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To study the deformation law and forming defects of hemispherical molding of unidirectional carbon fiber reinforced polymer
(UN-CFRP), hemispherical molding experiments were carried out, and a three-dimensional finite element model of single-ply
UN-CFRP hemispherical molding was established. The results show that the established finite element model can accurately
predict the molding deformation law and forming defects of UN-CFRP. The results indicate that the fiber at the top of the
sample is uniformly distributed; the fiber on both sides of the sample top and parallel to the fiber direction is local dispersion;
the fiber at both sides of the bottom is trapezoidal splitting. The results at the bending corner show that the bending quality is
better when the angle between the fiber direction and the tangent of the circular bend is in the range of 70-90°; it is easy to
produce extrusion wrinkling when the angle between the fiber direction and the tangent of the circular bend is 15-70°; it is
easy to produce extrusion accumulation when the angle between the fiber direction and the tangent at the circular bending is
in the range of 0-15°. The results of cross-ply UN-CFRP hemispherical molding show that the full spreading property is good,
and there is no obvious fold in the bending part.

1. Introduction

Nowadays, the world is facing the problems of energy con-
straints and environmental pollution, forcing people to find
ways to achieve the light weight of aircraft, automobiles, and
other travel products, to reduce fuel consumption and protect
the environment. As a representative of advanced composite
materials, resin-based carbon fiber reinforced composites have
been widely used in aerospace, automotive, rail transportation,
and other industries with their characteristics of light weight
and high strength and designability, and it has become a trend
to use these composites instead of metal materials for the light-
weight design of aircraft and automobiles [1, 2]. However, due
to the long production cycle of CFRP parts, complex produc-
tion process, and lower molding speed of products than metal
parts [3], it has not been able to meet the demand for high-
volume and high-efficiency production in the automotive

industry, so how to improve the molding efficiency of carbon
fiber composites has been the focus of research by scholars at
home and abroad in recent years.

The hot pressing process can rapidly manufacture various
complex structures, which is the key to solving the high-
volume and high-efficiency application of carbon fiber
composites [4]. In the research on the composite hot pressing
process, Wakeman et al. [5] used the hot pressing molding
process to study the molding effect of carbon fiber woven
reinforced composites with thermoplastic resin matrix in the
nonisothermal molding process and found that the preheating
temperature of the mold and the initial degree of resin consol-
idation are important factors affecting the molding quality;
Alcock et al. [6] omitted the preforming process in the hot
pressing process, and the results showed that this simplified
process can be used to form simple composite structural parts,
and it was found that temperature and pressure are the main
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influencing parameters for the hot pressing of composite
sheets. Gereke et al. [7] found that the compression sheet
was effective in preventing the occurrence of fiber wrinkle
defects in composite hot compression molding. Harrison et al.
[8] showed that the spring-actuated crimpingmethodwasmore
effective in reducing the occurrence of wrinkle defects than the
friction-actuated crimping method. Zhang et al. [9] proposed
and designed a nonisothermal model for hemispherical hot
stamping, explored a new hot stamping molding process for
woven composite sheets directly, and achieved better molding
results. Gherissi et al. [10] increased the depth of hemispherical
preparation composite molding based on the study of Zhang
et al. [9] and found that with the increase in molding depth,
the deformation increased rapidly. There is less research litera-
ture on UN-CFRP molding research, Hongfu et al. [11] pre-
pared a composite rectangular box for unidirectional carbon
fiber composites using the rapid hot press molding technique,
and the results of the study showed that precompaction has a
large influence on the molding quality.

In the study of the hot pressing mechanism of compos-
ites, Bilisik [12] used the method of fiber pulling to deter-
mine the in-plane shear properties of fibers, and the results
showed that different specimen aspect ratios and the number
of pulled fibers had a great influence on the shear results.
Charmetant et al. [13] proposed a superelastic ontology to
describe the mechanical behavior of large deformations of
woven glass fiber fabrics during molding. Similarly, Davey
et al. [14] simulated and analyzed the semicircular stamping
deformation of CF/PEEK composite sheets for different
crimping forces and accurately predicted the deformation
and deep-drawing properties of this material during hot
compression molding. In China, Zhang et al. [15] conducted
hot stretching experiments on woven composites, and the
experimental results showed that the locking angle of the
woven composites was 30 deg. Gong et al. [16] established
a single-layer two-dimensional stamping finite element
model and used it to analyze the forming of double-dome
shapes of thermoplastic woven prepreg. Peng and Cao [17]
also did a lot of work for the molding performance of woven
composites, used the hyperelasticity principal structure to
describe the principal structure equations of the complex
mechanical behavior of woven composites during the mold-
ing process, and performed a multifield coupled and multi-
scale analysis of the hot compression molding process.
Notably, Haanappel et al. [18] studied the molding quality
of braided composites (CF/PPS) and unidirectional compos-
ites (CF/PEEK) by comparing them through experimental
and finite element simulations using stiffened sheets, and
the results showed more folds due to higher in-plane shear
resistance of PEEK-based unidirectional carbon fiber com-
posites, resulting in their molded surface quality being poor.

From the above research results, it can be found that the
current research on the hot compression molding process
and molding mechanism of carbon fiber composites is mainly
focused on woven composites. And domestic and foreign
scholars have reached a unanimous conclusion on the
molding deformation mechanism of woven composites: shear
deformation is the main deformationmode in the hot pressing
process of woven composites [19, 20]. Compared with woven

composites, UN-CFRP has poorer spreadability during mold-
ing, but UN-CFRP is more designable and can take advantage
of the mechanical advantages of carbon fiber composites, and
it can be processed with precise cutting for higher material uti-
lization and better production quality stability. Therefore, it is
of great practical significance to study the deformation law of
UN-CFRP bymolding it in depth. Based on this, a hemispher-
ical hot pressing experimental platformwas built in this paper,
andmolding experiments were conducted on single-layer UN-
CFRP. Then, a hemispherical three-dimensional molding
finite element model was established, and the deformation
law and molding defects of single-layer UN-CFRP in the
molding process were analyzed by using this model.

2. Experimental Materials and Methods

2.1. Materials Used for Experiments. The carbon fiber used in
UN-CFRP studied in this paper is T300, and the matrix
material is epoxy resin with a 62% volume fraction of carbon
fiber, which is purchased from Weihai Guangwei Compos-
ites Co. The mechanical properties of the material are shown
in Table 1 [21].

2.2. Experimental Setup. To verify the correctness of the
model, a hemispherical molding experimental platform was
built in this study, and the specific experimental setup is
shown in Figure 1. In the figure, a manual hydraulic press with
a maximum load of 20 tons was used, which was purchased
from Qingdao Zhongmai Furun Machinery Equipment Co.
The hemispherical mold with a diameter of 60mm is a heat-
able mold, manufactured by a five-axis machining center with
a machining accuracy of IT7 and a surface roughness of
Ra1.6μm. Nine electric heating rods with a power of 100W
are used to heat the hemispherical convex mold, concave
mold, and platen at the same time, and the heating tempera-
ture range is from room temperature to 300°C. The tempera-
ture control equipment uses the digital display intelligent
temperature electronic thermostat produced by Taizhou Han-
shi Electric Heating Electric Co.

Table 1: Mechanical properties of CFRP at room temperature.

Elastic property Value of number

Longitudinal tensile modulus, E11 MPað Þ 137,000

Transverse tensile modulus, E22 MPað Þ 9000

Axial tensile modulus, E33 MPað Þ 9000

Poisson’s ratio, v12 0.28

Poisson’s ratio, v13 0.28

Poisson’s ratio, v23 0.4

Shear modulus, G12 MPað Þ 3780

Shear modulus, G13 MPað Þ 6000

Shear modulus, G23 MPað Þ 6000

Density, ρ t/mm3� �
1:79e − 9
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2.3. Experimental Procedure. To ensure that the resin would
not stick to the mold during the UN-CFRP molding process
and to facilitate the release of the molded parts after molding,
the mold was firstly coated with a mold release agent on the
convex and concave molds before the experiment, and then,
the mold was preheated to 80°C for heat preservation, as the
resin matrix for the experiment had the lowest viscosity at that
temperature. The single-layer UN-CFRP with the size of 130
× 130 × 0:13mm and the double-layer UN-CFRP with the
layup method of [0/90] were put into the mold, respectively,
and the prepreg tape was crimped using the platen, and the
mold was manually closed under the loading of the press,
and when the mold was completely closed, the temperature

was increased to 135°C and insulated for 90minutes, and then,
natural cooling was carried out, and the mold was divided
after cooling, and the parts complete the whole experimental
process.

3. Finite Element Simulation of UN-CFRP
Hemispherical Molding

3.1. Material Ontology Model. CFRP is defined as each aniso-
tropic linear elastic instantiation, and the failure criterion is
adopted as the three-dimensional Hashin failure criterion.
The failure criterion is as follows.

Hemispherical die

Platen

Hemispherical
punch

Hydraulic pressure
machine

Temperature
control device

UN-CFRP Electric heating
metal rod

Figure 1: Hemispherical molding for UN-CFRP.
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Figure 2: Carbon fiber phase damage failure model.

3International Journal of Polymer Science



Fiber longitudinal stretching:

Fft =
σ11
XC

� �2
+ α

σ212 + σ213
S2L

� �
= 1, σ11 ≥ 0 ð1Þ

Fiber longitudinal compression:

Ff c =
σ11
XC

� �2
= 1, σ11 < 0 ð2Þ

Substrate transverse stretching:
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ð3Þ

Substrate transverse compression:

Fmc =
Yc

2ST

� �2
− 1

" #
σ22 + σ33

Yc

� �
+ σ22 + σ33

2ST

� �2
+ σ223 − σ22σ23

S2T
+ σ2

12 + σ2
13

S2L
= 1
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In the above equations, Fft, Ff c, Fmt , and Fmc correspond to
the damage criterion of the respective damage failure mode;
when the damage criterion reaches 1, the corresponding
fiber failure mode starts to occur. In the experimental
process, when the CFRP damage occurs after, continued
processing will be accompanied by the damage evolution
process, corresponding to the finite element analysis of the
damage evolution process which can be characterized by
unit stiffness degradation (Figure 2).

Where 0 − A is the initial stiffness, when stress reaches
the A point that a failure criterion is greater than 1, the ini-
tial damage occurs stiffness which begins to decay. A‐D is
the damage evolution path; the stiffness unit at this stage
begins to degrade; when the stiffness decays to the D point,
the unit is removed. The damage evolution is calculated
using the model of energy loss:

σ = c dð Þ: s, ð5Þ

where cðdÞ is the stiffness matrix after decay, calculated by
the following equation, where D = 1 − ð1 − df Þð1 − dmÞv12
v21; df , dm, ds are damage variables characterizing fiber,
matrix, and shear failure, respectively, and can be derived
from the damage variables of the four criteria:

c dð Þ = 1
D

1 − df

� �
E1 1 − df

� �
1 − dmð Þv12E1 0

1 − df

� �
1 − dmð Þv12E2 1 − dmð ÞE2 0
0 0 D 1 − dsð ÞG

2
664

3
775,

ð6Þ

df =
dtf , if σ11 ≥ 0,

dcf , if σ11 < 0,

(
ð7Þ

dm =
dtm, if σ22 ≥ 0,
dcm, if σ22 < 0,

(
ð8Þ

ds = 1 − 1 − dftð Þ 1 − df c

� �
1 − dmtð Þ 1 − dmcð Þ: ð9Þ

Abaqus comes with a damage criterion that does not have a
three-dimensional Hashin failure criterion, and the calcula-
tion is performed using the FORTRAN language to write
the three-dimensional Hashin failure criterion and damage
evolution as a user material subroutine, VUMAT, for analyt-
ical calculations.

3.2. Finite Element Model. The model construction of the
mold structure was carried out using Solidworks, and the
size of the model was built according to the actual experi-
mental size (Figure 3). The material of the convex die, con-
cave die, and platen is 45 gauge steel with an elastic
modulus of 210,000MPa and Poisson’s ratio of 0.21. Since
the resin matrix is in a fluid state during UN-CFRP hot
pressing, the stiffness of the mold is much higher than the
stiffness of the molded material. Therefore, the hemispheri-
cal convex mold, hemispherical concave mold, and platen
are defined as rigid elements, with element type R3D10,
mesh size 2, and the total travel of the convex mold is
30mm. The hemispherical concave die is meshed with tetra-
hedral solid elements, with a total of 103,838 elements.

Hemispherical
tie

Z

Y

X

130×130 mm

Unidirectional carbon
fiber prepreg

Hemispherical
punch

60 mm

Platen

Z

Y

X

Figure 3: Finite element model of hemispherical molding for
single-ply UN-CFRP.
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(a) Oblique view of simulation results

(b) Oblique view of experiment results

Figure 4: Continued.
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(c) Vertical view of simulation results

(d) Vertical view of experiment results

Figure 4: Continued.
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Since UN-CFRP is composed of carbon fibers arranged
in parallel with the same orientation, it is inevitable that
the fibers will tear along the vertical fiber direction during
the molding process in the hemispherical mold. If we want
to characterize this tearing effect accurately, we need to
model each carbon fiber, but the diameter of a single carbon
fiber is between 4 and 8 microns, and the model data volume
will be very large if we model it as a single carbon fiber,
which makes it impossible to calculate. In this study, it was
observed experimentally that due to the viscosity of the
resin, the carbon fiber prepreg tape does not disperse as a
single carbon fiber unit in hemispherical molding experi-
ments, and the maximum width of its dispersion is often
larger than the thickness of the single layer of prepreg tape.
Therefore, in this study, it is modeled with its single-ply
thickness as the minimum unit. Specifically, UN-CFRP with

a thickness of 0.13mm and a size of 130 × 130mm is divided
into rectangular long strips with a cross-section of 0:13 × 0:13
mm along the vertical fiber direction. UN-CFRP is set as an
anisotropic material, and the fiber direction is along the rectan-
gular long strip. UN-CFRP uses a three-dimensional variable
elastomer, and the deformation of the specimen ismainly stud-
ied, so the specimen unit type is solid unit C3D8R and reduc-
tion integral is used. UN-CFRP is meshed with hexahedral
solid elements, with a total of 2,000,000 elements.

3.3. Material Properties. Since carbon fiber itself has good
heat resistance, the temperature study range in this paper
is low (below 150°C), and the mechanical properties of
carbon fiber basically will not change in this temperature
range, so it is assumed that the mechanical properties of
carbon fiber do not change with temperature in the finite
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(e) Left view of simulation results

(f) Left view of experiment results

Figure 4: Comparison of finite element simulation results and experimental results from different perspectives.
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element modeling. The resin in the carbon fiber prepreg tape
is epoxy resin, and the viscosity of this resin system reaches
the lowest at 80°C. The best temperature for the resin to
cross-link is about 135°C, so the experiment is conducted
at 135°C.

3.4. Boundary Condition Setting. The Abaqus dynamic display
analysis method was used to set the mold compression load of
the hemispherical convex mold by displacement loading,
setting the loading displacement to 30mm, setting the uniform
pressure on the surface of the platen with a size of 100N, and
setting the concave mold as a solid support constraint.

Since the friction coefficient between die and fiber and
between fiber and fiber is affected by many factors such as
molding speed, fiber direction, and molding temperature in
the actual experimental process, the problem of setting the
material contact properties in the molding process has been a
difficult point in the simulation process. Since the focus of this
research is on the deformation law and molding defects of UN-
CFRP in the molding process, the model in setting the friction
coefficient was not experimented separately in the model, and
the setting method of the friction coefficient in the literature
was referred to. The contact relationship between the concave
and convex die, the platen, and the molding embryo is defined
by means of contact pairs, and the friction coefficients between
the hemispherical convex die and UN-CFRP, between the
hemispherical concave die and UN-CFRP, between the platen
and UN-CFRP, between the platen and the convex die, and
between the carbon fiber and the carbon fiber prepreg tape
are set to 0.2.

4. Result Analysis

4.1. Comparison of Experimental and Simulation Results of
Single-Layer UN-CFRP. Figure 4 shows the comparison
between the finite element simulation results of UN-CFRP
hemispherical molding and the experimental results in dif-
ferent views, from which it can be seen that the simulation
results are in good agreement with the experimental results.
From the oblique view Figures 4(a) and 4(b), it can be seen
that the hemispherical UN-CFRP has serious fiber splitting
in the A area (both sides of the bottom of the specimen in
parallel fiber direction) during the molding process, and
from the left view Figures 4(e) and 4(f), it can be clearly seen
that the fiber is splitting in a gradient, and the splitting
amplitude is large, and the molding quality is poor. The
fibers in zone C (the top of the specimen in parallel fiber
direction) are tightly arranged, and the molding quality is
good (Figures 4(c) and 4(d)).

In order to determine the range of A, B, and C zones, this
study takes the center of the largest semicircular tangent in
the vertical fiber direction as the coordinate origin and
establishes the circular angle coordinate system shown in
Figure 5. By measuring the six sample deformation areas, it
can be obtained that the A zone is generally located on both
sides of the specimen in the parallel fiber direction and the
molded direction at ±45-90°, the B zone is generally located
on both sides of the specimen in the parallel fiber direction
and the molded direction at ±15-45°, and the C zone is gen-
erally located in the parallel fiber direction with ±0-15° on
both sides of the top. The maximum cleavage position is
located at ±45-60° in zone A.
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Figure 5: Circular coordinate system.
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When the bending round corners, due to the anisotropy
of UN-CFRP, the bending quality at different bending posi-
tions varies greatly under the influence of the fiber angle. By
comparing the test results (Figure 6) and finite element
simulation results, it is found that the deformation law of
the round corner part of the bending is influenced by the
angle between the fiber direction and the tangent line of
the bending circle (Figure 7). When the deformation zone
is located in zone I, the angle between the fiber direction
and the tangent line of the round bend is within the range
of 60-90° (approximately vertical), the fiber bend is neatly
arranged, and the bending quality is good (Figure 8). When
the deformation zone is located in the II zone, the fiber
direction and circular bending tangent angle are between
15 and 60° range, the fiber by the oblique extrusion pressure
will occur at the bend of the oblique extrusion wrinkle, and
bending quality is poor (Figure 9). When the deformation
zone is located in zone III, the fiber direction and the tan-
gential angle of the circular bend are located in the range
of 0-15° (approximately parallel), the fiber by the action of

(a) Sample 1 (b) Sample 2

(c) Sample 3 (d) Sample 4

(e) Sample 5 (f) Sample 6

Figure 6: Experimental results of hemispherical molding for single-ply UN-CFRP.

Fiber direction I

II

III

Figure 7: Division of bending areas.
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the perpendicular fiber direction of the squeezing pressure
will produce extrusion pile-up at the bend, and the bending
quality is poor (Figure 10).

4.2. Experimental Results of [0/90] Layered UN-CFRP. From
the experimental and simulation analysis results of single-
layer UN-CFRP, it can be seen that due to the unidirectional
and multiphase nature of UN-CFRP, defects such as disper-
sion, splitting, and accumulation at corners inevitably occur
when performing hemispherical molding experiments, and
the full layup of fibers is poor, so in this study, molding exper-
iments were conducted on UN-CFRP with double-layer cross-
intersecting layups, and the experimental results are as follows.

Figure 11 shows the experimental results of [0/90] ply UN-
CFRP hemispherical molded outer surface; from Figure 11(a),
it can be seen that there is no obvious delamination and tear

damage on the surface of the specimen under this ply method,
and the full spread of the specimen is good. The D and E areas
are the intersection of 0° and 90° fibers at the external bend of
the hemisphere.

The experimental results show that on the outer surface
of the hemisphere, the fiber distribution in zone E (at the
corner where the fiber direction is perpendicular to the
direction of the circular tangent line at the corner) is of good
quality for uniform molding (Figure 11(b)); in zone D (at the
corner where the fiber direction is parallel to the direction of
the circular tangent line at the corner), the fiber splitting
phenomenon is more serious and the fiber distribution qual-
ity is poor (Figures 11(c) and 11(d)).

Figure 12 shows the experimental results of the inner
surface of the UN-CFRP hemispherical molding for [0/90]
layup, from which it can be seen that the specimen has better

(a) Simulation results

5 mm

(b) Experiment results

Figure 8: Comparison of experimental and simulation results in zone I.

(a) Simulation results

5 mm

(b) Experiment results

Figure 9: Comparison of experimental and simulation results in zone II.

(a) Simulation results

5 mm

(b) Experiment results

Figure 10: Comparison of experimental and simulation results in zone III.
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full layup and better molding quality. The G and F zones in
the figure are the intersection of 0° and 90° fibers at the inter-
nal bend of the hemisphere. Theoretically, the results of G
and F zones are similar to those of D and E zones, but it is
found through the experimental results that the molded
quality of the internal part of the hemisphere is higher than
that of the external part. Figure 12(b) shows the fiber distri-

bution at the inner surface of the hemisphere, where the
fiber direction is parallel to the direction of the circular tan-
gent at the corner, from which it can be seen that the molded
quality at this place is higher than that at the outer surface of
the hemisphere due to Figures 11(c) and 11(d); Figure 12(c)
shows the fiber distribution at the inner surface of the hemi-
sphere, where the fiber direction is perpendicular to the

E

D

(a) External surface of mold pressing (b) Deformation results in E zone

(c) Deformation results in D zone (d) Deformation results in D zone

Figure 11: Experimental results of hemispherical external surface for cross-ply UN-CFRP.

F

G

(a) Internal surface of mold pressing (b) Deformation results in F zone

(c) Deformation results in G zone

Figure 12: Experimental results of hemispherical inner surface for cross-ply UN-CFRP.
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direction of the circular tangent at the corner, from which it
can be seen that there are only a few cracks at this place, and
its molded quality is higher than that at the outer surface of
the hemisphere due to Figure 11(b) surface. The reason for
this difference is analyzed to be due to the gap between the
convex and concave die, which leads to the compression of
the fiber layer in contact with the convex die and the tension
of the fiber layer in contact with the concave die, resulting in
the difference in the fiber distribution on the inner and outer
surfaces of the specimen. It is noteworthy that no significant
folds occur at the internal bend of the specimen when the
[0/90] layup UN-CFRP is subjected to hemispherical molding.

5. Analysis of Results

For the molding performance of UN-CFRP, hemispherical
molding tests and 3D finite element simulation model were
conducted to obtain the deformation law and molding
defects of UN-CFRP hemispherical molding. The main con-
clusions are as follows.

(1) The established hemispherical molding finite ele-
ment model can accurately predict the deformation
pattern and molding defects of UN-CFRP during
molding, which proves the validity of the finite ele-
ment model

(2) When UN-CFRP is molded, the bottom two sides of
the specimen in parallel fiber direction show gradi-
ent splitting with large splitting amplitude, and the
molding quality is poor; the top two sides of the
specimen in parallel fiber direction show fan-like
dispersion; the top of the specimen in parallel fiber
direction is tightly arranged when molded, and the
molding quality is good

(3) The angle between the fiber direction and the tan-
gent line at the bend is the main factor affecting
the bending quality of UN-CFRP. When the fiber
direction and bending tangent angle are located in
the range of 70-90°, bending quality is better; when
the fiber direction and bending tangent angle are
15-70°, between the range of easy to produce extru-
sion wrinkles; and when the fiber direction and
bending tangent angle are located in the range of 0-
15°, easy to produce extrusion pile up

(4) The hemispherical molded specimens with [0/90]
layup UN-CFRP have a good molded full layup,
but the splitting phenomenon still exists on both
sides of the bottom of the specimen in a parallel fiber
direction. It is noteworthy that no significant folds
occur at the internal bends of the specimens
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