Fibers and Polymers 2014, Vol.15, No.11, 2404-2409

DOI 10.1007/s12221-014-2404-0

The Influence of Cure Pressure on Microstructure, Temperature Field and
Mechanical Properties of Advanced Polymer-matrix Composite Laminates

S. J. Li, L. H. Zhan*, R. Chenl, W. F. Peng, Y. A. Zhang, Y. Q. Zhou, and L. R. Zeng

Light Alloys Research Institute, Central South University, Changsha 410083, China
'College of Mechanical Engineering, Hunan Institute of Engineering, Xiangtan 411101, China
(Received May 26, 2014; Revised June 27, 2014; Accepted July 5, 2014)

Abstract: Under a given curing process, various cure pressure conditions were designed to evaluate the influence of cure
pressure on composite microstructure, temperature field and mechanical properties. A series of composite laminates of
different technological parameters were manufactured. The locations of defect in the composite laminates were determined
using phased array ultrasonic flaw detection technology. A characterization of microstructure within the composite laminates
was obtained using optical digital microscope. The tensile properties test was used to establish the relationship between cure
pressure and mechanical properties. Results reveal that the delamination exists in the low pressure curing stage (below
0.2 MPa), the voids mainly exist in the two forms of columnar shape and globular shape, and their number and size decrease
as the cure pressure increases, the cure reaction moment occurs to delay due to the actual heating rate reduces. The tensile
strength increases as the porosity deceases and the tensile modulus is insensitive to the porosity, which are consistent with

previous studies.
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Introduction

Advanced carbon fiber-reinforced polymer-matrix composite
structural components are nowadays widely applied to
aerospace and high-performance automobile industries due
to their high specific strength and stiffness [1]. The autoclave
process is the major way of fabricating composite components,
which encapsulates composite blank and honeycomb sandwich
structure or adhesive banded structure on the mold, undergoing a
long process of heating, pressurization, heat preservation
(medium temperature or high temperature), cooling and
pressure relief at the vacuum state in an autoclave, and
ultimately obtains the shape and quality we need. Some
drawbacks, however, include high capital investment, certain
polluting and low efficiency, which also exist in the autoclave
process [2-6]. Thus, some scholars tend to develop new non-
autoclave technologies and have made great achievements,
such as resin transfer molding process [7], vacuum film
infusion [8,9] and electron beam curing [10]. But as for
forming high-performance complex structures, the stringent
mechanical performance is so sensitive to the internal defects
(such as delamination and voids) that requires higher external
pressure to increase resin fluidity and remove the voids
existed in the component. Those technologies mentioned
above can not often achieve the mechanical properties obtained
in autoclave [6], thus in the autoclave process, some
improvements should be made to optimize the curing process
route so as to make it toward to the direction of energy-
saving, environment-friendly and efficiency maximization.

Some complex physical and chemistry reactions are
included in the autoclave curing or co-curing process, such
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as the exothermic chemistry in resin, resin flow, thermal
transmission and so on [11]. Pressure field and temperature
field are the two major physical fields, which play a crucial
role of bleeding the laminate, consolidating individual plies
and reducing the void content. The temperature initially
reduces the viscosity of the resin, favoring the impregnation
of the fibers, but it also triggers the crosslinking reactions
which ultimately lead to the gelification of the resin [12].
The cure pressure has a great influence on the resin flow. In
the process of forming the composite laminates, all materials
used in the process are compacted on the mold by the
external pressure, then, the excess resin and air bubbles are
excluded out of the laminate, which ensures the forming
precision and quality. If too much external pressure is
applied in the process, the resin would flow faster than
normal, which would also result in some unexpected defects
in a partial area, for example, poor glue, rich fat and fibers’
distorting etc. Due to the existence of bubbles which are
mainly caused by two reasons (the entrapment of gases and
volatiles arising from the resin system itself) [13-17], if the
magnitude of external pressure is extremely small, the two
kinds of pores mentioned above would not be excluded out
of the resin matrix completely. There would be a high
possibility that voids forming in the resin matrix, and have a
serious effect on mechanical properties. Moreover, too small
external pressure is likely to result in inadequate flow of
resin in the matrix, which in turn leading to the uneven
distribution of resin, the weak interlayer bonding and stress
gradient. Even delamination appears in the component,
which is also not acceptable. Therefore, with the exception
of temperature cycle, the magnitude of external pressure is
also thought to be a quite important parameter to optimize.
Most scholars studied the effects of cure pressure on
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mechanical properties by void content [6,12,18-22]. They all
pointed that the mechanical properties decreased as the
increase of porosity (or decrease of pressure), and studied
the mechanism of void size, formation and distribution in the
composite. But the relationships between delamination and
cure pressure are not involved, and how the influence of cure
pressure works on temperature field is rarely mentioned.
The research presented in this paper mainly aimed at
obtaining an optimal cure cycle as well as assessing the
influence of cure pressure on microscopic structure, temperature
field and mechanical properties of composite component.
The influence mechanism between cure pressure and
microscopic structural defects was established, and the cure
temperature field and pressure field were coupled effectively
to evaluate the effects on defects so as to develop favorable
preventive measures. All of these were favor of providing
theoretical support for the best curing process. Phased array
ultrasonic flaw detection and optical digital microscope
(ODM) techniques were combined to study the microscopic
structure. The tensile properties test was used to establish the
relationship between cure press and mechanical properties.

Experimental

Materials

The experimental composite material used in the research
is MCF100UD epoxy prepreg (purchased from Yubo
Composites Co., Ltd., China). The resin (designation: YPH-
23) is a solvent-free epoxy resin which has a high thermal
variation and impact resistance, especially developed for
carbon fiber or glass fiber prepreg manufacturing. The initial
fiber volume fraction of 66 vol% and the 100 g m™ prepreg
areal density are all supplied by the manufacturer.

Fabrication of Unidirectional Composite Laminates
In order to measure the influence of cure pressure on
curing quality (included microscopic structure and mechanical
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Figure 1. Plot of temperature versus time and pressure.
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properties) of composite, seven unidirectional composite
laminates were made by applying different kinds of external
pressures in the autoclave process. These kinds of pressures
were set as 0.0, 0.1, 0.2, 0.3, 0.4, 0.5 and 0.6 MPa, the
temperature route was as shown specifically in Figure 1.
Every kind of cure pressure was controlled precisely by pre-
set system program of autoclave. To exclude the resin
bubbles so as to improve the curing quality, always the moment
of applying pressure is chosen when the temperature reaches
30°C in each manufacturing process. 20 plies of each plate
was designed and manufactured by manual paving for each
cure route considered, respectively. The designed laminates
dimension was 300 mm (length)*200 mm (width)*2 mm
(thickness), and the final thickness was approximately 2.0-
2.2 mm after curing.

Phased Array Ultrasonic Flaw Detection

The defects of composite laminates may occur in the
forming process were studied by phased array ultrasonic
flaw detection (Omni Scan MX2). The probe (5L64-A2)
frequency was 5 Hz, using 64 chips arranged in a one-
dimensional style, the wedge (SA2-AL) material was plexiglass.
Zero linear focal law and A+S-scan display mode were
employed in the test. The electronic scanning step was set as
1, the depth of focus was 2.5 mm, and the longitudinal wave
sonic speed was 3000 m s Water was selected as the coupling
agent and coupled together with the composite laminates. In
the A-scan display area, the gate A was placed between the
initial wave and the bottom wave. And thus, ensured the
signal collected from the gate A to convert into corresponding
S-scan images.

Optical Digital Microscopy

For each piece of composite laminates cured at different
pressures, samples were taken from them of 10x10 mm,
respectively. According to the national standard GB3365-82,
the samples were mosaic, polished, polishing and ultrasonic
cleaning. The optical digital microscope (ODM, model:
OLYMPUS DSx500) and metallurgical microstructure image
analysis systems were employed to study the microscopic
structure of composite laminates.

Mechanical Testing

To assess the effects of cure cycle pressure on mechanical
properties of composite laminates, the tensile strength and
tensile modulus of elasticity (GB1447-2005) were employed
for mechanical evaluation. The mechanics performance test
was conducted on CMT5105 tensile testing apparatus
(produced by Sansi Taijie Co., Ltd., China). The tensile
specimen size was of 250 mm (length)*25 mm (width) and,
the thickness of samples was the full thickness of composite
laminates, respectively. The stretching rate was 0.5 mm min™.
The aluminum alloy sheet (thickness: 1-3 mm) was selected
as clamping pieces, and a team of typical tensile specimens
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Figure 2. Tensile specimens.

were shown in Figure 2. The tensile strength o;(MPa) of the
composite samples was determined according to equation

(1):
O-t:Fmax/(d'b) (1)

where F,,,, is the yield load, a breaking load or the maximum
load (N), b is the sample width (mm) and d is the sample
thickness (mm).

The tensile modulus of elasticity E,(GPa) of the composite
samples were calculated according to equation (2):

E,=AP-L/(d-b-AL) )

where AP (N) is the incremental load on the initial line
segment of load-deformation curve, AL (mm) is the increment
of deformation corresponding to AP within the L gauge, and
L (mm) is the measuring gauge.

Results and Discussion

Microscopic Structural Analysis

Phased array ultrasonic flaw detection technology can
accurately assess the presence and location of possible
defects in the composite laminates. The principle of this
technology mainly bases on the defects such as delamination
and voids, which absorb the ultrasonic and cause ultrasonic
attenuation. In certain heating process, the ultrasonic testing
results caused by different pressures are shown in Figure 3.
When the laminate was flawed (0.0 MPa), the amplitude of
interlaminar echo was the highest, and the bottom wave
almost disappeared. A-scan image (Figure 3(a)) also showed
that the defects located along the depth direction of 0.7 mm
and 1.2 mm. According to the corresponding S-scan images,
a clear source of ultrasonic attenuation (namely defects)
appeared between surface echo and bottom wave. The
defects absorbed and reflected partial sonic wave, made the
amplitude of interlaminar echo increase as well as made the
bottom wave seem to be not obvious. With the increase of
cure pressure, the amplitude of bottom wave increased and
interlaminar echo deceased sharply. When the external
pressure reached to 0.6 MPa, the amplitude of bottom wave
raised nearly 80 %. At the moment, the intensity of bottom
waves and surface waves was almost unanimous according
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Figure 3. Ultrasonic flaw detection with different cure pressure;
(a) 0.0 MPa and (b) 0.6 MPa.

30 pm

Figure 4. The ODM morphology of composites with different cure
pressures; (a) 0.0 MPa, (b) 0.1 MPa, (c) 0.2 MPa, (d) 0.4 MPa,
(e) 0.5 MPa, and (f) 0.6 MPa.
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to the corresponding S-scan image. Meanwhile, the defects
existed in the composite laminates nearly disappeared, shown
in Figure 3(b). Therefore, the cure pressure is indispensable
to restrain the emergence of solidification defects.

Basing on the ultrasonic flaw detection, the application of
optical digital microscopy (ODM) can help us clearly observe
the microstructure morphology of defects. The microscopic
morphology of different cure pressures applied on composite
laminates was shown in Figure 4. As can be seen from it,
serious delamination in the composite laminates appeared
when the cure pressure was 0.0-0.1 MPa, and a large size
and considerable number of voids occurred mostly at the ply
interface. Which also indicated that the main types of defect
detected in Figure 3(a) were delamination and big voids, and
the result of Figure 3(a) was consistent with the result of
Figure 4(a). Therefore, the combination of ultrasonic flaw
detection and ODM can characterize the morphology,
distribution and size accurately. Meanwhile, the resin liquidity
was poorer than other cure pressure conditions owing to the
deficient pressures. The voids mainly existed in the two
forms of columnar shape and globular shape. There are two
major reasons of voids formation: firstly, the entrapment of
gases during impregnation of fiber reinforcement with resin
or during the lay-up, which are not excluded timely due to
lower external pressure, this portion of bubbles form into
columnar voids; and secondly, volatiles arising from the
resin system itself owing to the crosslinking reaction are also
stuck in the resin matrix, and develop to globular voids.
Furthermore, some serious influences caused by low pressure
appeared. Firstly, the fibers infiltrate incompletely in the
resin; Secondly, the distribution of fibers along the thickness
direction is uneven; Thirdly, the resin offset the partial holes
left by the removed bubbles, this may also lead to new
uneven distribution of resin. As a result, the phenomenon of
resin rich fat appeared around the voids (Figure 4(a), Figure
4(b)). With the improvement of cure pressure, the number
and size of voids decline significantly, although the phenomenon
of lamination disappeared when the cure pressures were
larger than 0.2 MPa, the voids still existed in the resin matrix.
As the cure pressure reached to the scope of 0.4-0.6 MPa,
the number and size of voids reduced dramatically, which
were hardly observed in the metallograph. However, a small
angle offsets took place in some fiber areas (Figure 4(f)),
that was because the resin flowed so fast in the partial area
due to the excessive pressure that the distribution of resin
and fibers were extremely uneven. In conclusion, in term of
the experimental composite, the defects of lamination and
big voids occurred when the cure pressures were below
0.2 MPa, and the voids mainly existed in the two forms of
columnar shape and globular shape. The lamination disappeared
when the cure pressure exceeds 0.2 MPa, and a lower porosity
can be obtained within the cure pressure range of 0.4-0.6 MPa.
But too large pressure may cause new defects in some partial
areas of component, which was also not to be ignored.
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Temperature Field Analysis

The influence of cure pressure on curing process depends
that, it is not only to compact the component tightly on the
mold surface and to exclude the excess of resin and air
bubbles generated in the curing reaction. But also, on the
other hand, it is an important factor of affecting the heat
transfer between component and air. The higher the cure
pressure is, the better the heat transfer and the fluidity of
resin are, which in turn, the bubbles generated in the curing
process are more easily to be moved away. Effects of cure
pressure on the heat transfer were studied by specific
experiments [23], the following relationships existed between
the convective heat transfer coefficient and cure pressure
were obtained according to equation (3):

hoc (P/IT)Y? (3)

where, / is the convective heat transfer coefficient, P is the
pressure, T is the temperature.

Equation (3) demonstrates that the heat transfer coefficient
is proportional to the cure pressure in a certain temperature
condition. The experimental seven pieces of composite
laminates were formed in the same autoclave, and in
addition to the cure pressure, other process conditions were
completely consistent. Therefore, the cure pressure had a
direct influence on the heat transfer of the test process. The
composite laminates center temperature curves of different
pressures applied in the curing process were shown in Figure
5. The curing reaction moment was delayed about three
minutes as the magnitude of cure pressure decreased by
0.2 MPa. The higher the cure pressure, the closer to the
curing process curve the actual center temperature curves
were. This implied that increasing the heat transfer was
beneficial to adequate exchange between component and air
in the autoclave, and would facilitate temperature field to be
homogeneous. Furthermore, with the increasing of cure
pressure, the actual heating rates in the composite structure
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Figure 5. The actual temperature curves with different cure
pressures.
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Figure 6. The relationship between actual maximal heating rate
and cure pressure.

were accelerated (as shown in Figure 6) when the cure
pressures increased from 0.0 MPa to 0.6 MPa, and the added
value of heating rates was 0.22-0.34 °C min™' corresponding
to the actual heating rate. Improving cure pressure can make
the curing reaction occur earlier, and the overshoot temperatures
were lower in the curing insulation stage. This demonstrated
that increasing the heat transfer can help the internal temperature
of composite enhance before curing, and release internal
temperature when curing. But in the later period of curing, as
the increase of cure pressures, the trends of the two phenomenon
mentioned above started to reduce owing to the composite
laminates center temperature was constrained by the thermal
conductivity and their thickness. In the curing process of
composite, therefore, if the temperature cycle is definite,
increasing the curing pressure can benefit the temperature
transmission between component and air, and reduce the
internal temperature difference of component, which in turn
improve the forming quality.

However, it is not that the forming quality could be
improved by the growing pressure, the selection of pressure
should be a balanceable criterion. Under the experimental
conditions and for the identical temperature environment,
with the increase of cure pressure, the heat transfer is also
accelerated. But if the heat transfer is too fast, the heat
transfer phenomenon of cure temperature field will turn to
be fiercely and unsteadily, leading to an increasing of
component temperature gradient and a decreasing of internal
uniformity of component. In such a situation, the uneven
distribution of partial resin and the distortion of fibers in
some area appeared, as shown in Figure 4(f). So the cure
pressure should be taken within a reasonable range, which is
conducive to the internal resin uniformity, but not to enlarge
the temperature difference of components.

Tensile Properties Analysis
As previously mentioned, the cure pressure has important
influence on voids, delamination and internal temperature
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Figure 7. The relationship between void content and cure pressure.
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field of composite, which affects the mechanical properties
of materials indirectly by affecting the porosity (as shown in
Figure 7) and the internal resin flow uniformity. Unlike the
interlaminar shear properties and bending properties which
are so sensitive to the impact of internal defects caused by
cure pressure [18], the sensitivity of tensile properties is
lower. The results of tensile property measurements were
reported in Figure 8, the tensile strength o; decreased by
15.3 % and the tensile modulus E, by 12.6 % as the value of
cure pressure decreased from 0.6 MPa up to 0.0 MPa, while
the corresponding porosity increased from 0.7 % to 5.4 %.
But the actual difference of tensile modulus was quite small
(only about 4 GPa). The decrement of tensile strength
accelerated as the value of cure pressure was below 0.2 MPa,
this was mainly related to the delamination and large size of
voids. Such defects made partial fibers shift and the actual
number of bearing fibers reduce. Under higher pressure
conditions, the delamin ation disappeared and the irregular
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distribution of small pores became the main defects in the
composite, which had little effect on the axial location of
fibers. Thus, the strength and modulus changed more gently.

Conclusion

Under a given curing process, the carbon fiber resin matrix
composite laminates were fabricated using variable pressure
parameters. The influence of cure pressures on composite
microstructure and temperature field of composite laminates
were assessed. The influence mechanism of cure pressure on
composite microstructure defects, mechanical properties and
temperature field were illustrated. The specific location of
curing defects was detected using phased array ultrasonic
flaw technology. A better characterization of pore shape,
size, and location in the composite was obtained using optical
digital microscope.

Results showed that the curing reaction moment can be
delayed about three minutes as the cure pressure magnitude
decreased by 0.2 MPa, the actual ratio of heating in the
composite can improve 0.22-0.34°C min™ by increasing the
cure pressure from 0.0 MPa up to 0.6 MPa, tensile strength
decreased 15.3 % when the porosity increased from 0.7 %
up to 5.4 %, while the sensitivity of tensile modulus was
much smaller.

Through the study found that, it is not that the forming
quality can be improved by the growing pressure. It is bad
for the normal flow of resin and complete infiltration of
fibers if the cure pressure is too low. But if the magnitude of
cure pressure is too large, which is apt to leading to
unevenness of resin and increasing temperature gradient.
Hence, there should be a balanceable criterion.
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