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This study examined the influence mechanism of temperature on the interfacial shear strength (IFSS) between carbon fiber (CF)
and epoxy resin (EP) matrices under various thermal loads using experimental and numerical simulation methods. To evaluate
the change in IFSS as a function of the increase in temperature, a microbond test was performed under controlled temperature
environment from 23∘C to 150∘C. The experimental results showed that IFSS values of CF/EP reduce significantly when the
temperature reaches near glass transition temperature. To interpret the effect of thermal loads on IFSS, a thermal-mechanical
coupling finite element model was used to simulate the process of fiber pull-out from EP. The results revealed that temperature
dependence of IFSS is linked to modulus of the matrix as well as to the coefficients of thermal expansion of the fiber and matrix.

1. Introduction

The interface between fiber and matrix plays an important
role in fiber-reinforced composite materials by affecting
directly the load transfer efficiency between the fiber and the
matrix as well as the mechanical properties of the composites
[1, 2]. The interfacial shear strength (IFSS) is a key parameter
that influences the adhesion performance between the fiber
and matrix [3, 4]. However, because of the heat instability of
EP [5, 6] and the significant difference between the fiber and
the EP matrix [7], IFSS becomes unstable as it is affected by
the curing process as well as service temperature [8].

The coefficients of thermal expansion (CLTE) of EP
matrices are almost 100 times higher than the longitudinal
thermal expansion coefficient of CF and 10 times greater
than the transverse thermal expansion coefficient of CF by
absolute value.These differences cause residual thermal stress
at the interface during the cooling process [9–11]. As a result,
tremendous efforts have been devoted to overcoming these
problems. For example, Sockalingam et al. [12] developed a
finite elementmodelingmethodology to simulate the residual
thermal stress with large CLTE mismatch between the fiber

and thematrix caused by the cooling process. Also, Di Landro
and Pegoraro [13] investigated the influence of the processing
temperature and cooling rates on the residual stress in
polymer composite matrices.They proposed that the residual
thermal stress is mainly caused by the mismatch of CLTE
between the fiber and matrix that importantly contributes to
the fiber-matrix adhesion. Choo et al. [14] studied thermal
path-dependency in the stress evolution of continuous-fiber-
reinforced composites by comparing cooling and reheat
cycles.Their results showed that the effect of time-dependent
deformation becomes more significant as the fiber content
increases and cooling/heating rate reduces. However, most of
the above-mentioned studies mainly focus on the influence
of the curing process of IFSS; only a handful of studies were
devoted to investigating cured CF/EP service under elevated
temperature work conditions.

In fact, IFSS also changed with serviced temperature. For
example, Thomason and Yang [15] explored the temperature
dependence of IFSS in glass fiber polypropylene compos-
ites (GF-PP) and noticed that IFSS in GF-PP is inversely
dependent on the testing temperature with a major increase
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Figure 1: Temperature dependence HM410-microdroplet test equipment.

in glass transition region of the PP matrix. In their other
paper [16], they found that the magnitude of the thermal
residual stress due to mismatch in the thermal expansion
coefficients of fiber and matrix was insufficient to explain
the magnitude of the system IFSS, and they suggest that
the residual stress combined with static adhesion could be
the major contributor to the apparent interfacial adhesion
in glass fiber-epoxy system, but they did not consider the
effects of the temperature of resin on IFSS. In order to develop
improved process ability and equipment operating at high
temperature, Wang et al. [17] studied the thermal stability
of carbon nanotube/epoxy nanocomposite by mechanical
and interfacial evaluation at room temperature and 150∘C.
The results show that addition of low concentration CNT
could improve the thermal stability of epoxy resin in turn
hence the IFSS under high temperature. Also, the similar
conclusions had been reached in similar studies [18]. So,when
cured CF/EP service is under changing temperature work
conditions, both themismatch of CLTE between the fiber and
matrix and the dependence-temperature of resin will cause
a change in IFSS, hence affecting the CFRP performance.
As a result, studying the mechanism of the influence of
temperature on the interfacial properties of cured composites
is of great importance.

The aim of this paper is to investigate the mechanism due
to the influence of temperature on the interfacial properties
of cured CFRP. In order to get the temperature dependence of
IFSS, a microbond test was performed under controlled tem-
perature; thermomechanical property tests were performed
to get the Tg and the CLTE of resin matrix; tensile test was
performed to measure the value of modulus changed with
temperature. Furthermore, a FEMwas developed to simulate
the process of the microbond test under thermal loads
to facilitate interpretation of the experiment observations.
The FE analysis was carried out following three steps: (i)
application of thermal preload and large mismatch in CTE
between CF and EP to analyze the residual thermal stress due
to the cooling process, (ii) modeling of the thermal stress in
CF/EP under thermal preload through changes from room
to the working temperature, and (iii) modeling the process of

single fiber pull-out from themicrodroplet using the prestress
of both residual thermal and thermal stresses.

2. Experimental
2.1. Materials and Test Sample. The EPs named TF1408
were obtained, respectively, from Hengshen Co. Ltd. Carbon
fibers T300 were purchased from Toray Industries, Inc. The
single CF was bonded on a thin stalloy adhered through
microdroplet uncured EPs (Figure 1). All the samples were
cured at 135∘C and kept for 90 minutes in an oven, with the
same heating rate and cooling rate of 3∘C/min.

2.2. Microbond Testing. The temperature dependence of
CF/EP IFSS was measured by HM410-microdroplet test
equipment from TOHEI SANGYO, Japan (Figure 1). The
temperature was automatically controlled and monitored
through a digital temperature programmer. Five tests were
performed at room temperature (RT), 60, 90, and 120∘C.

The required force to pull out the fiber of cured epoxy
resin is measured for each specimen and the interfacial shear
strength 𝜏IFSS was estimated by [19, 20]

𝜏IFSS = 𝐹max𝜋 ⋅ 𝑑𝑓 ⋅ 𝑙𝑒 , (1)

where 𝐹max is the maximum value of pull-out force, 𝑑𝑓 is
the diameter of single fiber, and 𝑙𝑒 is the embedded length of
microdroplet. However, since at the moment when 𝐹 = 𝐹max
the crack length is not zero and the measured 𝐹max value
includes the contributions of interfacial adhesion and fric-
tion, the value of 𝜏IFSS calculated by (1) is the apparent IFSS.

The diameter of CF utilized in this study was 7 𝜇m. For
a big effect of specimen dimensions on the pull-out force
and IFSS, the embedded length of EP microdroplet was
maintained at 70–90𝜇m and the contact angle at 40–45∘C
(Figure 1). The load-displacement curve from each test was
recorded to obtain the maximum force (𝐹max) and a typical
example is shown in Figure 2, where 𝐹𝑑 is kink force [21];
when the pull-out force reaches this value, the fiber begins
to debond from the matrix; 𝐹max is the peak force caused
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Figure 2: Load-displacement curve for the microdroplet test.

by debonding force and the frictional load in debonding
regions; 𝐹𝑏 is the tail force caused by frictional load when the
embedded fiber totally debond from the matrix.

2.3. Thermomechanical Property Tests. The thermomechan-
ical properties of EPs were tested by dynamic mechanical
analysis (DMA) and thermal expansion analysis [22]. A
dynamic mechanical analyzer (DMA Q800) was used for
measurement of the glass transition temperature (𝑇𝑔) as well
as modulus versus temperature curve of both cured EPs.
DMA tests were conducted using three-point bendingmodes
(ASTM D5023-15) as it can provide the most analogous
approach to normalmechanical testingmethod [23]. Accord-
ing toASTMD5023-15, the dimensions utilized forDMA tests
were (60 × 13 × 3mm) and temperature scanning measure-
ments were performed from 20∘C to 150∘C at a heating rate
of 3∘C/min and an oscillation frequency of 1Hz. To ensure
that measured temperature range includes the temperature
of 𝑇𝑔, the real temperature sweep test was performed from
0∘C to 200∘C. According toASTM E289, the coefficient of the
linear thermal expansion (CLTE) of EPs was measured using
a dilatometer (DIL402C) from 20∘C to 150∘C at a heating rate
5∘C/min for CLTE test specimens of (25 × 5 × 5mm).

2.4. Tensile Testing of Epoxy Resin. The moduli changed
with different temperature were tested by this test. The
temperature dependence of resin under tensile loading was
determined using a universal testing machine (CMT4304;
MTS, USA) according to the ASTM D638-10 “Standard Test
Method for Tensile Properties of Plastics.” The dumbbell-
shaped samples (type I) were stretched using an extensometer
at a rate of 2mm/min and stress-strain curves were recorded
for ambient temperatures ranging from RT to 120∘C (at 30∘C
intervals) within the climatic chamber. For each condition, 5
tests were performed.

3. Numerical Simulations Procedures
3.1. Finite Element Modeling. Commercial finite element
software Abaqus@ (version 6.10) was utilized to carry out

Table 1: Matrix properties at room temperature used for the
numerical simulations.

Test temperature RT 60∘C 90∘C 120∘C
Young’s modulus, 𝐸𝑚
(MPa) 3960 3068 2510 1590

Poisson’s ratio 0.37 0.37 0.37 0.37
Coefficient of thermal
expansion (10-6/∘C) 58 60 65 75
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Figure 3: Representative stress-strain curves of the epoxy resin
under different temperature conditions.

FE calculations. The baseline FE model of the microbond
test consists of a single CF with a diameter of 7 𝜇m and an
epoxy matrix droplet with embedded length of 80 𝜇m made
by eight-node fully integrated solid elements. The matrix
was modeled as an isotropic elastic material with properties
shown in Table 1. Here, Young’s modulus of resin was the
slope of stress-strain curves under linear-elastic range and
measured by tensile tests (Figure 3); the thermal expansion
of resin under different temperatures was measured by CLTE
tests (Figure 4). The fiber was modeled as an orthotropic
elastic material with properties shown in Table 2 [24]. The
knife blade was modeled as a rigid body and owing to
its symmetry, only a quarter of the fiber and droplet were
modeled (Figure 5).

3.2. Interfacial Behavior. The fiber-matrix interphase is sub-
jected to the cohesive force and the residual compressive
radial force, which results in a sliding friction force in
the process of interfacial debonding. So in this study, the
interfacial was model with cohesive element and coulomb
friction contact behavior.

The zero thickness cohesive elements with a mixed-mode
traction-separation law [25] (Figure 6) was used to model
the process of interface debonding. The failure model of
traction-separation used in this study is quadratic stress fail-
ure criterion [26] and a Benzeggagh-Kenane (BK) criterion
[27] to evaluate, respectively, both the initial damage and
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Figure 5: Quarter symmetric FEM of the microdroplet test.

crack propagation. The quadratic stress failure criterion was
expressed through

(max ⟨𝜎𝑛, 0⟩𝑁max
)
2

+ ( 𝜎𝑡𝑇max
)2 + ( 𝜎𝑠𝑆max

)2 = 1, (2)

where𝜎𝑛,𝜎𝑠, and𝜎𝑡 are the stress components of, respectively,
pure normal direction, first shear direction, and second
shear direction. 𝑁max, 𝑆max, and 𝑇max are the interfacial
strengths of, respectively, pure normal direction, first shear
direction, and second shear direction.The stiffness coefficient
of cohesive element is estimated using the peak stress and the
maximum relative experimental displacement by the results

ofmicrobond test.TheBK criterion for crack propagation can
be evaluated through [27]

𝐺I𝐶 + (𝐺II𝐶 − 𝐺I𝐶) { 𝐺II + 𝐺III𝐺I + 𝐺II + 𝐺III
}𝜂 = 𝐺𝐶, (3)

where 𝐺𝑖 and 𝐺𝑖𝐶 (𝑖 = I, II, III) are the corresponding
strain energy release rates and fracture toughness under,
respectively, pure mode I, mode II, and mode III loadings.𝐺𝐶 = 𝐺I + 𝐺II + 𝐺III is the fracture toughness, and 𝜂 is
the BK exponent. Fracture toughness 𝐺𝑖𝐶 is estimated using
the kink force 𝐹𝑑 issued from microdroplet test at stress-free
temperature through [28]

𝐺𝑖𝐶 = 𝑟𝐶33𝑠2 [ 𝐹𝑑𝜋𝑟2 +
(𝛼𝐴 − 𝛼𝑚) Δ𝑇2𝐶33𝑠 ]

2

, (4)

where 𝐹𝑑 is the kink force measured from microbond test, 𝑟
is the radius of the fiber, and 𝛼𝐴 and 𝛼𝑚 are, respectively, the
axial coefficient for thermal expansion of the fiber and the
matrix. Δ𝑇 is the difference between the test and stress-free
temperatures and 𝐶33𝑠 is given by

𝐶33𝑠 = 1
2 [

1
𝐸𝐴 +

𝑉1𝑉2𝐸𝑚 ] , (5)

where 𝐸𝐴 and 𝐸𝑚 are, respectively, the fiber axial modulus
and matrix tensile modulus. 𝑉1 and 𝑉2 are volume fractions
of the fiber and the matrix, respectively. In this study, the
traction law for mode I is assumed to be the same as modes
II and III.

A coulomb friction is used tomodel the friction caused by
residual compressive radial force. The coefficient of friction
during progressive debonding is estimated by the ratio of tail
force 𝐹𝑏 tested by the results of microbond test (Figure 2) and
the radial force caused by the residual thermal stress.

3.3. Residual Thermal Stress Analysis. The residual stresses
due to thermal shrinkage during cooling down from the
cure temperature to room temperature were simulated by
application of thermal preload to the FE model. A thermal
preload was applied using 𝑇𝑔 as stress-free temperature and
the operating temperature as room temperature (23∘C). 𝑇𝑔
of the epoxy resin was commonly used to define the stress-
free temperature in calculation of the residual stress [29].
The model of the knife blade was suppressed in this step
and instead an axisymmetric loading was applied to the
matrix droplet and fiber.Themixed-mode damage and crack
initiation loads were set on the fiber-matrix interphase.

3.4. Thermal Stress Analysis. The thermal stress analysis due
to thermal preloadwas simulated under a prestress of residual
thermal stress. A thermal preload was set on the fiber and
matrix from room to working temperatures and Young’s
modulus of the matrix was modified to the corresponding
temperature. The model of the knife blade was suppressed
in this step too and axisymmetric loading was applied to
the matrix droplet and the fiber. A mixed-mode damage and
crack initiation loads were set on the fiber-matrix interphase.
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3.5. Microdroplet Debonding Analysis. The process of single
fiber pull-out from the microdroplet was modeled under
the prestress of residual thermal and thermal stresses. The
knife blade was activated and fixed boundary conditions were
applied to the knife blade. A contact property was set between
the knife blade and droplet and constant displacement load-
ing was applied to the fiber along the axial direction. An
axisymmetric loading was applied to the matrix droplet and
fiber and mixed-mode damage and crack initiation loads
were set on the fiber-matrix interphase.

4. Results and Discussion

Figure 7 shows the force-displacement curve of microbond
test under different temperature; the results show that the
peak forces are decreased with tested temperature increasing.
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Figure 8: EPsmatrix storage/lossmodulus and apparent IFSS versus
temperature.

Correspondently, the apparent IFSS also decreased with
tested temperature increasing. Figure 8 illustrates results
from the thermomechanical characterization of EPs obtained
through DMA and apparent IFSS as a function of temper-
ature. It can clearly be seen that the measured apparent
IFSS for CF/EP is significantly affected by the thermal load,
where apparent IFSS decreases substantially near 𝑇𝑔. Also,
the change point of apparent IFSS decrease with temperature
(about 120–130∘C from Figure 8) is approximately equal to𝑇𝑔
of EPs (about 123–131∘C from Figure 8).

Figure 9 depicts results from the process of fiber pull-
out performed at three different temperatures, which further
confirmed the effect of temperature on the apparent IFSS. It
is clear that failure modes of the fiber pull-out significantly
change as temperature increases. At processing temperatures
below 𝑇𝑔, increasing the pull-out force induces a crack that
propagates along the interface between the fiber and the
matrix, where the droplet will be in complete debonding with
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Figure 9:The process of fiber outperformed at different temperatures: (a) temperature < 𝑇𝑔; (b) temperature near to 𝑇𝑔; and (c) temperature> 𝑇𝑔.
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Figure 10: Simulated force-displacement curves under different
temperature.

very little deformation (Figure 9(a)). When the processing
temperature reaches𝑇𝑔, the stiffness of EP reduces as the pull-
out force increases. This induces the droplet to completely
debond with larger deformation effect (Figure 9(b)). At
processing temperature above 𝑇𝑔, modulus of EP becomes
particularly weak due to the relaxation transition in the
polymer. As the apparent IFSS is larger than EP, failure will
be induced in EP (Figure 9(c)).

However, the above experiment results just proved the
effect of temperature on the fiber pull-out peak force and
apparent IFSS, the effect mechanism of the thermal stress and
modulus on the apparent IFSS cannot be observed from the
experiment results. So, it is necessary to analyze this question
by finite element analysis. For the different fracture tough-
ness, peak stress, stiffness coefficient of cohesive element, and
the different modulus and CLET of resin matrix under 23,
60, 90, and 120∘C were predicted by models with the same
traction laws as shown in Figure 10. The values of apparent
IFSS calculated by the peak force of the experiment and

Table 2: Carbon fiber properties at room temperature used for the
numerical simulations.

Elastic properties Carbon fiber
Longitudinal stiffness, 𝐸11(MPa) 233130
Transverse stiffness, 𝐸22 (MPa) 23110
Out-of-plane stiffness, 𝐸33 (MPa) 23110
Poisson’s ratio, 𝜐12 0.2
Poisson’s ratio, 𝜐13 0.2
Poisson’s ratio, 𝜐23 0.4
Shear modulus, 𝐺12 (MPa) 8960
Shear modulus, 𝐺13 (MPa) 8960
Shear modulus, 𝐺23 (MPa) 8270
Coefficient of thermal expansion 𝛼1 (10-6/∘C) −0.54
Coefficient of thermal expansion 𝛼2 (10-6/∘C) 10.10
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Figure 11: Comparison of apparent IFSS between the simulated and
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simulations are shown in Figure 11. It is clear from Figures
8 and 10 that, although there is still error, the trend of force-
displacement curves of FE models is in good agreement with
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the experimental results. And the value of apparent IFSS by
FE analysis is in the error range of experimental data.

The results for the same fracture toughness, peak stress,
stiffness coefficient of cohesive element with different modu-
lus of EP, and thermal stress under 60 and 90∘C are gathered
in Figures 12(a) and 12(b). It can be observed from Figure 12
that the thermal stress caused by the mismatch of CLTE
under higher temperature can increase the peak force; on the
contrary, the peak forces are decreasing with the modulus of
resin matrix under higher temperature. So, the temperature
dependence of CF/EP IFSS was also linked to the thermal
stress caused by the mismatch of CLTE and the modulus
of resin matrix. Due to the mismatch of CLTE, the IFSS
is increased with temperature increasing and is decreased
in Young’s modulus with temperature increasing. For the
trend of IFSS is decreased with the temperature increasing
in this study, the effect of the thermal stress caused by the
mismatch of CLTE is lower than the modulus of matrix with
temperature increasing.

5. Conclusions

The effects of temperature on the interfacial properties
of CF/EP were investigated through a microbond test
under controlled temperature environment. The experimen-
tal results revealed that apparent IFSS for CF/EP at temper-
atures below that of glass transition of EP does not show
a significant decrease. However, this becomes significantly
reduced at higher temperatures than that of glass transition.
To interpret the experimental results, a series of FE calcula-
tions were carried out to simulate the process of microbond
test as a function of the thermal loads. The results show that
the thermal stress caused by the mismatch of CLTE under
higher temperature can increase the peak force and apparent

IFSS; oo the contrary, the peak forces are decreasing with the
modulus of resinmatrix under higher temperature.The effect
of the thermal stress caused by themismatch of CLTE is lower
than the modulus of matrix with temperature increasing.
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