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Abstract: The fiber-resin interface is an important component that significantly affects mechanical
properties of composites. Random vibration-assisted vacuum processing (RVAVP), a new method
to improve the adhesion of the fiber-resin interface, was presented. The effects of different curing
processes on mechanical properties were comprehensively assessed by combining the fiber push-out
test, finite element model simulation, cure monitoring approach, and short-beam three-point bending
test, and the correlation between fiber volume fraction and mechanical properties was quantified
by a facile thermogravimetric analysis-based methodology. The results revealed that application
of random vibration during the curing process can promote the impregnation of resin into fibers
and impede the growth of interface defects while improving mechanical properties at the same time.
For this reason, the laminates produced by RVAVP exhibited the average interfacial shear strength of
78.02 MPa and the average interface fracture toughness of 51.7 J/m2, which is obtained a 48.26% and
90.77% improvement compared with the 0 MPa autoclave process. With the large observed increase
in micro-mechanical properties, the average interlaminar shear strength of 93.91 MPa showed a
slight reduction of 5.07% compared with the 0.6 MPa autoclave process. Meanwhile, the mechanical
properties tended to be stable at the fiber volume fraction of 65.5%.

Keywords: carbon fiber reinforced plastics composite; random vibration assisted vacuum processing;
fiber-resin interface; mechanical properties; fiber volume fraction

1. Introduction

Carbon fiber-reinforced plastics (CFRP) composites have received considerable atten-
tion for the last decade due to a combination of attractive physical-chemical properties such
as high-specific strength and modulus, high chemical stability, and corrosion resistance [1].
Because of these superior properties, CFRP composites are considered to be the most
important industrial materials for long-term application in the industries of aeronautic
and aerospace, as well as other high-tech fields [2,3]. CFRP composites contain a high
fiber-volume fraction, which results in a very large interface area per unit of volume [4].
Therefore, the ultimate strength, durability, and multifunctional application of composite
parts, to a large extent, are controlled by the interfacial bonding properties [5,6].

A desirable fiber-resin interface formation in the curing process of CFRP composites
can be mainly divided into two parts: one is sufficient wetting of fibers by the resin matrix
during the impregnation stage, and the other is chemical bonding through the cross-linking
reaction of resin during the solidification stage [1–3,7,8]. Currently, the quality of the fiber-
resin interface in composite structures strongly depends on the temperature and pressure
cycle imposed by autoclave during the manufacturing process [7,8]. If the hydrostatic
pressure of resin is insufficient due to the autoclave pressure transfer restricted by structural
complexity and unreasonable mold design, the infiltration of resin to fibers is inadequate,
yielding weak adhesion between the fibers and resin [8,9]. However, if the autoclave
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pressure is too high, fiber bridge, resin starvation, and other new defects may occur in
composite structures during the curing process, which is unfavorable for mechanical
properties [10–12].

From the development of composite processes of various nature, the increasing of the
adhesion between fibers and matrix has been one of the major factors [13–15]. The com-
posite community develops alternative out-of-autoclave (OOA) composite manufactur-
ing technologies in order to solve problems brought from the autoclave process [16–18].
Vacuum-assisted rein-transfer molding (VARTM) is a method with which resin-transfer
power and injection pressure can be adjusted to enhance the wettability between carbon
fibers and resin [16,17,19]. In the case of the microwave curing process, the matrix is pre-
dominantly heated from fibers and the surrounding interface of fiber is totally cured by a
higher temperature and heating rate, resulting in the interfacial bonding between fiber and
matrix being improved [20,21]. Note that the OOA processes rely on vacuum bag pressure
to form composite structures, while only vacuum bag pressure cannot compact composite
structures completely and drives resin fill to gaps between fibers, leading to the growth
of micro-defects at the fiber-resin interface during curing process, which results in the
improvement of interfacial adhesion being insignificant [22–24]. Therefore, a few research
institutes attempt to introduce dynamic means into the OOA process, which helps compos-
ite structures to obtain a significant decrease of manufacturing defects, a more effective
resin impregnation of fibers, and the improvement of interlaminar shear properties with
low forming pressure [25–28]. Despite that, compared with the application of vibration
concentrated in the resin-transfer molding process, it is still a challenging way to introduce
mechanical vibration to enhance the adhesion between fibers and the resin matrix during
the curing process of composite preforms laid by aeronautical prepreg. First, the higher
processing temperature of aeronautical epoxy-based prepreg (around 180 ◦C) further in-
creases the difficulties and expenses of applying vibration in the manufacturing process
due to the need for using the high-temperature vibration equipment instead of ordinary
equipment during the curing cycle [25]. Second, a better resin flow would facilitate the
surface wetting of fibers by resin easily in a low-viscosity medium under vibration [27,28],
but the advantage of vibration is not defined during the curing process as a consequence
of the low initial flow velocity of the resin matrix within composite preforms fabricated
by prepreg. Moreover, although previous researchers developed the relationship between
the final measurement of void content and frequency [25–28], the potential effects that
the vibration has on the micro-mechanical properties, micro-structure, and evolution of
interface between the fiber and matrix are still rarely performed, especially when they are
captured by the novel micro-characterization technologies.

Motivated by these ideas, the purpose of this work was to study the effect of the
random vibration on micro and macro mechanical properties of composite laminates
produced by RVAVP in the vibration acceleration range of 5–15 g. For the sake of property
comparison, identical static samples were produced in this work by an autoclave process
with different pressures, including 0 MPa, 0.2 MPa, 0.4 MPa, and 0.6 MPa. Nanoindentation
was used to characterize the interfacial shear strength (IFSS), and experimental results
were fitted to the finite element model (FEM) to determine the interface fracture toughness.
A cure-monitoring approach was used to investigate the in-situ behavior of the evolution
of the fiber-resin interface in the different curing processes. Moreover, the interlaminar
shear strength (ILSS) of laminates was measured by short-beam three point bending tests
coupled with the digital-image correction (DIC) method, and fracture surfaces of tested
specimens were characterized by scanning electron microscopy (SEM). Finally, the fiber
volume fraction obtained from a thermogravimetric analysis (TGA)-based methodology
was correlated to the micro and macro mechanical properties.
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2. Experimental and Modeling Procedures
2.1. Laminate Fabrication Process

The material used in the present study is unidirectional carbon fiber-reinforced ther-
mosetting prepreg (purchased from Commercial Aircraft Co., Ltd., Shanghai, China) con-
sisting of polyacrylonitrile-based T800 carbon fibers of approximately 5 µm in diameter
and X850 toughened epoxy resin. The initial fiber volume fraction of prepreg is 65%,
and thermo-elastic material properties are presented in details elsewhere [7,8] and are
summarized in Table 1. Composite preforms of dimension 200 mm × 200 mm × 2 mm
(length × width × thickness) were stacked using lay-ups of [0]10 in an ambient environ-
ment containing 22 ◦C and 50% RH.

Table 1. Thermo-elastic constants of the matrix, fibers, and the homogenized composite.

Material E1
(GPa)

E2
(GPa)

G12
(GPa)

G23
(GPa) v12

α1
(10−6/◦C)

α2
(10−6/◦C)

Fiber 282 11.38 6.37 3.84 0.33 −0.56 5.6
Matrix 4.68 4.68 1.80 1.80 0.35 40 40

Interface 10.8 10.8 4.6 4.6 0.18 28 28
Composite 185 9.03 4.75 3.15 0.34 13.6 17.6

The equipment used for RVAVP was a high-performance repetitive shock (RS) machine
designed by the National University of Defense Technology, and the vibration subsystem
consisted of a platen with pneumatic vibrators and springs beneath it, as shown in Figure 1a.
The random vibration-curing system can provide vibration acceleration from 0 g to 70 g
with a frequency range from 10 Hz to 5 KHz and a maximum temperature of 200 ◦C. During
the vibration, the platen was impacted by pneumatic vibrators, and the packaging system
was fixed on the platen by fastening plates in order to solve the response distortion of
vibration signals. According to the vibration control adopted by the closed-loop feedback
strategy, the response acceleration of composite preform calculated by Equation (1) was
adjusted to the expected value [29,30]. In the temperature chamber shown in Figure 1b,
the electric hot wire was employed to heat the composite preform.

Grms =

[∫ f1

f2

gpsd( f )d( f )
] 1

2

, (1)

where, Grms is the root mean square of acceleration (g), f1 is lower limit frequency (Hz),
f2 is upper limit frequency (Hz), gpsd is power spectral density (g2/Hz).

Figure 1. Tooling and preparation for the RVAVP, (a) schematic illustration of the experimental-set
up configuration, (b) a picture of the temperature chamber.
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The viscosity profiles of the T800/X850 prepreg during simulation of the different
cure cycles identified in Ref [31] are shown in Figure 2a. It is evident in Figure 2a that
the viscosity begins to reach a plateau that viscosity decreases slowly with the increase
of temperature when the temperature reaches 80 ◦C, and thereafter, the initial stages of
dwelling at high temperature for 30 min cause a sudden increase in viscosity. A number
of papers, however, have suggested that higher resin viscosity resulting from dwelling
at high temperature contributes to incomplete fiber wetting and weak fiber-resin inter-
facial adhesion [1,7,22,31]. Therefore, the composite laminates were manufactured by a
curing process using an adjusted heat treatment cycle with 30 min dwell time at 80 ◦C,
150 min dwell time at 180 ◦C, and a heating rate of 1.5 ◦C/min, as shown in Figure 2b.
Random vibrations with three different vibration accelerations, including 5 g, 10 g, and 15 g
(g = 9.8 m/s2) were chosen to investigate the influence of vibration on the final micro and
macro mechanical properties of composite laminates, and the vibration system was run
during the curing cycle until 30 min after the core temperature of the preform reached
80 ◦C. Consolidation pressure was achieved via a vacuum bag during the curing process,
which was able to apply approximately 0.1 MPa of external pressure. Besides, when the
consolidation pressure that was due to the addition of autoclave pressure and vacuum bag
pressure exceeded 0.7 MPa, the effect of pressure on mechanical properties was not signifi-
cant [7,10,32]. Therefore, identical static samples were produced using autoclave pressures
of 0 MPa, 0.2 MPa, 0.4 MPa, and 0.6 MPa in an autoclave following the same temperature
cycle, and the vacuum was pulled continuously during all autoclave processes.
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Figure 2. (a) Viscosity curves with different curing processing highlighted in Ref [31], (b) curing cycles for RVAVP and
autoclave process.

2.2. Micro-Mechanical Property Testing Method

The single fiber push-out tests were performed in the composite cross-sections also in
the Nano Indenter XP system, but using a 5 mm flat-end diamond indenter, to quantify the
IFSS between the fiber and matrix of composite laminates produced by different curing
processes. The test was in load-control mode, with a constant load rate of 1 mN/s up to
a maximum load of 120 mN. The selected samples were sliced from composite laminates
normal to the fiber direction into 1 mm-thick sections, and then samples were carefully
polished to a final thickness of approximately 40–70 µm. The polished samples were
mounted on the top of a special platform with a groove of 40 µm in width, as shown in
Figure 3a. A number of at least 30 fibers of comparable cross-section area were performed
for each composite sample. Figure 3b plots a typical load-displacement curve recorded
during a push-out test in loading control. This section of the curve is associated with the
elastic of loaded fiber, the debonding of fiber, and deformation of the resin matrix by the
action of indenter. Note that the linear region ends with the debonding of the fiber from
the matrix and the sliding of fiber. Since push-out tests were performed under a constant
loading rate, the plateaus indicate an abrupt increase of displacements, in other words,
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a complete fracture of the fiber-resin interfaces. The photographs shown in Figure 3c,d
were taken after a plateau appeared in the load-displacement curve, respectively. If the
load was applied near the boundary of the target fiber during push-out test, the result
should be disregarded. The average IFSS can be derived by [4,6]:

τi f =
Fc

2πre
, (2)

where, τi f is the IFSS (MPa), Fc is the load at which fiber starts to slip though the matrix
(N), r is the radius of target fiber (m), and e is the thickness of the sample (m).

Figure 3. The single fiber push-out test, (a) experimental set-up used for the push-out test, (b) rep-
resentative load-displacement curve of the push-out test, (c) 1000 times microscopy imaging of the
frontside surface, (d) 2000 times microscopy imaging showing the detail of the target fiber after
the test.

The interface fracture toughness was derived from the obtained load-displacement
curve with the help of three-dimensional (3D) numerical simulation of the single-fiber
push-out test [33–35]. The commercial software package ABAQUS/Explicit V6.14 was
used for modeling. The model consists of a flat punch tip and a central fiber embedded
in an interfacial layer which is surrounded again by a resin matrix mantle. As shown in
Figure 4a, the geometry of the 3D FEM model used to analyze the fiber push-out test was
simplified as one sixth of the entire 3D model to improve the computational efficiency
by considering the hexagonal symmetry of the fiber. The flat punch tip with a 5 µm
diameter is modelled as rigid [33,34,36]. The substructures of the fiber, bond interface
zone, and matrix were modeled based on the atomic force microscopy (Figure 4b), which is
considered as realistic as possible. Therefore, the fiber had a radius r = 2.5 µm, the thickness
of the interfacial layer was 0.08r, and the matrix mantle was 0.56r. Besides, the length
parallel to the fiber, H = 16r~28r, was obtained from the actual length of the tested sample.
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Selected material properties used in the simulations are listed in Table 1. To model the
debonding of the fiber from the matrix, the cohesive element layer satisfied with the bilinear
traction separation law was attached to the interfacial layer [7,33,34]. The cohesive model

relates the total stress acting on the interface, =
√
〈tn〉2 + t2

t + t2
s , with the corresponding

separation, δ =
√

δ2
n + δ2

t + δ2
s , where index n refers to the normal direction and t and s are

the tangential direction [33,37]. Brackets for tn are the Macaulay brackets, which return the
argument if positive and return a zero if negative. Quadratic stress criterion was used to
govern the failure initiation, as shown in Equation (3). It is noted that the fiber push-out
tests only provided the values of interfacial shear strength. Therefore, isotropic interfacial
shear strengths were assumed, specifically t0

n = t0
t = t0

s = τi f [33,34,37]. Once the damage
is initiated, there will be a reduction in the stresses transferred through the interface as
well as in the interface stiffness [37,38]. A linear energy criterion was used to capture the
softening on the t− δ relation through the interface-fracture toughness value Γ that defines
how much energy the interface can absorb before it fails completely [7,33–35]. Therefore, the
interface fracture toughness of samples produced by different processes can be obtained by
calibrating the numerical load-displacement curves with experiment dates [8,35]. The fiber
and the matrix were discretized with 8-node linear brick elements (C3D8), except for
the interfacial layer, in which 8-node three-dimensional cohesive elements (COH3D8)
were used in the interfacial layer. The number of elements in the model was ≈50,000,
which is enough to capture the large stress gradients [33]. A ‘hard’ contact condition was
defined between the indenter and fiber, and the friction between the indenter and fiber was
neglected [33,34]. The interior face was created based on the element set, which is included
in general contact [7,8,39]. Additionally, the friction coefficient of element-to-element was
set to 0.4 [7]. Prior to mechanical loading, an initial stress state was introduced based on a
cooling from the curing temperature of 180 ◦C to room temperature [7,33,34].{

〈tn〉
t0
n

}2
+

{
ts

t0
s

}2
+

{
tst

t0
nt

}2
= 1, (3)

where, t0
n, t0

s and t0
t are, respectively, normal, shear, tangential, and critical interfacial strengths.

Figure 4. (a) Finite-element model for the push-out test, (b) atomic force microscopy (AFM) images
of composite interface region.

2.3. Macro-Mechanical Property Testing Method

The short-beam three-point bending test was performed following the JC/T 773-2010
standard to quantify the ILSS of composite laminates produced by different processes.
Five samples were tested for each composite laminate. The samples were machined and
polished to 20 mm in length, 10 mm in width, and 2 mm in thickness. The length direction
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of samples was parallel to fibers. All tests were carried out at ambient temperature,
with the crosshead speed of 1 mm/min and roller support span of 14 mm using a CMT5105
universal testing machine. According to the classical relationship, the ILSS of samples was
calculated by Equation (4) [7,40]. Additionally, a digital image correction (DIC) technique
was employed to obtain the local surface-strain profile to monitor the crack propagation
during short-beam three-point bending test. Prior to DIC measurements, a thin layer
of white paint was sprayed on the surface using an airbrush gun. The strain evolution
of the monitored region was observed by a 1624 × 1236 pixel charge coupled-device
camera with a sampling rate of one image per second. The evolution of strain field data
was post-processed with the commercially available DIC software (ARAMIS). Besides,
the vertical fracture surfaces (Y-Z) and horizontal fracture surfaces (X-Y) of tested samples
were characterized by SEM.

τil =
3Fp

4bh
, (4)

where, τil is the ILSS (MPa), Fp is the peak load (N), b is the measured sample width (mm),
and h is the measured sample thickness (mm).

2.4. Composite Fiber Volume Fraction Measurement

A facile TGA-based methodology highlighted in Refs [28,41] was used to determine
the fiber volume fraction of composite laminates. A STA 449C simultaneous thermal
analyzer was used for this purpose. More than five samples were tested for each composite
laminate. To ensure the maximum heat transfer surface area, samples were machined to a
tiny cylindrical shape with weight of around 20 mg, which was large enough to fit a TGA
pan. Resin samples were extracted from the prepreg using the methodology proposed in
Ref [23,24]. Resin samples and composite samples were separately heated from ambient
temperature to 800 ◦C at a constant heating rate of 10 ◦C/min under the argon atmosphere
with a flow rate of 50 mL/min until the end. When a relative flat region of TGA was
observed due to the unchanged mass loss rate during the decomposition of the sample,
the inflection point at the selected curve was obtained [41]. The fiber volume fraction could
be calculated according to Equation (5) [41].

%W f iber TGA =
Residuecomposite − Residueepoxy matrix

100− Residueepoxy matrix
× 100, (5)

where, %W f iber TGA is the amount of the fibers present of composite samples in weight percent-
age, Residuecomposite is the residue mass of composite in percentage, and Residueepoxy matrix is
the residue epoxy matrix in percentage.

3. Results and Discussion
3.1. Micro Interfacial Shear Property Analysis
3.1.1. Interfacial Shear Strength

It is well known that a desirable strength of the fiber-resin interface would be one
which is not only critical for ensuring efficient load transfer from the matrix to the
fiber, but also sufficiently strong to prevent interface debonding and cracks deflection.
Thus, the interface bonding of the composites produced by different processes was quan-
tified through the fiber push-out test in order to relate the interfacial shear property to
other mechanical properties, especially the interlaminar shear strength of composites. Ac-
cording to Equation (2), the IFSS of composites as a function of different processes was
determined, and is plotted in Figure 5a. The interfaces in the composites produced by the
0 MPa autoclave process were quite weak, having an IFSS of 52.62 MPa. The interface
bonding between the fiber and matrix increases with the increase of the autoclave pressure.
When the autoclave pressure increased to 0.6 MPa, the IFSS increased from 52.62 MPa
to 83.95 MPa and the IFSS changed by up to 59.54%. At the higher autoclave pressure,
resin more easily flows towards fibers and cover fiber surfaces, which improves the ad-
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hesion between fibers and the resin matrix during the curing process. When the random
vibration was introduced into the curing cycle, the IFSS of composites was remarkably
improved and the average growth range of IFSS was 48.26% compared to 0 MPa autoclave
pressure. As the vibration acceleration increased from 5 g to 10 g, composites exhibited
a very strong interface and the IFSS reached a relatively high value of 82.18 MPa, which
showed a slight reduction of 2.15% compared with the 0.6 MPa autoclave process. The
sudden enhancement of IFSS can be attributed to the improved adhesion between the fiber
and matrix in composites. Applying vibration improves the fluidity of the resin matrix,
which enables the fiber areas to be infiltrated by the resin of periodic motion caused by
vibration under the vacuum bag pressure during the initial curing stage. As a consequence
of the adequate infiltration of resin to fibers, the formation of strong interface bonding
between fibers and the matrix increases the bearing capacity in the direction perpendicular
to fibers. However, when acceleration increased from 10 g to 15 g, the IFSS decreased from
82.18 MPa to 73.79 MPa with a reduction of 10.21%. This is reasonable considering that
good wetting of fibers by the resin matrix during the impregnation stage is a prerequisite
to proper interface adhesion [2], while the excess fluidity of the resin matrix caused by 15 g
RVAVP may be harmful to the balance of the reversible adhesion energy between fibers and
the resin matrix and result in an increase of the number of defects in the interface region
during the wetting process.

Figure 5. (a) IFSS of composites produced by different curing cycles, (b) experimental and numerical
load-displacement curves of push-out tests for composites produced by the autoclave process,
(c) experimental and numerical load-displacement curves of push-out tests for composites produced
by RVAVP, (d) interface fracture toughness of composites produced by different curing cycles.

In order to determine the interface fracture toughness of the composite produced
by different processes accurately from experimental load-displacement curves, detailed
FEM simulations were performed using the interfacial shear strengths determined by
nanoindentation. When the load reaches the critical value (Fc), which is defined as the
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threshold between the linear and flat region, the fiber begins to debond off of the resin
matrix and fiber-resin bonding is completely lost. For this part, 0 ≤ F ≤ Fc obtained
during the push-out tests for each laminate was used to compare with the simulated
curve, as shown in Figure 5b,c. The simulated load-displacement curves showed a sharp
load drop at the peak force, Fc−FEM, due to the total debonding of the interface in FEM
models. The simulated load-displacement curves were matched to the experimental one
by an iterative procedure in which the interface fracture toughness was varied. Although
it was still observed that there was a slight uncertainty in the difference between the
experimental data and simulation data, the varied trend of simulation curves was in
accordance with the experimental load-displacement curves obtained from experiments.
Additionally, the uncertainty of difference can be attributed to the varying surrounding
environment of the analyzed fibers, the deviation of nanoindentation site from the center
of the tested fiber, and/or the deviation between the local experimental environments
and simplified models. The main purpose of the interface simulation was to obtain the
interface fracture toughness for fiber-resin interface, and the relationship between different
curing processes and interface fracture toughness of composites is plotted in Figure 5d.
A minimum value of 27.1 J/m2 was obtained for the composite produced by the 0.0 MPa
autoclave process, while the formation of the fiber-resin interface by the high-pressure
treatment led to a marked increase of interface fracture toughness to 58.4 J/m2 for the
composite produced by the 0.6 MPa autoclave process. When composite laminates were
produced under vibrations at different acceleration with vacuum bag pressure, interface
fracture toughness reached the maximum value of 56.4 J/m2 at 10 g. Comparable values
for a carbon fiber/epoxy-resin interface are reported in the literature with respect to the
interface fracture toughness introduced by Greisel et al. [42]. These values are in the range
of 24 ± 15 J/m2 to 57 ± 23 J/m2. The order of the magnitude of the interface fracture
toughness values evaluated in the present study is verified by these findings.

Figure 6 shows the debonding behaviors between the carbon fibers and the resin
matrix in composites produced by different curing cycles after the push-out tests. On the
back side of the sample produced by the 0 MPa autoclave process, the typical pushed-out
fiber showed a clean surface, and no evidence of matrix damage was observed around
the pushed fiber, as shown in Figure 6a. After the crack ran through the whole interface
during the push-out test, the fiber was protruded easily from the surface due to the weak
fiber-resin bonding. On the contrary, with the increasing of curing pressure, the pushed-out
portion presented partly small debris of resin attached to the separated surface of fibers
and the phenomenon of matrix tearing, which indicated that the interfacial debonding
failure process of samples produced by high curing pressures needs higher overall energy
absorbed as a consequence of the improvement of adhesion between fibers and the matrix
during the push-out tests [7,42]. As shown in Figure 6e,f, when a random vibration of no
more than 10 g was introduced into the curing cycle, the phenomenon of matrix tearing was
observed around the pushed fiber due to the strong adhesion between fibers and the matrix,
which is similar to the patterns cured under high autoclave pressures within the range of
0.4 MPa to 0.6 MPa. Once the applied random vibration reached 15 g, the phenomenon
of matrix tearing disappeared, which indicated that the weak adhesion between the fiber
and resin matrix causes the quick loss of effectiveness of the fiber-matrix system during the
push-out test.
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Figure 6. SEM micrographs of the typical pushed fiber, (a) 0.0 MPa autoclave process, (b) 0.2 MPa
autoclave process, (c) 0.4 MPa autoclave process, (d) 0.6 MPa autoclave process, (e) 5 g RVAVP, (f) 10 g
RVAVP, (g) 15 g RVAVP.

3.1.2. Composite Microstructure

The results discussed above indicated that the RVAVP has a significant improvement
on the mechanical property of fiber-resin interface under lower curing pressure compared
with the autoclave process, while the IFSS of samples produced by RVAVP showed a
nonlinear behavior and reached a maximum value at 10 g. In order to clarify the effect
of microstructure of composites produced by different curing cycles on the mechanical
property of the fiber-resin interface, the representative cross-sectional morphologies of
composite laminates were captured parallel to fibers using an optical digital microscope
(model: VHX-5000). As shown in Figure 7a,b, the voids elongated along the fiber direction
were distributed in the fiber bundles and micro-cracks appeared between the fiber and the
matrix due to insufficient impregnation induced because of the low hydrostatic pressures of
resin during the autoclave process. When the fiber bears the axial load during the push-out
test, cracks easily propagate from stress concentrations induced by voids, and the existing
micro-cracks may become the path of new crack growth [7,35]. As shown in Figure 7c,d,
when autoclave pressure reached the range of 0.4–0.6 MPa, the micro-defects around
the fiber-resin interface significantly reduced with the increase of pressures. Figure 7e,f
show that applying the random vibration into the curing process of composite laminates
production improved the resin fluidity, which helps to eliminate micro-defects around the
fiber-resin interface and then provides composites with strong adhesion between fibers and
the matrix. In these cases, voids and existing micro-cracks are no longer the main reason for
push-out failure, and the emanation and propagation of cracks need higher overall energy
absorbed during the process of interface debonding and interface sliding [43–45]. However,
if vibration acceleration exceeded 10 g, the location and characteristics of micro-defects
were similar to the pattern cured under low pressures, and these critical imperfections
caused by poor wettability of the resin matrix to carbon fibers will induce the fiber-resin
interface failure in an easy way.
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Figure 7. The cross-sectional optical digital micrographs of composite laminates, (a) 0.0 MPa auto-
clave process, (b) 0.2 MPa autoclave process, (c) 0.4 MPa autoclave process, (d) 0.6 MPa autoclave
process, (e) 5 g RVAVP, (f) 10 g RVAVP, (g) 15 g RVAVP.

3.1.3. Fiber-Resin Interface Development

The evolution of the fiber-resin interface within composites is a time-dependent
process during the curing cycles, and the in-situ behavior of evolution of the fiber-resin
interface is difficult to detect and track in real-time. Therefore, a cure monitoring approach
highlighted in Refs. [22,24] was used to investigate the differences of the evolution of the
fiber-resin interface between autoclave process-cured samples and RVAVP-cured samples.
For this purpose, the curing process of composite laminates was labelled L1: 80 ◦C-0 min,
L2: 80 ◦C-15 min, L3: 80 ◦C-30 min, and L4: 180 ◦C-0 min. When the setting point was
reached, the curing process was halted, and then laminate was taken out and quenched to
approximately 0 ◦C using iced water. After quenching, the SEM was employed to obtain
the in-situ behavior of the fiber-resin interface, which was frozen at a pre-defined point.

When the hydrostatic pressure of resin was only influenced by the vacuum bag
pressure during the curing cycle, the resin flowed from normal to composite laminate and
the compaction behavior of the fiber network is shown in Figure 8a. According to the model
of one-dimensional consolidation of a composite with three-dimensional flow proposed by
Gutowski in Refs. [46,47], the low pressure provides laminate with insufficient fluidity of
the resin matrix, causing resin difficulty in infiltrating the fiber bundles and wetting the
surface of fibers during the first isothermal dwell (L1–L3). Meanwhile, it is also difficult for
the trapped volatiles in the fiber bundles to be discharged from the vacuum system prior to
cure. When the temperature rises from 80 ◦C to 180 ◦C (L3–L4), the sudden increase in resin
viscosity influenced by the cross-linking reaction will further suppress the resin infiltration
of fibers and the elimination of micro-defects [24]. The lack of external pressure acted
on resin leads to insufficient impregnation and allows voids and micro-cracks to remain
around the fiber-resin interface, which poses challenges in producing composites with
strong adhesion of the fiber-resin interface during the autoclave process with low pressures.
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Figure 8. Evolution of the fiber-resin interface within composites during the curing cycles, (a) 0.0 MPa
autoclave process, (b) 10 g RVAVP.

Figure 8b shows the evolution behavior of the fiber-resin interface within composites
determined by the cure-monitoring procedure for RVAVP. Applying random vibration into
the curing cycle showed an obvious change in the flow of the resin through fiber bundles
and an increase of compaction behavior of fibers, which indicated that random vibration
contributes towards the increase of fluidity of the resin matrix and, as a result, effective
resin impregnation through the fibers was obtained. When the constant pressure changed
to a dynamic one, the positive and negative pressure part of vibration enabled the resin to
flow towards fiber bundles in the bidirectional way instead of a unidirectional flow. In this
case, considering the resin impregnation stage (L1–L3), it is obvious that fibers were wetted
by the resin matrix, and then the fiber surface was coated evenly by a thin layer of the
resin matrix in this process. In addition, with the improvement of the ability of the resin to
flow through the fiber bundles, resin can be filled in the region where micro-defects occur
easily under low pressures, which leads to void traps being very difficult to grow as well as
micro-crack inhibition. As the cure-monitoring process reaches the last pre-defined point
(L4), the sufficient impregnation of the resin matrix into carbon fibers helps develop a better
interface adhesion between the fiber and the matrix during the curing reaction [1,24,48].

3.2. Macro Interfacial Shear Property Analysis
3.2.1. Interlaminar Shear Strength

The interlaminar shear strength has long been recognized to be crucial for the macro-
mechanical limitation of interlaminar fractures related to shearing [7–9,40]. In order to
study the effect of different curing processes on the interlaminar shear property of these
composites, short-beam three-point bending tests were performed on the composite sam-
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ples. Typical load-displacement curves for specimens during the short-beam three-point
bending tests are shown in Figure 9a. The profile of the curves for the composite specimens
was approximately similar, in that they all presented initial linear region until the load
reached the nonlinear stage, which was immediately followed by a sudden and irreversible
load drop. According to the accumulated strain contours obtained by DIC (insert in
Figure 9a) during the test, the increase in the strain perpendicular to the loading direction
promoted crack initiation between the middle plies, and then the transverse penetration of
interlaminar damage at the edge of composite was observed after the shear load reached a
certain limit. During short-beam three-point bending tests, the typical pseudo-plastic frac-
ture behavior of composites was in agreement with the results of other test campaigns in
Refs. [49,50]. Using Equation (4), the corresponding measured results of ILSS with different
curing processes are reported in Figure 9b. It can be clearly seen that the ILSS of composites
reached a minimum value of 56.06 MPa at the 0 MPa autoclave process. Additionally, the
ILSS of composites increased as autoclave pressure increased and reached a peak value
of 98.93 MPa when the autoclave pressure was 0.6 MPa, having a 76.47% improvement
compared with the one cured by the 0 MPa autoclave process. For the composites produced
by RVAVP, the measured values indicated a standard enhanced interlaminar shear behavior.
In comparison with the 0 MPa autoclave process, the composites produced by RVAVP
showed, as expected, a stronger response during tests, with an average growth range of
67.51%, and reached the maximum of 97.12 MPa at 10 g. This improvement can contribute
to the fact that the random vibration promotes the formation of strong interfacial bonding
and eliminates manufacturing defects within composites in comparison with the compos-
ites prepared with low pressures during the same time, improving the extrinsic energy
absorbed in terms of the cracks expanding and then providing an increase in the ILSS.

Figure 9. (a) Experimental load-displacement curve of composite specimens with different curing
cycles; the insert is the result obtained by DIC, (b) measurement of ILSS for different curing processes.

3.2.2. Rupture Surface of Composites

In order to better understand the interfacial conditions, SEM images of fracture
surfaces of composites including the as-received, autoclave process-cured samples and
RVAVP-cured samples, after short-beam three-point bending tests, are shown in Figure 10.
The vertical fracture surfaces of composites produced by low autoclave pressures displayed
interface debonding and long pull-out fibers, which can be attributed to the weak interfacial
bonding in that the interface failed once the cracks emanated and grew to the interface.
The horizontal sections showed that some large gaps existed within the fiber bundles,
and these gaps mainly originated from the development of the trapped volatiles occurring
during the heat-up process and the incomplete infiltration of the resin solution. On the
contrary, with the increase of the autoclave pressure, the gradual decrease of fiber pull-out
length was observed, which results from the enhanced adhesion between the fibers and
resin. When the autoclave pressure reached up to 0.4 and 0.6 MPa, no gaps remained
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between the fibers, and the fiber surface was adhered by a thick layer of resin matrix.
Application of random vibration during the curing process of composites plays a key
role in impeding crack energy dissipation mechanisms, such as interface debonding and
sliding, fiber pull-out, and endowing composite laminates with excellent interlaminar shear
properties. The vertical fracture surface micrographs obtained for the composite produced
by RVAVP exhibited the limited pull-out fibers and fracture surfaces looked flat, supporting
the relative strong interfacial bonding between fibers and the matrix. Meanwhile, it is
very clear from the horizontal fracture surfaces that the successive cusps formed along the
main crack propagation direction appeared on the fiber’s surface, which indicates that the
exterior load can be transferred efficiently from the matrix to fibers though the fiber-resin
interface. Thus, the excellent mechanical properties of reinforcement are utilized, which is
responsible for the enhanced carrying capacity of composites. However, a further increase
of vibration acceleration leads to ragged fracture surfaces, pull-out fibers, and the decrease
of the phenomenon of the successive cusps sticking to the fiber. These observed results are
accordance with the weak interfacial shear property of composites [7–9].

Figure 10. Representative scanning electron micrographs of vertical and horizontal fracture surfaces
of composites produced by different curing processes.

3.3. Correlation of Micro- and Macro-Mechanics

In general, given a specific composite structure, the macro-mechanical property of
composite not only depends on the interfacial responses between fibers and the matrix [51],
but also includes the fiber volume fraction [52]. During the formation process of the strong
fiber-resin interface within composites, the sufficient impregnation of the resin matrix
into fiber bundles is accompanied frequently by the phenomenon of multiple fiber-fiber
aggregation, which leads to the compaction of fiber layers and an increase of fiber volume
fraction [9,46,47]. Therefore, the TGA measurements at the given temperature range from
the ambient temperature to 800 ◦C were carried out to gain more insight into different
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curing processes-induced effects on the fiber volume fraction. Figure 11a shows the typical
mass loss rate versus temperature curves of the resin matrix and composite samples, and
all tested samples showed two loss steps. During the first step, samples first showed
mass loss most probably due to the moisture elimination [28,41], which was evidenced
by the character of slow descent shown by the curves in the earliness. The second one
that occurred at around 400 ◦C was caused by the complete decomposition of resin in a
single-step process, and then the curves turned into the flat region can be attributed to
a negligible effect of the given temperature range on the mass loss of carbon fibers [41].
After the mass loss rate became stable, the residual weight was used to calculate the fiber
weight fraction by Equation (5). As seen in Figure 11b, the fiber volume fraction obtained
the minimum value of 63.50% under 0 MPa autoclave pressure. With the increasing of
autoclave pressure, the high pressure difference existed along the thickness direction leads
that fibers closed more inside composite laminates, which resulted in the peak value of
68.93% at 0.6 MPa. Compared with the autoclave process, the oscillating pressure fields
caused by the application of vibration improved the compaction of composites during
the curing process. Thereby, the fiber volume fraction values of composites produced by
RVAVP scattered more or less around the value of 66.14%, while increasing to 67.79% for
the composites produced at 10 g.

Figure 11. (a) The typical TGA response of resin and composite samples, (b) fiber volume fraction of
the composite samples.

The IFSS and ILSS of composites varying with fiber volume fraction are shown in
Figure 12. It can be seen that both IFSS and ILSS of composites increased as the fiber
volume fraction increased, and the ILSS trend of these composites coincided with the IFSS
trend. The enhanced flow-compaction behavior indicates the increase in interface area
per unit volume was accompanied by the enhanced interfacial adhesion, which resulted
in an improved macro mechanical performance that favors better load transfer between
the reinforcements and matrix [33,46]. From this perspective, regardless of whether they
were static or vibrated, the composites with excellent mechanical properties showed the
propensity to have the high fiber volume fraction. Parallel to this, the micro and macro-
mechanical properties tended to be stable when the fiber volume fraction reached 65.5%,
which could be recommended as the critical reference for fabricating the high-quality
CFRP composites.
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Figure 12. Changes in the IFSS and ILSS of the composite specimens as fiber volume fraction.

4. Conclusions

In this present work, the RVAVP was adopted to manufacture the CFRP composite
laminates, and identical static samples produced by autoclave processes with different pres-
sures were used for property comparison. The effect of the application of random vibration
during the curing process on the interfacial shear properties, composite microstructure,
evolution of the fiber-resin interface, macro interlaminar shear property, and fiber vol-
ume fraction was studied comprehensively by a novel nano-mechanical testing method
(fiber push-out) coupled with the finite-element method, optical digital microscope, cure-
monitoring approach, short-beam three-point bending test, thermogravimetric analysis,
and etc. The following conclusions can be made based on the obtained results:

(1) Applying random vibration into the curing process of composite laminates production
can improve the impregnation of the resin matrix into fiber bundles and impede
the growth of micro-defects around the fiber-resin interface, which helps to form a
better interface adhesion between the fiber and matrix under low curing pressures.
Compared with the 0 MPa autoclave process, the IFSS increased from 52.62 MPa to
higher than 78.02 MPa, together with an increase of the interface fracture toughness
from 27.1 J/m2 to higher than 51.7 J/m2.

(2) Due to the strong fiber-resin interfacial interactions, the introduction of random vibra-
tion significantly enhanced the composite ILSS to higher than 93.91 MPa, which ob-
tained a slight reduction of 5.07% compared with the one cured by the 0.6 MPa
autoclave process. Meanwhile, the flat fracture surfaces with the limited pull-out
fibers and significant successive cusps indicated increases in the capability to transfer
loads from the matrix to reinforcements through interfaces.

(3) Regardless of whether they were static or vibrated, the sufficient impregnation of the
resin matrix into fiber bundles was accompanied by the enhanced flow-compaction
behavior during the formation process of the fiber-resin interface. The micro and
macro-mechanical properties showed a positive correlation to the fiber volume frac-
tion and tended to be stable when the fiber volume fraction reached 65.5%

Author Contributions: Conceptualization, L.Z. and X.Y.; methodology, X.Y.; software, X.Y.; valida-
tion, Y.P., C.L. and R.X.; formal analysis, L.Z. and X.Y.; investigation, X.Y., C.L. and Y.P.; resources,
X.Y.; writing—original draft preparation, X.Y.; writing—review and editing, L.Z. All authors have
read and agreed to the published version of the manuscript.

Funding: This research was funded by the National Key Basic Research Program of China (973 program)
under Grant No. 2014CB46502, the National Science Foundation of China under Grant No. 51675538
and the Science and Technology Program of Shenzhen under Grant No. GJGJZD20200617102400001.

Institutional Review Board Statement: Not applicable.



Polymers 2021, 13, 2764 17 of 19

Informed Consent Statement: Not applicable.

Data Availability Statement: The data presented in this study are available on request from the
corresponding author.

Acknowledgments: The authors would like to gratefully acknowledges the funding from the Na-
tional Key Basic Research Program of China (973 program) under Grant No. 2014CB46502, the Na-
tional Science Foundation of China under Grant No. 51675538 and the Science and Technology
Program of Shenzhen under Grant No. GJGJZD20200617102400001. The authors would like to
gratefully acknowledge the composite research team members of Central South University for their
support and useful discussions in this research.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Liu, L.; Jia, C.; He, J.; Zhao, F.; Fan, D.; Xing, L.X.; Wang, M.Q.; Wang, F.; Jiang, Z.X.; Huang, Y.D. Interfacial characterization

control and modification of carbon fiber reinforced polymer composites. Compos. Sci. Technol. 2015, 121, 56–72. [CrossRef]
2. Ma, Y.; Wang, J.; Zhao, Y.; Wei, X.; Ju, L.; Chen, Y. A new vacuum pressure infiltration CFRP method and preparation experimental

study of composite. Polymers 2020, 12, 419. [CrossRef]
3. Uthaman, A.; Xian, G.; Thomas, S.; Wang, Y.; Zheng, Q.; Liu, X. Durability of an epoxy resin and its carbon fiber-reinforced

polymer composite upon immersion in water, acidic, and alkaline solutions. Polymers 2020, 12, 614. [CrossRef] [PubMed]
4. Medina, M.C.; Molina-Aldareguía, J.M.; Gonzále, C.; Melendrez, M.F.; Flores, P.; LLorca, J. Comparison of push-in and push-out

tests for measuring interfacial shear strength in nano-reinforced composite materials. J. Compos. Mater. 2015, 50, 1651–1659.
[CrossRef]

5. Cui, J.; Wang, S.; Wang, S.; Li, G.; Wang, P.; Liang, C. The Effects of Strain Rates on Mechanical Properties and Failure Behavior of
Long Glass Fiber Reinforced Thermoplastic Composites. Polymers 2019, 11, 2019. [CrossRef]

6. Tran, T.Q.; Lee, J.K.Y.; Chinnappan, A.; Loc, N.H.; Tran, L.T.; Ji, D.; Jayathilaka, W.A.D.M.; Kumar, V.V.; Ramakrishna, S.
High-Performance Carbon Fiber/Gold/Copper Composite Wires for Lightweight Electrical Cables. J. Mater. Sci. Technol. 2020, 42,
46–53. [CrossRef]

7. Tan, W.; Naya, F.; Yang, L.; Chang, T.; Falzon, B.G.; Zhan, L.; Molina-Aldareguía, J.M.; González, C.; Llorca, J. The role of
interfacial properties on the intralaminar and interlaminar damage behaviour of unidirectional composite laminates: Experimental
characterization and multiscale modelling. Compos. B Eng. 2018, 138, 206–221. [CrossRef]

8. Chang, T.; Zhan, L.; Tan, W.; Wu, X. Cohesive zone modeling of the autoclave pressure effect on the delamination behavior of
composite laminates. J. Reinf. Plast. Comp. 2018, 37, 1468–1480. [CrossRef]

9. Chang, T.F.; Zhan, L.H.; Tan, W.; Li, S.J. Void content and interfacial properties of composite laminates under different autoclave
cure pressure. Compos. Interfaces 2016, 24, 529–540. [CrossRef]

10. Zhu, H.; Wu, B.; Li, D.; Zhang, D.; Chen, Y. Influence of voids on the tensile performance of carbon/epoxy fabric laminates.
J. Mater. Sci. Technol. 2011, 27, 69–73. [CrossRef]

11. Loos, A.C.; Springer, G.S. Curing of epoxy matrix composites. J. Compos. Mater. 1983, 17, 135–169. [CrossRef]
12. Kardos, J.L.; Dudukovic, M.P.; Dave, R. Void growth and resin transport during processing of thermosetting-matrix composites.

Adv. Polym. Sci. 1986, 80, 101–123.
13. Hou, Z.; Luo, R.; Yang, W.; Xu, H.; Han, T. Effect of interface type on the static and dynamic mechanical properties of 3D braided

SiC f /SiC composites. Mater. Sci. Eng. A 2016, 669, 66–74. [CrossRef]
14. Udayakumar, A.; Sri Ganesh, A.; Raja, S.; Balasubramanianc, M. Effect of intermediate heat treatment on mechanical properties of

SiCf/SiC composites with BN interphase prepared by ICVI. J. Eur. Ceram. Soc. 2011, 31, 1145–1153. [CrossRef]
15. Kavouras, P.; Dragatogiannis, D.A.; Batsouli, D.I.; Charitidis, C.A. Effect of local microstructure on the indentation induced

damage of a fiber reinforced composite. Polym. Test. 2017, 61, 197–204. [CrossRef]
16. Li, W.; Krehl, J.; Gillespie, J.W.; Heider, D. Process and Performance Evaluation of the Vacuum-Assisted Process. J. Compos. Mater.

2004, 38, 1803–1814. [CrossRef]
17. Davies, L.W.; Day, R.J.; Bond, D.; Nesbitt, A.; Ellis, J.; Gardon, E. Effect of cure cycle heat transfer rates on the physical and

mechanical properties of an epoxy matrix composite. Key Eng. Mater. 2007, 334, 545–548. [CrossRef]
18. Chaowasakoo, T.; Sombatsompop, N. Mechanical and morphological properties of fly ash/epoxy composites using conventional

thermal and microwave curing methods. Compos. Sci. Technol. 2007, 67, 2282–2291. [CrossRef]
19. Bai, J.B.; Shenoi, R.A.; Yun, X.Y.; Xiong, J.J. Progressive damage modelling of hybrid RTM-made composite Π-joint under

four-point flexure using mixed failure criteria. Compos. Struct. 2017, 159, 327–334. [CrossRef]
20. Zhou, J.; Li, Y.; Li, N.; Hao, X.; Liu, C. Interfacial shear strength of microwave processed carbon fiber/epoxy composites

characterized by an improved fiber-bundle pull-out test. Compos. Sci. Technol. 2016, 133, 173–183. [CrossRef]
21. Yang, H.; Zhou, X.; Yu, J.; Wang, H.; Huang, Z. Microwave and conventional sintering of the SiC/SiC composites: The densification

and pore distributions. J. Alloy. Compd. 2016, 662, 252–258. [CrossRef]

http://doi.org/10.1016/j.compscitech.2015.08.002
http://doi.org/10.3390/polym12020419
http://doi.org/10.3390/polym12030614
http://www.ncbi.nlm.nih.gov/pubmed/32156099
http://doi.org/10.1177/0021998315595115
http://doi.org/10.3390/polym11122019
http://doi.org/10.1016/j.jmst.2019.08.057
http://doi.org/10.1016/j.compositesb.2017.11.043
http://doi.org/10.1177/0731684418799948
http://doi.org/10.1080/09276440.2016.1237113
http://doi.org/10.1016/S1005-0302(11)60028-5
http://doi.org/10.1177/002199838301700204
http://doi.org/10.1016/j.msea.2016.05.080
http://doi.org/10.1016/j.jeurceramsoc.2010.12.018
http://doi.org/10.1016/j.polymertesting.2017.05.023
http://doi.org/10.1177/0021998304044769
http://doi.org/10.4028/www.scientific.net/KEM.334-335.545
http://doi.org/10.1016/j.compscitech.2007.01.016
http://doi.org/10.1016/j.compstruct.2016.09.083
http://doi.org/10.1016/j.compscitech.2016.07.033
http://doi.org/10.1016/j.jallcom.2015.12.085


Polymers 2021, 13, 2764 18 of 19

22. Agius, S.L.; Fox, B.L. Rapidly cured out-of-autoclave laminates: Understanding and controlling the effect of voids on laminate
fracture toughness. Compos. B Eng. 2015, 73, 186–194. [CrossRef]

23. Agius, S.L.; Magniez, K.J.C.; Fox, B.L. Fracture behaviour of a rapidly cured polyethersulfone toughened carbon fibre/epoxy
composite. Compos. Struct. 2010, 92, 2119–2127. [CrossRef]

24. Agius, S.L.; Magniez, K.J.C.; Fox, B.L. Cure behaviour and void development within rapidly cured out-of-autoclave composites.
Compos. Struct. 2009, 47, 230–237. [CrossRef]

25. Ghiorse, S.R.; Jurta, R.M. Effects of low frequency vibration processing on carbon/epoxy laminates. Composites 1991, 22, 3–8.
[CrossRef]

26. Muric-Nesic, J.; Compston, P.; Noble, N.; Stachurski, Z.H. Effect of low frequency vibrations on void content in composite
materials. Compos. Part A Appl. Sci. Manuf. 2009, 40, 548–551. [CrossRef]

27. Muric-Nesic, J.; Compston, P.; Stachurski, Z.H. On the void reduction mechanisms in vibration assisted consolidation of fibre
reinforced polymer composites. Compos. Part A Appl. Sci. Manuf. 2011, 42, 320–327. [CrossRef]

28. Meier, R.; Kahraman, I.; Seyhan, A.T. Evaluating vibration assisted vacuum infusion processing of hexagonal boron nitride sheet
modified carbon fabric/epoxy composites in terms of interlaminar shear strength and void content. Compos. Sci. Technol. 2016,
128, 94–103. [CrossRef]

29. Abdérafi, C.R.; Laronde, F.; Guérin, F.; Bigaud, D.; Coadou, F. Robustness evaluation using highly accelerated life testing. Int. J.
Adv. Manuf. Technol. 2011, 56, 1253–1261.

30. Chen, Y.S.; Chuong, L.H. Efficiency improvement of the highly accelerated life testing system by using multiple hammers. J. Mech.
Sci. Technol. 2014, 28, 4815–4831. [CrossRef]

31. Yang, Y.; Wang, H.E.; Yuan, X.R.; Jian, X.Z. Curing process optimization with extra-thickness carbon fiber reinforced epoxy resin
matrix. Polym. Mater. Sci. Eng. 2017, 33, 101–113.

32. Liu, L.; Zhang, B.M.; Wang, D.F.; Wu, Z.J. Effects of cure cycles on void content and mechanical properties of composite laminates.
Compos. Struct. 2006, 73, 303–309. [CrossRef]

33. Xu, T.; Luo, H.; Xu, Z.; Hu, Z.; Minary-Jolandan, M.; Roy, S.; Liu, H. Evaluation of the Effect of Thermal Oxidation and Moisture
on the Interfacial Shear Strength of Unidirectional IM7/BMI Composite by Fiber Push-in Nanoindentation. Exp. Mech. 2017, 58,
111–123. [CrossRef]

34. Rodríguez, M.; Molina-Aldareguía, J.M.; González, C.; LLorca, J. A methodology to measure the interface shear strength by
means of the fiber push-in test. Compos. Sci. Technol. 2012, 72, 1924–1932. [CrossRef]

35. Sharma, R.; Mahajan, P.; Mittal, R.K. Fiber bundle push-out test and image-based finite element simulation for 3D carbon/carbon
composites. Carbon 2012, 50, 2717–2725. [CrossRef]

36. You, J.-H.; Lutz, W.; Gerger, H.; Siddiq, A.; Brendel, A.; Höschen, C.; Schmauder, S. Fiber push-out study of a copper matrix
composite with an engineered interface: Experiments and cohesive element simulation. Int. J. Solids. Struct. 2009, 46, 4277–4286.
[CrossRef]

37. Battisti, A.; Esqué-de los Ojos, D.; Ghisleni, R.; Brunner, A.J. Single fiber push-out characterization of interfacial properties
of hierarchical CNT-carbon fiber composites prepared by electrophoretic deposition. Compos. Sci. Technol. 2015, 95, 121–127.
[CrossRef]

38. Yang, L.W.; Liu, H.T.; Cheng, H.F. Processing-temperature dependent micro- and macro-mechanical properties of SiC fiber
reinforced SiC matrix composites. Compos. B Eng. 2017, 129, 152–161. [CrossRef]

39. Yang, L.W.; Mayer, C.; Li, N.; Baldwin, J.K.; Mara, N.A.; Chawla, N.; Molina-Aldareguia, J.M.; Llorca, J. Mechanical properties of
metal-ceramic nanolaminates: Effect of constraint and temperature. Acta. Mater. 2018, 142, 37–48. [CrossRef]

40. Mohamad, A.; Ugla, A.A.; Erklig, A. A comparative study on the interlaminar shear strength of carbon, glass, and Kevlar
fabric/epoxy laminates filled with SiC particles. J. Compos. Mater. 2017, 51, 1–9.

41. Seyhan, A.T. Evaluatıng addıtıon of a membrane layer ın vacuum ınfusıon processıng of fıber reinforced epoxy composıtes in
terms of flexural propertıes and void content. Anadolu Univ. J. Sci. Technol. A Appl. Sci. Eng. 2017, 18, 456–467. [CrossRef]

42. Greisel, M.; Jäger, J.; Moosburger-Will, J.; Sause, M.G.R.; Mueller, W.M.; Horn, S. Influence of residual thermal stress in carbon
fiber-reinforced thermoplastic composites on interfacial fracture toughness evaluated by cyclic single-fiber push-out tests.
Compos. Part A Appl. Sci. Manuf. 2014, 66, 117–127. [CrossRef]

43. Mueller, W.M.; Moosburger-Will, J.; Sause, M.G.R.; Greisel, M.; Horn, S. Quantification of crack area in ceramic matrix composites
at single-fiber push-out testing and influence of pyrocarbon fiber coating thickness on interfacial fracture toughness. J. Eur. Ceram.
Soc. 2015, 35, 2981–2989. [CrossRef]

44. Buet, E.; Sauder, C.; Sornin, D.; Poissonnet, S.; Rouzaud, J.-N.; Vix-Guterl, C. Influence of surface fibre properties and textural
organization of a pyrocarbon interphase on the interfacial shear stress of SiC/SiC minicomposites reinforced with Hi-Nicalon S
and Tyranno SA3 fibres. J. Eur. Ceram. Soc. 2014, 34, 179–188. [CrossRef]

45. Furukawa, Y.; Hatta, H.; Kogo, Y. Interfacial shear strength of C/C composites. Carbon 2003, 41, 1819–1826. [CrossRef]
46. Gutowski, T.G.; Morigaki, T.; Cai, Z. The consolidation of laminate composites. J. Compos. Mater. 1987, 21, 172–188. [CrossRef]
47. Gutowski, T.G.; Cai, Z.; Bauer, S.; Boucher, D.; Kingery, J.; Wineman, S. Consolidation experiments for laminate composites.

J. Compos. Mater. 1987, 21, 650–669. [CrossRef]
48. Gallo, C.S.; Li, X.; Zhang, Z.; Charitidis, C.; Dong, H. Viscoelastic response of carbon fibre reinforced polymer during push-out

tests. Compos. Part A Appl. Sci. Manuf. 2018, 112, 178–185. [CrossRef]

http://doi.org/10.1016/j.compositesa.2015.02.023
http://doi.org/10.1016/j.compstruct.2009.09.045
http://doi.org/10.1016/j.compositesb.2012.11.020
http://doi.org/10.1016/0010-4361(91)90097-Z
http://doi.org/10.1016/j.compositesa.2008.11.010
http://doi.org/10.1016/j.compositesa.2010.12.011
http://doi.org/10.1016/j.compscitech.2016.03.022
http://doi.org/10.1007/s12206-014-1102-6
http://doi.org/10.1016/j.compstruct.2005.02.001
http://doi.org/10.1007/s11340-017-0335-6
http://doi.org/10.1016/j.compscitech.2012.08.011
http://doi.org/10.1016/j.carbon.2012.02.030
http://doi.org/10.1016/j.ijsolstr.2009.08.021
http://doi.org/10.1016/j.compscitech.2014.02.017
http://doi.org/10.1016/j.compositesb.2017.07.079
http://doi.org/10.1016/j.actamat.2017.09.042
http://doi.org/10.18038/aubtda.290884
http://doi.org/10.1016/j.compositesa.2014.07.010
http://doi.org/10.1016/j.jeurceramsoc.2015.04.033
http://doi.org/10.1016/j.jeurceramsoc.2013.08.027
http://doi.org/10.1016/S0008-6223(03)00144-1
http://doi.org/10.1177/002199838702100207
http://doi.org/10.1177/002199838702100705
http://doi.org/10.1016/j.compositesa.2018.06.003


Polymers 2021, 13, 2764 19 of 19

49. Kotani, M.; Konaka, K.; Ogihara, S. The effect on the tensile properties of PIP-processed SiC/SiC composite of a chemical
vapor-infiltrated SiC layer overlaid on the pyrocarbon interface layer. Compos. Part A Appl. Sci. Manuf. 2016, 87, 123–130.
[CrossRef]

50. Yu, H.; Zhou, X.; Zhang, W.; Peng, H.; Zhang, C. Mechanical behavior of SiCf/SiC composites with alternating PyC/SiC
multilayer interphases. Mater. Design 2013, 44, 320–324. [CrossRef]

51. Yu, H.J.; Zhou, X.G.; Zhang, W.; Peng, H.X.; Zhang, C.R.; Huang, Z.L. Mechanical properties of 3D KD-I SiCf/SiC composites
with engineered fibre–matrix interfaces. Compos. Sci. Technol. 2011, 71, 699–704. [CrossRef]

52. Yang, L.W.; Wang, J.Y.; Liu, H.T.; Jiang, R.; Cheng, H.F. Sol-gel temperature dependent ductile-to-brittle transition of aluminosili-
cate fiber reinforced silica matrix composite. Compos. B Eng. 2017, 119, 79–89. [CrossRef]

http://doi.org/10.1016/j.compositesa.2016.04.021
http://doi.org/10.1016/j.matdes.2012.07.073
http://doi.org/10.1016/j.compscitech.2011.01.014
http://doi.org/10.1016/j.compositesb.2017.03.043

	Introduction 
	Experimental and Modeling Procedures 
	Laminate Fabrication Process 
	Micro-Mechanical Property Testing Method 
	Macro-Mechanical Property Testing Method 
	Composite Fiber Volume Fraction Measurement 

	Results and Discussion 
	Micro Interfacial Shear Property Analysis 
	Interfacial Shear Strength 
	Composite Microstructure 
	Fiber-Resin Interface Development 

	Macro Interfacial Shear Property Analysis 
	Interlaminar Shear Strength 
	Rupture Surface of Composites 

	Correlation of Micro- and Macro-Mechanics 

	Conclusions 
	References

