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Abstract
Because of the advantages of lightweight and high-strength integrated molding of composite materials at low cost, 
thus, large-scale carbon fiber composite structures are widely used in aerospace applications. However, the curing 
deformation of large-scale composite structures will produce a certain shape deviation, which cannot meet the needs 
of the installation. If forced assembly will form large installation stress, which will seriously jeopardize the mechanical 
properties and lifetime of the composite parts. Therefore, it is being studied to control the curing deformation of large-
scale composite structures, which is important to ensure the quality of the structure, reduce the cost and improve the 
service life of the structure. The traditional composite parts development model requires large-scale sample testing, 
uncontrollable manufacturing quality, low efficiency, and other problems. In particular, the curing and molding process 
involves the intersection of several disciplines such as thermal, chemical and mechanics, so it is increasingly important 
to study the curing deformation of large-scale composite structures to improve R&D efficiency, control quality, and 
reduce cost.

Keywords: Fiber-Reinforced Polymer-Matrix Composites, Processed Deformation, Thermoset Composite Materials, Process Simu-
lation, Dimensional Control, Aerospace Structures

Introduction
Due to the deformation of the wing of a certain type of UAV in the 
curing and molding species, the bulk deformation exceeds the as-
sembly tolerance, and there are serious hidden dangers endanger-
ing flight safety if it is assembled on the aircraft by strong stress. 
Before there is no deformation prediction method, it can only rely 
on expensive experimental verification, resulting in a long devel-
opment cycle to meet the delivery time of the equipment. In the 
U.S., NASA also attaches great importance to numerical analysis 
and prediction of composite manufacturing processes, for which 
the U.S. government in 2017 on NASA's Advanced Composites 
Research Program (AC), specifically enumerated the numerical 
analysis and prediction of composite manufacturing processes 
project for research [1,2]. The American Association of Veterinary 
Parasitologists (AAVP) is also proposing research programs for 
UAVs and applying composite manufacturing prediction tech-
niques to the X-35. The prediction of curing deformation is the 
difficulty of curing deformation-molding technology, and is the 
main research direction of thermosetting resin-based composite 
materials.

The monolithic molding process for large composite compo-
nents reduces the weight of the structure and the number of parts, 
thus reducing costs and assembly expenses. The characteristics 
of monolithically formed composites can cause interactions be-
tween the parts and the mold. The shrinkage of the material and 
the anisotropy of the material itself can lead to recoil deformation 
and deformation after release from the mold. This phenomenon is 
particularly evident in composite parts used in civil aviation and 
unmanned aerial vehicles, both of which produce certain dimen-
sional deviations during the manufacturing process, making large 
composite components unsuitable for the stress-free installation 
conditions of modern aircraft.

Currently, the deformation of composite components is often stud-
ied. Parameters are optimized to reduce deformation. However, it 
is difficult to accurately determine the actual deformation of com-
posite components without conducting experiments. Current sci-
entific studies have confirmed that the variations in curing molding 
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can include mechanical deformation, chemical shrinkage deforma-
tion and deformation due to mold action. The prediction of curing 
deformation is a difficult aspect of curing deformation-molding 
technology and is the main research direction for thermoset res-
in-based composite materials.

Curing Deformation is Influenced by the Following Factors
Unstable or poor molding processes directly affect the resin con-
tent of the material components, which in turn affects the me-
chanical properties, expansion coefficient and curing shrinkage. 
Different curing process profiles directly affect the deformation of 
the cured molding through process parameters such as tempera-
ture and molding pressure. Since the molding stage contains a 
warming and holding and cooling process, the thermal expansion 
coefficients of the resin are different at different stages under the 
effect of temperature, and also after curing, the thermal expansion 
coefficients of the fibers, resin and mold are different, which are 
responsible for the curing deformation.

During the curing and molding process, there are folds and defects 
in the fiber lay-up, and in the composite structural parts containing 
corner types, which also have an effect on the rebound deformation 
of the composite structural parts. The prepare break and lap type 
can have an effect on the curing deformation of composite mem-
bers. In addition, temperature gradients are generated due to dif-
ferent thermal conductivity. Among these are thickness gradients 
from the composite material, and unbalanced curing distribution, 
and these imbalances can lead to the generation of residual stresses 
and thus curing deformation.

In addition, considering the thermal force of the mold on the mold-
ed part, the surface roughness of the mold design can have an im-
pact on the generation of frictional forces provided by the curing 
deformation, and the fact that the mold material and the structural 
material and the thermal expansion coefficient of the component 
do not match can have the following effects: in the case of molding 
with a negative mold, the deformation rebound angle of the part 
after demoulding is equal to the rebound angle of molding with a 
positive mold, and the rebound direction is just reversed; in the 
case of composite molds, the deformation is related to the mold 
structure and the design compensation method if the thermal ex-
pansion is consistent.

After the resin of the composite undergoes a transition between 
the viscous flow state rubber state and the glass state, the over-
all mechanical properties change dramatically due to a series of 
physical and chemical changes. The kinetic study of the numerical 
curing process must be carried out first. This is because the resid-
ual stresses and strains in their composites are formed during the 
curing process. The kinetic model of the curing reaction describes 
mathematically the relationship between the resin conversion rate 
at a given time or temperature and the resin conversion rate. Cur-
rently, domestic and foreign scientists mainly through the develop-
ment of curing kinetic models describe the curing process.

Materials and Methods
The general framework technical line of research in this paper 
is shown in Figure 1. In addition, the superimposed coupling of 
cured deformation shown in Figure 2. After the resin of the com-
posite undergoes a transition between the viscous flow state rubber 
state and the glass state, the overall mechanical properties change 
dramatically due to a series of physical and chemical changes. The 
kinetic study of the numerical curing process must be carried out 
first. This is because the residual stresses and strains in their com-
posites are formed during the curing process. The kinetic model 
of the curing reaction describes mathematically the relationship 
between the resin conversion rate at a given time or temperature 
and the resin conversion rate. Currently, domestic and foreign sci-
entists mainly through the development of curing kinetic models 
describe the curing process.

A non-isothermal DSC test based on the equipment model: 
NETZSCH DSC 200F3 was used. In this paper, a carbon fiber pre-
preg from Weihai Guangwei Company, grade 6508, was used, and 
the epoxy resin contained 40% of adhesive. The resin material used 
in the DSC test was physically stripped from the prepreg, and the 
DSC test was used to establish the curing kinetics model. Weigh-
ing samples were weighed 5~10mg using the subtractive method, 
and the specimens were put into the crucible as required by the 
experimental apparatus, as shown in Figure 3. A differential scan-
ning calorimeter was used for the samples, and a non-isothermal 
test was taken, with a heating rate: 5K/min~25K/min and nitrogen 
gas input, flow rate: 10~20ml/min, and the apparatus was turned 
on to perform the experiment and record the results, as shown in 
Figure 4.
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Table 1: Calculated Results of Resin Non-Isothermal DSC Test
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G12f=G13f 27.6 GPa Gm 2.33 GPa
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Figure 3: Sample Preparation and Differential Scanning Calorimeter Equipment 
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Results
This section may be divided by subheadings. It should provide a 
concise and precise description of the experimental results, their 

interpretation, as well as the experimental conclusions that can be 
drawn. The obtained data are as follows Table 1. Calculated results 
of resin non-isothermal DSC test.

Table 2: Calculated Results of Resin Non-Isothermal DSC Test

Heating rate (K/min) Peak temperature (°C) Peak temperature (K) Heat flow (W/g) Enthalpy (J/g)
5 K/min 138.744 411.894 0.3306 -11.0711
10 K/min 148.843 421.993 0.56503 -21.7501
15 K/min 156.720 429.87 0.85334 -26.6368
20 K/min 162.240 435.39 1.2042 -29.4324
25 K/min 165.000 438.15 1.46988 -51.6477

The total heat of reaction of the curing reaction is obtained by averaging the above table at different rates. The activation energy of the 
reaction is calculated by the following equation.
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Table 3: Calculated Results of Resin Curing Kinetic Parameters
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After reading the DSC data and processing the data, the area, i.e., 
the enthalpy was obtained by integrating the transverse axes ac-
cording to the relationship between the exothermic heat and time 
at the heating rate and obtaining the curing curve.

According to the DSC exothermic-time curve as shown in Figure 
6, the curing degree curves for different temperatures can be ob-
tained by integrating the time and summarized to obtain.

Figure 6: Curing Degree Curve and Change Curve with a Tem-
perature Rise Rate

Reflecting the modulus change law of the curing process, for bet-
ter numerical simulation, the curing degree and time in the fine 
structure are now expanded into a three-dimensional model, so as 
to reflect the modulus change law with time. Since the modulus 

proposed by Bogetti is linear with respect to the curing degree, 
the change curve of resin modulus with temperature and curing 
degree can be simulated according to the CHILE model, as shown 
in Figure 7.

Figure 7: Linear Variation Curve of Resin Elastic Modulus with 
Temperature and Curing Degree

The above model indicates that the modulus of the resin is low at 
the initial stage of the curing degree, and when the curing degree 
reaches a certain value, the modulus of the resin starts to change 
linearly with the curing degree, and after the curing degree reaches 
a certain value, the modulus of the resin reaches a maximum value 
and does not change anymore.
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The unitary model of a typical unidirectional FRP was proposed 
by Adli and Jansen et al, and the method proposed by Saito et al to 
determine the curing temperature-dependent macroscopic parame-
ters [3-8]. The shear modulus is considered almost zero below the 
gel point but rises rapidly above that point due to the formation of 
cross-linked structures. Johnston proposed an improved model and 
found that the curves trend in the same direction but the relation-
ship between resin modulus and curing degree deviates at different 
temperatures, suggesting that the resin modulus is not only curing 
degree dependent but also temperature dependent, and the follow-
ing modified CHILE (Tg) model as follow [9-12].

where                                 is the critical temperature at which 
the resin modulus starts and stops increasing, respectively, and 
is the temperature at which the current time is synchronized, 
Johnston experimentally determined the value of the above 
equation,                                                                    is the 
resin modulus at the fully cured.            represent the boundary 
between the degree of development of the resin modulus in the 
curing assumption.

In order to make better use of the above-mentioned model and re-
flect the modulus change law of the curing process, and for better 
numerical simulation, the curing degree in the fine view structure 
with time is now expanded into a three-dimensional model, thus 
reflecting the modulus change law with time, as shown in Figure 8.

Figure 8: Non-Linear Variation Curve of Modulus Considering 
Temperature Field and Exotherm of Curing Reaction

After the simulated curing cycle, the contact surfaces are removed 
after releasing the composite component from the mold in the 
steady-state analysis step in order to calculate the final part defor-
mation due to residual stresses. The boundary conditions for the 
mold removal phase are such that the symmetry plane of the part is 
allowed to slide and fix a node in the same plane in all directions. 
The deformation of the composite part is measured by being per-
pendicular to the direction of shrinkage. Temperature conversion 
was measured experimentally by Abouhamzeh and Bellini et al. 
using the temperature transformation, the effect of temperature 
on viscoelastic materials can be converted to a time scale and the 
transformation is referred to the previous generalized Maxwell 
model to obtain the initial stiffness matrix [13-20].

Zappino et al. made simulations where the results approximated 
the experimental values, so by varying the thermal expansion coef-
ficient and thickness of the shear layer, these parameters are valid 
for a given curing pressure and size [21]. Residual stresses can 
usually be defined as the sum of the following: initial pressure, 
thermochemical, thermal expansion and shrinkage, with coeffi-
cients of thermal expansion and chemical shrinkage in three direc-
tions, containing uncured and cured. Since the equivalent thermal 
expansion coefficient cannot model the chemical shrinkage that 
may occur at constant temperature. Therefore, the minimum incre-
mental step was adjusted to simulate the chemical shrinkage, the 
shrinkage strain of the resin was calculated by the degree of resin 
curing, and the curve was obtained experimentally and by fitting. 
In curing, the time curing temperature superposition method is 
used, containing thermochemical, thermal expansion and shrink-
age, which are simulated in three directions, respectively.

(3)
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starts to change linearly with the curing degree, and after the curing degree reaches a certain 

value, the modulus of the resin reaches a maximum value and does not change anymore. 

 

The unitary model of a typical unidirectional FRP was proposed by Adli and Jansen et al, and 

the method proposed by Saito et al to determine the curing temperature-dependent 

macroscopic parameters [3-8]. The shear modulus is considered almost zero below the gel 

point but rises rapidly above that point due to the formation of cross-linked structures. 

Johnston proposed an improved model and found that the curves trend in the same direction 

but the relationship between resin modulus and curing degree deviates at different 

temperatures, suggesting that the resin modulus is not only curing degree dependent but also 

temperature dependent, and the following modified CHILE (Tg) model as follow [9-12]. 
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Figure 8: Non-Linear Variation Curve of Modulus Considering Temperature Field and 

Exotherm of Curing Reaction 
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The temperature distribution in the composite during curing can be 
obtained using nonlinear transient heat transfer analysis (including 
internal heat consumption).
The steps of the numerical simulation experiment are as follows:
1) Using laser underlayment machine to underlay the CAD de-
signed drawing.
2) Prepare 40 layers of lay-up material with thickness 0.28 mm, 
stacking order as shown in Table 4 and as shown in Figure 9.
3) Composite multilayer shell module with COMSOL 6.0 soft-
ware, shell heat transfer module, as well as solid mechanics mod-
ule and chemical reaction kinetics module, multi-physical fields 
were coupled for analysis.
4) To verify the experimental validation of the process, we pre-

pared prepreg materials in different orientations, as shown in Fig-
ure 10. The experimental validation of the process were as follow: 
Within 45 minutes of the heating stage, the heating rate is 0.5~2K/
min, reaching 85℃, holding time 30min, heating to 130℃ within 
half an hour, holding time 120min, then cooling 240min, cooling 
with the furnace, cooling rate 0.5K/min or less, then air cooling.
5) Multi-layer panel shell model and wing panel shell model were 
setup as shown in Figure 11.
6) Temperature distribution of heat sources were used for multi-lay-
er panel shell and wing panel as shown in Figure 12.
7) From 0 to 0.28mm, under the total cases, Stress for multi -layer 
panel shell and wing panel were shown in Figure 13, Figure 14, 
Figure 15, Figure 16 and Figure 17.

Table 4: Orientation of carbon fiber/epoxy laminates
Layer Number Fiber Orientation 1 Fiber Orientation 2
1-5 0 0
6-10 45 45
11-15 -45 -45
16-20 90 90
21-25 90 90
26-30 -45 45
31-35 45 -45
36-40 0 0

The curing pressure definition function involves two effects, on the one hand, the resin content affects the curing degree function distri-
bution and chemical shrinkage, and on the other hand, the pressure affects the resin content distribution in each part. Therefore, the de-
termination of thermal curing deformation is a good way to predict the thermal and chemical shrinkage stresses based on the temperature 
and curing degree fields. The curing kinetics of the laminate was found to be a controlling equation mainly influenced by temperature 
and degree of cure:                                                                                                            
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85℃, holding time 30min, heating to 130℃ within half an hour, holding time 120min, then 

cooling 240min, cooling with the furnace, cooling rate 0.5K/min or less, then air cooling. 

5) Multi-layer panel shell model and wing panel shell model were setup as shown in Figure 

11. 

6) Temperature distribution of heat sources were used for multi-layer panel shell and wing 

panel as shown in Figure 12. 

7) From 0 to 0.28mm, under the total cases, von Mises Stress for multi -layer panel shell and 

wing panel were shown in Figure 13, Figure 14, Figure 15, Figure 16 and Figure 17. 

 

Table 4: Orientation of carbon fiber/epoxy laminates 

Layer Number Fiber Orientation 1 Fiber Orientation 2 

1-5 0 0 

6-10 45 45 

11-15 -45 -45 

16-20 90 90 

21-25 90 90 

26-30 -45 45 

31-35 45 -45 

36-40 0 0 

 

 

 
  

Figure 9: The Stacking Sequence of the Carbon/Epoxy Laminate is from Bottom to Top for 

each Layer of Fiber Orientation 
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 Figure 10: Cutting of Materials with Different Orientations for Undercutting 

 

  

  

  
  

Figure 11: Multi-layer Panel Shell Model and Wing Panel Shell Model 
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Figure 11: Multi-layer Panel Shell Model and Wing Panel Shell Model 
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Figure 12: Temperature Distribution of Heat Sources for Multi-Layer Panel Shell and Wing 

Panel 

 

 

   
Figure 13: Von Mises Stress for Multi -Layer Panel Shell and Wing Panel (MPa) 

 

 

  
Figure 14: Type II Piola-Kirchhoff Stresses for Multi-Layer Panel Shell and Wing Panel, 

Laminate Coordinate System 11 Components (MPa), Thickness: 0 ~ 0.07 mm 
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Figure 13: Von Mises Stress for Multi -Layer Panel Shell and Wing Panel (MPa) 

 

 

  
Figure 14: Type II Piola-Kirchhoff Stresses for Multi-Layer Panel Shell and Wing Panel, 

Laminate Coordinate System 11 Components (MPa), Thickness: 0 ~ 0.07 mm 
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Figure 13: Von Mises Stress for Multi -Layer Panel Shell and Wing Panel (MPa) 

 

 

  
Figure 14: Type II Piola-Kirchhoff Stresses for Multi-Layer Panel Shell and Wing Panel, 

Laminate Coordinate System 11 Components (MPa), Thickness: 0 ~ 0.07 mm 

 

  

Figure 14: Type II Piola-Kirchhoff Stresses for Multi-Layer Panel Shell and Wing Panel, Laminate Coordinate System 11 Components 
(MPa), Thickness: 0 ~ 0.07 mm

  
Figure 12: Temperature Distribution of Heat Sources for Multi-Layer Panel Shell and Wing 
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Figure 13: Von Mises Stress for Multi -Layer Panel Shell and Wing Panel (MPa) 

 

 

  
Figure 14: Type II Piola-Kirchhoff Stresses for Multi-Layer Panel Shell and Wing Panel, 

Laminate Coordinate System 11 Components (MPa), Thickness: 0 ~ 0.07 mm 

 

  

Figure 15: Type II Piola-Kirchhoff stresses for multi-layer panel shell and wing panel, laminate coordinate system 11 components 
(MPa), thickness: 0.07 ~ 0.14 mm
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Figure 15: Type II Piola-Kirchhoff stresses for multi-layer panel shell and wing panel, 

laminate coordinate system 11 components (MPa), thickness: 0.07 ~ 0.14 mm 

 

  
Figure 16: Type II Piola-Kirchhoff stresses for multi-layer panel shell and wing panel, 

laminate coordinate system 11 components (MPa), thickness: 0.14 ~ 0.21 mm 

 

  
Figure 17: Type II Piola-Kirchhoff stresses for multi-layer panel shell and wing panel, 

laminate coordinate system 11 components (MPa), thickness: 0.21 ~ 0.28mm 

 

Discussion 

Curing Mold Suppression 

Reduce the influence of mold molding specific gravity, according to this special case, 

according to the characteristics of the resin curing curve adopted a mold with high thermal 

conductivity, the general case using a mold material with a similar conductivity. The 

measurement process used calibrated gauges and molds. 

 

Suppression of Molding Pressure 
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Discussion
Curing Mold Suppression
Reduce the influence of mold molding specific gravity, according 
to this special case, according to the characteristics of the resin 
curing curve adopted a mold with high thermal conductivity, the 
general case using a mold material with a similar conductivity. The 
measurement process used calibrated gauges and molds.

Suppression of Molding Pressure
The quality control of the test parts was carried out during the test 
process. When the molding pressure was 0.080 MPa, there was 
a sample molding with uneven glue content; when the pressure 
was increased to 0.096 MPa, the bubble defects were significantly 
reduced and the uneven glue content was significantly improved, 
which reduced the degree of influence on the distortion.

Suppression of Cooling Time
As the mechanical properties of the composites change due to the 
rate of thermal curing reaction. It is known that the greater the 
rate of heating, the earlier the curing process is completed; in the 
cooling phase, the slower the rate of curing reaction, which is con-
ducive to the control of curing distortion.

Inhibition of Lay-Up Design
When laying the prepreg, the polymer viscosity is low enough to 
ensure maximum fit to the mold and guarantee the consistency of 
the thermal expansion coefficient, which can be beneficial to re-
duce distortion.

Conclusions
Based on the simulation results, the following findings can be 

made toward the manufacturing process of unidirectional compos-
ite structures. Reducing the thermal contact conductivity between 
the composite part and the mold speeds up curing because it re-
duces the heat transfer when the epoxy exotherms. This results in 
less deformation due to the lower temperature gradient along the 
thickness of the composite component. This factor becomes more 
important as the thickness of the composite member increases. The 
coefficient of thermal expansion can be reduced by using a low 
thermal conductivity layer between the composite member and the 
mold, or by physically reducing the surface contact between the 
mold and the composite member through a new mold surface de-
sign (which requires an optimized design). Reducing the rebound 
deformation can only be done physically by reducing the surface 
contact between the mold and the composite member. It can be 
noted that the same parameters lead to a reduction of the rebound 
deformation during the thermal analysis.

The factors responsible for the generation of residual stresses and 
deformations during hot pressing curing can be summarized as fol-
lows: thermal strain is the result of a mismatch between the ther-
mal properties of the laminate layers, the temperature gradient and 
the degree of resin curing and the coefficient of thermal expansion 
between the part and the mold. Curing shrinkage is due to volume 
reduction because of increased density. The shrinkage strain is 
higher in the direction transverse to the fibers than in the direction 
of the fibers, which will be largely constrained.
(1) The measured and predicted deformation angles closely match. 
However, the evaluation of corner shape variation shows devia-
tions between predictions and measurements and represents a 
straightforward approach to predicting deformation in the fabrica-
tion of large-scale composite structures based on minimal experi-
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mental work.
(2) The method requires only one configuration-specific parameter 
for the simulation in the form presented. This is appropriate as 
long as the laminate layup is constant throughout the part. Consid-
ering locally varying layups, it should be verified that the obtained 
configuration-specific parameters can be transferred between indi-
vidual layups.
(3) My experimental studies have shown that the angle of defor-
mation depends to a large extent on the laminate layup as long as 
the layup characteristics are significantly different. Small changes 
in plies due to the addition of a single ply (symmetry preservation) 
do not significantly affect the angle of deformation obtained. How-
ever, if the laminate changes significantly within a part.
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