, while the slope decreases with in-
creasing fiber volume fractions (Fig. 13). The varia-
tions are thermal gradients that have been taken into 
account (Nawab et al., 2012). A similar conclusion 

has been drawn from thermal deformation research 
(Nawab et al., 2013). At the beginning of the cooling 
stage, differences among three fiber volume fractions 
(30%, 43%, and 57%) were not obvious (Fig. 4 of 
Nawab et al. (2013)), which indicates that the fiber 
volume fraction affects mainly thermal deformation 
during cooling. The slope of the curvature as a func-
tion of temperature also decreased with increased 
fiber fractions, which indicates that changing the fiber 
fraction may also induce non-thermoelastic behavior 
in components. Moreover, the effect of fiber fractions 
on cured deformation has been proven to be larger 
than that of the pressure applied during curing (Na-
wab et al., 2014). 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

3.4  Tool-part contact optimization 

Tool-part interaction is one of the major causes 
of cured deformation (Senoh et al., 2016). The im-
provement of tool-part interaction has been studied by 
researching the influence of fluorinated ethylene 
propylene (FEP) release sheets (Albert and Fernlund, 
2002; Twigg et al., 2004; Ding et al., 2016b), tool 
materials (Albert and Fernlund, 2002; Kappel et al., 
2013b), surface coarseness of tools (Stefaniak et al., 
2012), and different setups (Stefaniak et al., 2012). 
This method can alleviate the cured deformation 
caused by tool-part interaction, and has no obvious 
effect on the DOC or strength of the part. 

Fig. 12  Dimensional parameters for flat (a) and “L” 
shaped (b) parts 

(a)                                                 (b)

b 
b

Fig. 13  Chemical shrinkage vs. DOC for different fiber 
fractions. Reprinted from (Nawab et al., 2012), Copyright 
2012, with permission from Elsevier 
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The effect of using an FEP release sheet on 
spring-in is obvious: the spring-in due to warpage is 
significantly reduced (Albert and Fernlund, 2002). In 
addition, experimental investigations have proved 
that there is little or no mechanical interaction be-
tween the part and the tool for flat parts with a tool 
surface with multiple layers of reagent agent (Ra) or 
reagent film in the fiber direction, i.e., there are no 
shear stress transfers between the part and the tool 
during curing (Twigg et al., 2004). Thus, by adding 
suitably layered Ra or/and release film, the tool-part 
interaction can be ignored in the fiber direction, 
which will reduce some deformation and avoid com-
plex analysis of the tool-part interaction (Ding et al., 
2016b). 

Tool materials contribute to the tool-part inter-
action due to different CTEs compared with compo-
sites. Experiments showed that 6061-T6 aluminum 
tooling gives more spring-in than A36 steel tooling 
(Albert and Fernlund, 2002). The materials of the tool 
have little influence on thinner composites (i.e. four 
layers), but when laminates become thicker (i.e. eight 
layers), spring-in angles can apparently be reduced by 
fabricating in invar rather than in aluminum molds 
(Fig. 14) (Kappel et al., 2013b). 

Coarseness of tools is another factor investigated 
for tool-part contact. Different composite materials 
generally have different responses to various surface 
conditions. Tools with higher coarseness values help 
to produce larger deflections (Stefaniak et al., 2012). 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

3.5  Development of other measures 

3.5.1  Development of resins 

Due to their importance in CFRP systems, ma-
trices with high stiffness and adhesion strength and 
low shrinkage are in urgent demand in industry. Ac-
cording to Section 2.1, a low curing temperature and 
low cure shrinkage can result in less cured defor-
mation. New resins have been developed based on 
this finding. A polytriazole resin with good pro-
cessability and high performance is synthesized using 
a new diazide and a tetrapropargyl compound. This 
cured resin is reported to have higher thermal stability 
and tensile and flexural strength than that of universal 
epoxy resins. Moreover, the curing reaction of this 
resin occurs at about 70 °C (Wan et al., 2007). A new 
resin made from aromatic diamine, phenol, and for-
maldehyde has been developed for the RTM process. 
The benzoxazine resin can cure even at room tem-
perature. It also has merits of a controllable curing 
rate, near-zero volumetric shrinkage upon polymeri-
zation, and good mechanical properties after curing 
(Xiang et al., 2005). Furthermore, a multibranched 
polymer has been introduced into a polybenzoxazine/ 
epoxy resin blend system by controlling the curing 
reaction sequence. The results indicate that the prop-
erties of the resin are further improved (Wang HY et 
al., 2016). 

In addition to developing new resins, the modi-
fication of polymers has attracted much attention. 
Nanoscale materials are generally used as dispersed 
phases to improve the mechanical and physical 
properties of polymer matrices. The two main addi-
tives are carbon nanotubes (CNTs) and fumed silica 
(Wichmann et al., 2006). CNTs enhance the stiffness, 
fracture toughness, and electrical and thermal con-
ductivity of CFRP (Chou et al., 2010; Jia et al., 2015; 
Wang et al., 2017). Fumed silica, which is generally 
made of spherical nanoparticles consisting of SiO2, is 
especially effective in increasing the toughness, wear 
and scratch resistance, and thermal stability of poly-
mers (Barthel et al., 2002; Wichmann et al., 2006). In 
particular, its good thermal management capabilities 
and shrinkage resistance can help reduce cured de-
formation in CFRP. However, its homogeneous dis-
persion in polymer/resin is still a challenge.  

Fig. 14  Spring-in angles obtained for unidirectional 
laminates in different molds (R is the number of layers).
Reprinted from (Kappel et al., 2013b), Copyright 2013, 
with permission from Elsevier 
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3.5.2  New curing processes 

To reduce heterogeneous heating causing cured 
deformation, new curing processes have been intro-
duced, such as radiation curing and microwave curing. 
The radiation method is an out-of-autoclave curing 
alternative that includes electron beam (EB) curing 
and light curing (Filleter and Espinosa, 2013; Martin 
et al., 2018). 

By exposure to an EB, cross-linking polymeri-
zation can be induced directly by ionizing radiation 
(Pitarresi et al., 2014). Hence, this technique can be 
used to manufacture complex parts. In addition, EB 
curing is carried out at room temperature. Hence, the 
resulting thermal stress in composites can be greatly 
reduced. Moreover, this process requires a short cur-
ing time and is environmentally friendly.  

Ultraviolet (UV) radiation is one of the most 
commonly used light curing processes. This curing 
method has a fast curing speed and exhibits smaller 
curing shrinkage, lower viscosity, and better adhesion 
and thermal stability (Zhang et al., 2014; Feillée et al., 
2016). It is a photochemical process triggered under 
UV light by a photoinitiator added to the resin. Ac-
cording to the photoinitiator type, this process can be 
divided into free-radical photopolymerization and 
cationic photopolymerization systems. 

Microwave curing is a newly developed curing 
method based on the use of catalysts (Barrera et al., 
2014). This technology has many advantages in 
manufacturing fiber-reinforced polymer composite 
materials (Li NY et al., 2017). Microwaves can heat 
the entire volume of material at the same time, thus 
greatly reducing the deformation of composite parts 
and improving the efficiency of the curing process 
(Zhou et al., 2018). Therefore, this technology is a 
promising approach that effectively reduces curing 
time, energy consumption, and cured deformation 
(Tominaga et al., 2018). However, curing uniformity 
is still a challenge for this strategy. 

 
 

4  Problems and perspectives 
 
The die surface compensation method does not 

rely on any mechanism to control the deformation. It 

is meant to compensate for the deformation on the 
basis of predicted deformation. This method is more 
favorable than others due to its ease of implementa-
tion, reasonable model accuracy, and lack of effects 
on other design parameters, such as strength. More-
over, this method is very effective and can eliminate 
cured deformation thoroughly if properly used. The 
chief drawbacks of this method are labor, and material 
and time consumption, even if using computer simu-
lation technology to predict the deformation before-
hand. Nevertheless, no model can have 100% predic-
tion accuracy, and the compensated mold may induce 
new and different deformations. Therefore, this pro-
cess still needs to be repeated several times to achieve 
deformation in the allowable range, although the 
simulation and prediction work can greatly reduce 
time and labor consumption and make this method 
more efficient. No studies of this method have been 
reported, although it may have well been used in 
industry. 

Process optimization design is based on the 
thermal and chemical shrinkage mechanisms of de-
formation. Because resin curing is a chemical reac-
tion process, chemical shrinkage is closely related to 
the DOC. In any situation where there are perfor-
mance requirements, it is not wise to control the 
chemical contraction at the cost of reducing the DOC. 
Hence, the major focus of process optimization 
should be on the alleviation of thermal deformation 
and the uniformity of curing. The cure temperature 
ramp or heating and cooling rates are two factors that 
are worthy of further study. Moreover, uniform cur-
ing is a technique that requires further exploration. 
Certainly, new cure methods and cycles may bring 
better solutions to this problem with the progress of 
technology. 

Like die surface compensation, structure opti-
mization is an extrinsic control strategy. This method 
aims at optimally designing the components to re-
duce the potential deformation. In this respect, 
structure optimization design can control the defor-
mation on a large scale. However, parameters such as 
dimension and thickness cannot be modified at will 
because they are generally dependent on applications 
and requirements and should be optimized at the start 
of the design process for components. There is also a 
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limited range in which to optimize the fiber fraction 
and stacking sequence without sacrificing the initial 
design strength. Although this method is limited, it 
can be a design aiding strategy to include in the 
control of deformation at the very beginning of part 
development.  

Tool-part contact optimization is based on the 
tool-part interaction mechanisms of deformation. 
Since this factor does not account for much of the 
total deformation in a part, the controlling effect of 
this method is limited. However, this method still 
plays an important role in reducing the curing de-
formation induced by non-uniformity, especially in 
thick laminates. 

Many experimental studies have been summa-
rized in this study. Assuming that die surface com-
pensation can counteract 99% of cured deformation, 
the main factors influencing cured deformation are 
compared and plotted qualitatively in Fig. 15. It 
seems that structure optimization has the greatest 
impact on cured deformation in addition to die surface 
compensation, but the mechanisms behind these fac-
tors are still unknown and the regularities have not 
been revealed. Hence, there is still much work to do 
on the problem of cured deformation. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 

5  Conclusions 
 
The presence of cured deformation is a serious 

problem that is not desirable in composite manufac-

turing processes. In this paper, the main mechanisms 
that cause cured deformation in composite parts are 
reviewed. Three acknowledged mechanisms and their 
recent developments are introduced in detail. A gen-
eral overview is provided for the five dominant ap-
proaches introduced in the literature: (i) die surface 
compensation, (ii) process optimization, (iii) structure 
optimization, (iv) tool-part contact optimization, and 
(v) development of other methods. Die surface com-
pensation is currently the method most commonly 
adopted to control cured deformation due to its ex-
cellent effects. Models for the prediction of defor-
mation are introduced. The model dimension, me-
chanical model, constitutive laws, and other charac-
teristics are categorized and compared. The effects of 
many process factors on cured deformation are in-
troduced, and the control effects evaluated. Process 
optimization methods are still worth studying when 
controlling thermal deformation and uniform curing. 
The effects of various structural parameters on cured 
deformation are discussed. The structure optimization 
method can be a helpful method for optimally de-
signing the components. Although tool-part contact 
optimization has a limited effect on cured defor-
mation control, it is necessary to reduce tool-part 
interaction during curing. Other new approaches 
bring both opportunities and challenges to solve this 
problem. 

In conclusion, although much work has been 
done and much progress made in cured deformation, 
this problem has not been resolved fundamentally. 
The mechanisms of structural effects on cured de-
formation are not fully understood or are controver-
sial. Uniform curing has not yet been achieved. Sim-
ulation predictions have been neither implemented in 
the mold compensation process nor combined with 
mold compensation through simulations. Newly de-
veloped technologies will undoubtedly shed light on 
this problem, and new curing methods may not induce 
substantial cured deformation. However, sustained 
efforts from all sides are still needed to overcome this 
problem. 
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中文概要 
 

题 目：纤维增强复合材料固化变形的研究与控制综述 

目 的：固化变形问题是纤维增强复合材料结构件固化成

形及应用过程中的一大阻碍。本文旨在综述引起

固化变形的原因和机理，归纳和评价固化变形的

控制方法，以及指出目前存在的问题与不足。 

方 法：1. 通过对国内外文献的大量阅读与分析，得到固

化变形问题的产生机理及近年来的研究进展；

2. 通过对该领域论文的分类和归纳，总结出固化

变形的主要控制策略，并分类讨论每项策略的控

制措施。 

结 论：1. 固化变形的产生机理主要有热变形、化学收缩

变形和模具作用 3 种。2. 本文归纳了固化变形的

五类控制方法：模具补偿、固化工艺优化、结构

件优化设计、模具接触面优化以及开发新方法。

3. 针对各控制策略的优点，本文分析和总结了它

们的适用场合以及控制效果。4. 在固化变形的研

究方面，目前仍然存在许多问题与不足。 

关键词：纤维增强复合材料；固化变形；有限元分析；过

程模拟；控制策略 

 

 
 


