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A B S T R A C T   

Temperature-dependence mechanism of composites under dynamic loadings is essential for designing the air
craft with harsh operation environment. In this work, the dynamic compression mechanical behavior of gra
phene oxide modified epoxy (GO-epoxy) was systematically investigated over the temperature range from 298K 
to 423K under the loading strain rate of 5000 s−1. The results indicate that the compression properties of GO- 
epoxy are sensitive to the strain rate and temperature. The yield strength of pure epoxy and GO-epoxy under 
dynamic loading were twice those under quasi-static loading. The strength gradually decreases as the tem
perature increases, but the temperature stability of GO-epoxy is significantly improved compared to the pure 
epoxy. The addition of GO helps to inhibit the movement of the molecular chain, suppress the stress softening, 
prevent the evolution of the micro-cracks and then increase the thermal stability of epoxy. The high speed 
photograph combined with the digital image correction (DIC) method indicates that GO improves the impact 
resistance of epoxy at different temperatures and the interfacial interactions contribute to this strengthening 
mechanism. A modified temperature and rate-dependent empirical constitutive model was developed to describe 
the dynamic behavior of pure/GO epoxy. The fracture morphologies show the difference failure modes between 
the GO-epoxy and the pure epoxy. This work on the temperature dependent dynamic behavior of GO modified 
epoxy could provide guidance for understanding the dynamic strengthening and thermal softening behaviors of 
nano-reinforcing composites.   

1. Introduction 

Fiber metal laminates (FMLs) have been widely used in airplanes 
and vehicles, such as Boeing 787 and BMW-i3 (Payeganeh et al., 2010;  
Treutenaere et al., 2017), owing to their excellent specific strength and 
modulus (Acar et al., 2018; Ávila et al., 2011; Tian et al., 2019). In the 
fabrication process of FMLs, the epoxy matrix acts as the adhesive for 
binding different layers, so the mechanical properties of FMLs largely 
depend on epoxy matrix. The harsh application environments and 
temperature rise caused by friction of high-speed aircraft put forward 
higher requirements for the dynamic reliability and thermal stability of 
epoxies (Liu et al., 2018; Zhang et al., 2020). Therefrom, it is very 
important to improve the environmental adaptability of epoxy perfor
mance. 

Recently, graphene oxide (GO), carbon nanofibers (CNF) and other 
nanofillers have attracted wide attention in strengthening the me
chanical behavior of matrix (Adak et al., 2018; Sheinerman et al., 

2019). As a two-dimensional nanomaterial, the GO has received great 
enthusiasm in electrical and mechanical fields owing to its excellent 
specific strength/modulus, electrical conductivity and thermal stability 
(Chabot et al., 2014; Guo et al., 2019; Xia et al., 2017). At the micro
scale, the strength and toughness of GO bilayers were about 23.5 GPa 
and ~1.71×10−18 J/nm3 (Cui et al., 2018), respectively. The graphene 
layers had also been proved to be an excellent anti-penetration 2D- 
material in preventing the high velocity micro-bullet impact (Fu et al., 
2014). The ballistic resistance was predicted by a membrane stretching 
analysis, which enabled us to present an outlook on the ballistic re
sistance potential of graphene composites (O'Masta et al., 2017). Ad
ditionally, GO has potential application in strengthening the epoxy's 
mechanical properties as a reinforcement phase. However, numerous 
works were focused on the quasi-static loading, which was not suitable 
to estimate the dynamic bearing capacity under high-speed collision.  
Chen et al. (2014) presented that the GO decorated glass fiber results in 
enhancing the mechanical interlocking between glass fibers and matrix.  
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Wang et al. (2017) indicated that the interlayer crack growth behavior 
of carbon fiber reinforced polymer (CFRP) could be tuned from in
stantaneous unstable to continuous stable extension process while 
coating the poly-dopamine (PDA) and GO on the surface of carbon fiber 
fabric. Wan et al. (2014) also demonstrated that the GO-epoxy has 
better quasi-static mechanical properties and thermal stability. In order 
to meet the high speed/temperature operation situation of composite, 
the effects of temperature under dynamic loading need to be taken into 
consideration. Generally, the split Hopkinson pressure (SHPB) bar 
equipped with high temperature furnace was widely used to measure 
the dynamic behavior under different temperatures (Wang et al., 2014,  
2015). Gómez et al. (Gómez-del Río and Rodríguez, 2012) studied the 
strain rate and temperature effects of pure epoxy (based on diglycidyl 
ether of bisphenol A), ranging from 0.0025 s−1 to 2500 s−1 and from 
room temperature to 100 °C. Khan et al. (2017) investigated the stress- 
strain curves of epoxy-based foam over a wide range of strain rates 
(10−4–103 s−1) and temperatures (−20–80 °C). However, it is still 
limited in uncovering the dynamic strengthening of GO-epoxy with the 
effect of temperature. 

In order to withstand the harsh application environments of com
posites, GO was incorporated into epoxy for improving the impact re
sistant and temperature stability. The dynamic mechanical properties of 
GO-epoxy were systematically investigated from 298K to 423K by SHPB 
devices equipment with a visualized high temperature furnace, and the 
strain rate and temperature effects of composites were obtained. 
Additionally, the strain field and fracture morphology of different 
specimen were contrasted by the digital image correlation (DIC) and 
scanning electron morphology (SEM) respectively, to analyze the in
fluence of the interfacial interactions on fracture behaviors of GO- 
epoxy. 

2. Materials and method 

2.1. Preparation of GO-epoxy 

Graphene oxide (GO, TNGO-3, greater than 95% in 98 wt%, less 
than 1.5 wt% in AHS, 1–5 μm in diameter), in Fig. 1(a), were purchased 
from Time Nano Inc. (CHN). The epoxy (Epolam 5015) and amine 

curing agent 5015 were purchased from Axson, Inc. (USA). The GO 
(0.15 g) was directly dispersed into the epoxy (7.58 g). In Fig. 1(b), the 
paste-like mixture was then dispersed by ultrasonic (Model: DELTA 
DC150H) for 180 min, meanwhile, the mixture was manually mixed 
and cooled with an ice-water bath for 2 min every 20 min. Then, the 
amine curing agent (2.27 g, the weight ratio of curing agent and epoxy 
resin was 0.3) was added into GO/epoxy mixture. Subsequently, the 
mixture was manually stirred for 10 min and degassed for 20 min in a 
vacuum oven (Model: GONGXING D2F-6020AF) at ambient tempera
ture. After that, the degassed GO/epoxy mixture was injected into a 
home-made silicone mold with ϕ 8 mm cylindrical hole array, and was 
degassed in a vacuum oven for 20 min. Finally, the GO/epoxy mixture 
was cured at 80 °C for 24 h, and the GO-epoxy was cut into several 
specimens with the same size of ϕ 8 × 5 mm for both quasi-static and 
dynamic tests as shown in Fig. 1(c). Meanwhile, the pure epoxy was 
prepared as a comparison. 

2.2. Methods 

In this study, the SHPB device with the diameter of ϕ14.5 mm was 
used to obtain the dynamic properties of epoxy composites (Fig. 1 (d)). 
The bars and projectile of the SHPB device are made of steel with the 
elastic modulus and the density of 210 GPa and 7.8 g/cm3, respectively. 
In this experiment, square rubber with the side of 1 mm and the 
thickness of 1 mm was used as pulse shaper. The projectile with the 
length of 300 mm was fired at the impact velocity of 30–33 m/s, and 
the loading strain rates were about 5000 s−1 through controlling the 
impact velocity. A high-temperature furnace having an observation 
window was implemented to heat the GO-epoxy to 333K, 363K, 393K 
and 423K. The strain gauges were pasted on the incident and trans
mission bars for measuring the time-history signals. The typical original 
waveform is shown in Fig. 1 (e), and the stress-strain curves were cal
culated by three-waves method (Chen and Song, 2011; Ye et al., 2019). 
In addition, the high-speed deformation process was recorded by a 
Phantom V12 camera, and the shooting speed was 100,000 frames per 
second. It is noteworthy that the specimen and bars were heated to
gether in the high temperature furnace equipment. Consequently, the 
measured stress waves were affected by temperature when passing 

Fig. 1. (a) The morphology of graphene oxide, (b) preparation process of GO-epoxy, (c) specimens of GO-epoxy and pure epoxy, (d) schematic of visualized high- 
temperature SHPB device, (e) original waveform of SHPB test. 
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through the heated parts of the bars. In this experiment, the maximum 
temperature in the high temperature furnace is 423 K, which has in
significantly effects on the steel bar. Moreover, the simple method 
proposed by Zhou et al. can be used to modify the temperature effects of 
this experiment (Zhou et al., 2010). The Material Testing System (MTS 
809) was used for quasi-static experiments ( =0.01s−1). The XL30 
ESEM-TMP Environmental Scanning Electron Microscope (SEM) scan
ning was conducted for the microscopic analysis. 

The establishment of constitutive equations describing the me
chanical behavior of epoxy is generally based on the ZWT model, which 
is a nonlinear viscoelastic constitutive model, consisting of a nonlinear 
spring and two paralleled Maxwell units. This model describes the 
mechanical behavior of polymer as a function of strain rate and strain. 
The abbreviated form of the ZWT model can be expressed as Eq. (1): 

= + +f ( ) ( , ) ( , )e 1 2 (1) 

where f ( )e is nonlinear elastic term; ( , )1 is the integral term de
scribing viscoelastic response at lower strain rates (10−4–10−1 s−1) 
and ( , )2 represents the integral term at higher strain rates (101–103 

s−1) (Wang et al., 2010). 

3. Results and analysis 

3.1. Strain rate effect and stress drop 

The strain rate effect as one of the important factors is particularly 
critical in analyzing material's dynamic mechanical response. To in
vestigate the strain rate sensitivity behavior of epoxy, the dynamic and 
quasi-static compression performance of epoxy-based composites were 
investigated. Fig. 2(a) shows that the introducing of GO filler was ef
fective in improving the stress of epoxy under both the quasi-static and 
dynamic loadings. The stress-strain curves of epoxy have some typical 
characteristics. Firstly, the stress increase linearly at the initial stage of 
deformation. Due to the viscoelastic properties of epoxy, the stress- 
strain curve exhibits nonlinear behavior when the stress value reaches 
near the yield stress. After yielding, the material soften and the stress 
gradually decrease (Arash et al., 2019). As the increasing of the strain, 
the hardening rate of the material change from negative to positive and 
the stress-strain curves present increasing hardening trends. So far, 
there are a peak near the yield point and a softening trough on the 
stress-strain curves. In this work, the value of the yield stress was taken 
from the extreme value of the yield peak in stress-strain curves. Under 
quasi-static compression loading, the yield strengths of pure epoxy and 
GO-epoxy were 93 MPa and 97 MPa, respectively. Moreover, under 
dynamic loading, the yield strengths of pure epoxy and GO-epoxy in
creased to 165 MPa and 188 MPa, respectively. As strain rate increased 

from 10−2s−1 to 5000s−1, the yield stresses of pure and GO-epoxy 
increased by 77% and 94%, respectively. The yield stresses of pure 
epoxy and GO-epoxy under quasi-static compression are close. How
ever, GO-epoxy show excellent dynamic yield performance. This in
dicates that GO-epoxy is more sensitive to strain rate than pure epoxy. 

In the compression tests of this work, the stress-strain curves were 
recorded until the specimens crushed. In the experiments, some long
itudinal cracks appeared in the specimen, and the cracks eventually 
penetrated the specimen and divided it into several parts. The locations 
of the break are marked with black crosses in Fig. 2(a). Under the quasi- 
static loading, the failure strain of GO-epoxy was about 0.60, which was 
lower than that of pure epoxy (0.70). In the dynamic loading process, 
the pure epoxy was not crushed under the first loading wave, and the 
maximum strain was 0.53. However, during the first loading process, 
the GO epoxy was crushed under a strain of 0.46. The strain-energy 
densities of two materials are obtained by integrating the stress-strain 
curves in Fig. 2(b), and the strain energy density under both quasi-static 
and dynamic loads has been improved with the addition of GO. This 
result indicates that the incorporation of GO was beneficial to enhance 
the energy absorption performance of epoxy. 

It is worth noting in Fig. 2(a) that GO played an important role in 
eliminating the stress softening process after the yielding. To better 
describe this stress softening properties, as shown in Fig. 2(a), we define 
the stress drop as the difference between the minimum value in the 
softening trough and the yield stress value. And a dimensionless 
quantity named stress drop coefficient is introduced as = / y, 
where y is the yield stress (Wang et al., 2014). The stress drop coef
ficient of pure epoxy significantly decreased from 0.32 to 0.16 as the 
loading rate increased. However, the GO-epoxy shown insignificant 
stress drop, where the quasi-static and dynamic stress drop coefficients 
were 0.04 and 0.03, respectively. This indicates that the addition of GO 
significantly inhibited the softening effect of epoxy. In addition, the 
high loading strain rate also reduced the softening of epoxy. 

The physical mechanism of stress softening might be related to the 
interactions of polymer chains. Polymers usually have characteristically 
entangled platforms where stress is relaxed by chain creep or branch 
contraction (Kapnistos et al., 2008). In the dynamic loading state, the 
sudden loss of special degrees of freedom enhances the deformation 
resistance of the polymer chains (Mulliken and Boyce, 2006). The stress 
drop under dynamic loading is also inhibited owing to the limited 
chains' motion. The strain-softening degree intends to be increased with 
the physical aging time, and the mechanical pre-conditioning or 
quenching process could reduce this phenomenon (Dépinoy et al., 
2019). The influence of GO on the polymer chains is discussed in Sec
tion 4.2. 

Fig. 2. Mechanical behaviors of pure epoxy and GO-epoxy under the quasi-static and the dynamic loadings: (a) stress-strain curves, (b) strain-energy density curves.  
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3.2. Temperature dependence of dynamic mechanical behavior 

The rising of ambient temperature induce the drastic motion of 
molecular chain, which is liable to produce the large plastic deforma
tion and low flow stress. The elastic modulus (E), yield stress ( y) and 
stress drop coefficient ( ) of GO-epoxy and pure epoxy at different 
temperatures are listed in Table 1. And Fig. 3 (a) and (b) shows that the 
flow stress and elastic modulus gradually decreased as the temperature 
increases, but the GO-epoxy presented a higher stress than that of pure 
epoxy at all of the tested temperatures. The pure epoxy almost lost the 
load-bearing capacity at 423 K, but the GO-epoxy still kept certain 
considerable strength. On the other hand, to quantify the dependence of 
flow stress on temperature, the stresses at strains of 0.25 and 0.4 were 

chosen to represent the flow stresses during the softening and hard
ening of epoxy, respectively. Fig. 3(c) and (d) shows the dependence of 
yield stress and flow stress (ε = 0.25 and 0.4) on temperature. As the 
temperature rose, the flow stress of pure epoxy gradually decreased 
meanwhile the stress drop disappeared. The addition of GO made the 
flow stress of epoxy soften more gently, and the hardening ability in
crease significantly. To describe the softening effect of epoxy at high 
temperatures, the parameter γ = /y y,293Kis determined by the yield 
stress ratio of ambient temperature to room temperature (293K). The  
Fig. 4(a) shows the dependence of the /y y,293Kon temperature. At high 
temperature, the decrease in stress of GO-epoxy was significantly 
smaller than that of pure epoxy. In other words, GO-epoxy had a 
stronger ability to resist weakening effect as the temperature. This re
sult indicates that the thermal stability of GO-epoxy is better than that 
of pure epoxy, and the stress drop of these epoxy specimens gradually 
decrease and eventually diminishe as the temperature increases. The 
epoxy change from glassy state to rubbery state and the rigidity of the 
polymer chain is reduced rapidly as the temperature increases. At high 
temperatures, the molecular chains rigidity of pure epoxy decreases 
significantly. The stress drop is the process of materials stress relaxation 
after yielding. Therefore, the substantial reduction in the yield stress of 
pure epoxy results in the stress drop at high temperatures no longer 
being noticeable. (Xiao and Nguyen, 2015). Fig. 4(b) also shows the 
superior strain-energy density of GO-epoxy under different temperature 
in comparison with that of pure epoxy. Among them, the strain energy 
density of pure epoxy at 298K and 363K were similar to GO-epoxy at 

Table 1 
Yield stress and stress drop under different temperatures (5000 s−1).          

E
pure 
epoxy 
(GPa) 

E GO- 
epoxy 
(GPa) 

y
pure epoxy 
(MPa) 

y
GO-epoxy 
(MPa) 

pure 
epoxy 

GO-epoxy  

298K 4.59 4.95 165 188 0.16 0.03 
333K 3.52 3.51 132 164 0.17 0.05 
363K 2.46 3.15 93 139 0.09 0.03 
393K 0.71 2.66 30 104 – 0.02 
423K – 1.08 – 50 – – 

“ -” in the table: unavailable.  

Fig. 3. Temperature dependences of (a) neat-epoxy and (b) GO-epoxy under a strain rate of 5000 (s−1), and comparison of stress as a function of temperature for (c) 
pure epoxy and (d) GO-epoxy. 
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363K and 423K, respectively. In other words, the remarkable 
strengthening effect of GO is equivalent to lowering the ambient tem
perature of 60–65K. 

As all known, the time-temperature equivalence is common in 
polymers, which means that the softening effect caused by increasing 
temperature can be offset by the strengthening effect caused by in
creasing the strain rate. (Liao et al., 2019). The reason is that the 
temperature effect and strain rate effect in polymers correspond to si
milar molecular motion mechanisms. In the quasi-static room tem
perature test, the yield stresses of pure epoxy and GO-epoxy were si
milar. But in the dynamic temperature test, the yield stresses of pure 
epoxy and GO-epoxy were significantly different. It is certain that the 
addition of GO affected the time-temperature equivalent of epoxy. In 
order to describe the above in detail, the Fig. 4(c) shows the yield stress 
of all tests at different temperatures. The quasi-static yield stresses of 
pure epoxy and GO-epoxy at room temperature were approximately 
equivalent to the dynamic yield stress at 363K and 393K, respectively. 
As reported by Williamson et al. (2008), the time-temperature 
equivalence can be described by a linear relationship. 

=
T

log c (2) 

where the c is the sensitivity of time-temperature. When the strain rate 
increases by one order of magnitude, the effect is the same as de
creasing the temperature of epoxy by 1/cK. Based on Eq. (2), the c of 
pure epoxy and GO-epoxy are 0.088 and 0.060, respectively. In other 
words, when the strain rate rises by one order of magnitude, the effect 
is equivalent to the ambient temperature of pure epoxy and GO-epoxy 
falling by 11.4K and 16.7K, respectively. On the other hand, when the 
ambient temperature is increased by 50K, the effect is equivalent to the 
logarithm of the loading strain rate (log ) of pure epoxy and GO-epoxy 
decreased by 4.38 and 3.00, respectively. This means that the tem
perature equivalent strain rates of pure epoxy and GO-epoxy differ by 
an order of magnitude. According to the above analysis, the effect of GO 
on the time-temperature equivalence of epoxy also indicates that the 
addition of GO enhanced the strain rate sensitivity of epoxy. In addi
tion, the GO also suppressed the high temperature softening effect of 
epoxy. 

3.3. Dynamic deformation process 

High speed camera was utilized to observe the dynamic process 
under the same impact velocity but with different temperatures. Fig. 5 
show the dynamic deformation process and the longitudinal compres
sion strain field of pure epoxy and GO-epoxy under 298 K and 393 K. 
The deformation fields of pure epoxy and GO-epoxy are relatively 
uniform, and the high-speed photography also show the rare surface 
cracks of epoxy. In order to reflect the deformation details of epoxy, the 
average value of each strain field in Fig. 5 is used to draw the strain- 
time curves at different temperatures (Fig. 6(a) and (b)). The strain 

value of pure epoxy and GO-epoxy increased as the temperature in
creases, which indicates that the high temperature environment sof
tened epoxy. At 298 K, the strain fields between pure epoxy and GO- 
epoxy were very similar, and their average value at 70 μs are 0.259 and 
0.260, respectively. As the temperature rose, the deformation rate of 
pure epoxy rose significantly, especially in the first 20 μs. However, the 
deformation of GO-epoxy in the first 20 μs was s almost the same at 
different temperatures. At 70 μs, the average strain of pure epoxy and 
GO-epoxy at 393K are 0.321 and 0.285 respectively, which indicates 
that the addition of GO improved the impact resistance of epoxy at high 
temperatures. In addition, Fig. 6(c) illustrates that the strain-time curve 
calculated by the DIC method is consistent with the experimental result. 

The number density distributions of strain field (Zhou et al., 2018) 
were analyzed to characterize the transverse tensile strain field and its 
uniformity of the specimen's surface. Firstly, the strain value calculated 
by DIC was equally divided into 100 parts, and then the number of 
elements whose strain values belong to each part are counted. The 
number density is the result of dividing the number of elements by the 
length of part. Fig. 7 shows the transverse tensile strain distributions of 
pure epoxy and GO-epoxy at 393K were greater than those at 298K. 
And the average value of the strain field at each moment is marked on 
the Fig. 7. Transverse strain values were concentrated at 0 while the 
specimens have not yet begun to deform at the initial time (0µs). The 
transverse strain value gradually increased and the transverse strain 
distribution became wider as the loading time increased, but few ele
ments presented relatively lower transverse strain values due to the 
symmetrical lateral deformation near the axis of symmetry. Moreover, 
the average transverse strain of GO-epoxy at each stage was lower than 
pure epoxy at room temperature. And at 393K, the transverse strain 
values of GO epoxy and pure epoxy were close. the addition of GO has 
not led to the transverse strain field distribution of the epoxy from 
single peak to other types. In other words, the GO enhanced strength 
and reduced plasticity of epoxy, but its effect on plasticity was limited. 
This effect did not change the pattern of deformation and failure of 
epoxy in macro. 

4. Discussions 

4.1. Modified ZWT constitutive model 

To describe the dynamic behavior of epoxy under different tem
peratures, a modified constitutive equation based on the ZWT model 
(Wang et al., 2010) was established. 

The detail of ZWT model is expressed as Eq. (3): 

= + + + +E E t E texp d exp d
t t

0
2 3

1 0 1
2 0 2

(3) 

where E0 is the initial elastic modulus, and and are the material 
parameters of the multiple integral model(Green and Rivlin, 1957;  

Fig. 4. (a) Dependences of the /y y,298K on temperature, (b) strain-energy density under different temperatures, and time-temperature equivalence of GO-epoxy (c) 
yield stress and (d) stress-strain curves. 
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Ward and Pinnock, 1966). E1 and E2 are elastic constant of Maxwell 
unit at lower and higher strain rates, respectively. 1and 2 are re
laxation time of Maxwell unit at these two situations. If we only take 
the dynamic situation into consideration (Gao and Li, 2016), this model 
could be simplified as Eq. (4): 

= + + +E E texp d
t

0
2 3

1 0 (4) 

where E1 and are elastic constant and relaxation time of Maxwell unit 
at high strain rate, respectively. In this experiment, the strain rate is 
almost constant value under dynamic loading, and thus the Eq. (4) can 
be simplified to Eq. (5). 

= + + +E E 1 exp0
2 3

1 (5)  

Eq. (5) could be further modified as shown in Eq. (6) according to 
the empirical Johnson-Cook equation as a function of temperature 
(Song and Sanborn, 2018): 

= + +E E T1 exp (1 )m
0

2
1

(6)  

=T T T
T Tm

0

0 (7) 

where T is the testing temperature, and T0 and Tm represent the room 
temperature and melting temperature, respectively. m is the thermal 

softening exponent. Since Tm is unknown, it is assumed that =m 1. On 
the other hand, the ZWT model is the result of retaining the three terms 
of the multiple integral expansion, and neglecting the following higher 
order terms (Green and Rivlin, 1957). But such a constitutive equation 
cannot satisfy all situations. To fit the experimental results better, the 
triple integral term was converted into a fractional integral term with 
order to be determined. Therefore, the power index of the third non
linear elastic term was modified as . 

This empirical constitutive equation took the temperature and strain 
into consideration at a constant strain rate of 5000/s. The experimental 
data used for fitting was converted from the engineering stress-strain 
curve to the true stress-strain curve, and the large strain portions were 
ignored. As shown in Fig. 8(a) and (b), the tendency of Eq. (6) agrees 
well with the tested stress-strain curves of two materials under different 
temperatures. The material parameters in this model are detailed in the  
Table 2. Herein, E0 represents the initial elastic modulus as the strain is 
close to zero, and this value of GO-epoxy is higher than that of pure 
epoxy. The , and values of GO-epoxy were greater than that of 
pure epoxy. The increasing of the elastic constant E1 and the relaxation 
time of GO-epoxy indicates that the GO improved the elasticity and 
reduced the viscosity of pure epoxy. Fig. 8(c) indicates that the fitted 
melting temperatures Tm of pure epoxy and GO-epoxy were approxi
mately 425 K and 469 K, respectively. This is also consistent with the 
trend of experimental data, and it shows that thermal softening ex
ponent =m 1 is acceptable. Fig. 9(a) shows the initial elastic modulus 
E0 ha a significant effect on the stress drop. On the other hand, in  

Fig. 5. Dynamic deformation process (31m/s) and longitudinal compression strain field calculated by DIC method of pure epoxy and GO-epoxy under different 
temperature (a) pure epoxy, 298K; (b) GO-epoxy, 298K; (c) pure epoxy, 393K; (d) GO-epoxy, 393K. 

Fig. 6. The strain-time curves of (a) pure epoxy and (b) GO-epoxy (DIC), (c) DIC calculated strain and experiments results.  
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Fig. 9(b), the stress-strain curves were almost parallel to each other for 
different elastic constants E1. For polymeric materials, the initial elastic 
modulus E0 and the elastic constant E1 were related to the force re
quired to uncoil and disentangle the molecular chains. GO as a 
strengthening phase limits the mobility of the molecular chains and 
hence raise the values of these parameters (Yan et al., 2015). 

4.2. Interface behavior and fracture morphologies 

Previous results confirmed that the addition of GO not only im
proved the mechanical properties, but also enhanced the temperature 
stability of neat-epoxy. Numerous interfaces have been introduced into 
the matrix while incorporating the GO filler. These interfaces play an 
important role in enhancing the mechanical property of epoxy. Superior 
interface friction or cohesive stress are beneficial in improving the 
strength of epoxy (Wang et al., 2019). The load transfer efficiency and 
the effective stiffness of the composite are sharply reduced owing to the 
agglomeration and interface defects with poor dispersion (Barai and 
Weng, 2011). There are many functional groups(such as C–O–C (epoxy 
ring), C–OH (hydroxyl), C]C (conjugated sp2) and HO–C]O (car
boxylic) ) on the surface of GO (Pathak et al., 2016), which can interact 
with the functional groups on the epoxy resin. The evidence of hy
drogen bonding between GO and epoxy was also observed by the de
creasing of the carbonyl bond constant value in the Fourier Transform 
Infrared spectra (FTIR) (Gogoi et al., 2015). In this work, the addition of 
GO reduced the fluidity of epoxy through the interfacial interactions 
before the curing of epoxy, but the hydroxyl (OH) and carboxyl (COOH) 
groups on the surface of GO accelerated the curing reaction of the epoxy 
amine system (Wei et al., 2018). The GO acts as the bridge to connect 
the molecular chains and the prominent interface behavior, which re
sults in more efficient load transfer within the material, favoring in 
increasing material's strength and reducing stress softening 

phenomenon. The excellent interfacial activity also makes GO have 
favorable dispersion in epoxy. 

The microscopic morphology of the failure surface in this experi
ment provides more evidence for the interfacial action inside the ma
terials. After the quasi-static loading, in Fig. 10(a), both the pure epoxy 
and GO-epoxy reveal the longitudinally collapsed and axial cracked. 
The molecular chain was compelled to reorientation along the external 
force direction, which generated the internal stress to balance the ex
ternal force. The longitudinal cracks were appeared on the sides of 
specimens, and crushed eventually along the force direction. Due to the 
multiple loadings of the incident wave in the dynamic experiments, as 
shown in Fig. 10(b), the final recovered specimens were powders and 
longitudinally destroyed fragments. 

The SEM images in Fig. 10 also show two primary features on the 
failure surface, namely linear traces and protrusions. The dominant 
mechanism is the development of main crack under the quasi-static 
loading, but numerous micro cracks generated around the main crack 
under the high-speed transient evolution process, which eventually 
caused many fragments (Zhou et al., 2005). Therefore, a large number 
of linear traces on the failure surface after the quasi-static experiment 
are as shown in Fig. 10(c) and (d). But after the dynamic experiment, in  
Fig. 10(e) and (f), the number of protrusions on the failure surface was 
increased. Additionally, the GO-epoxy had more protrusions on the 
failure surface under quasi-static or dynamic experiments, which pro
vides more evidence that the addition of GO might limit the motion of 
the molecular chains. The possible reasons for the formation of pro
trusions are the large number of cross-linking points and aggregation 
areas, which caused by hydrogen bonding (Zhang et al., 2019). The 
polymer cross-linking network of epoxy is strengthened and inhibits the 
movement of molecular chains. The results of some atomic simulation 
techniques show that the modulus of epoxy depends not only on the 
stiffness of the molecule, but also on the intermolecular forces and the 

Fig. 7. Transverse strain field distribution under dynamic loading (31m/s) (a) pure epoxy, 298K; (b) GO-epoxy, 298K; (c) pure epoxy, 393K; (d) GO-epoxy, 393K.  
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structural system of the molecular chain (Zhang et al., 2017). The re
search has indicated that the cross-linking strengthening effect of hy
drogen bonds in some types of epoxy resins even improves both 
strength and ductility of the epoxy (Zhang et al., 2019). The GO fillers 
improved the mechanical properties and high temperature stability of 
the epoxy by strengthening the intermolecular force and molecular 
chain crosslinking of the epoxy. 

Fig. 8. Temperature-dependent constitutive equation and experiment curves of (a) pure epoxy (b) GO-epoxy and (c) yield stress as a function of temperature.  

Table 2 
Material parameters of the constitutive model in Eq. (6).          

Parameters E0
(GPa) (GPa) (GPa) (1)

E1
(MPa) (µs)

Tm
(K)

Pure Epoxy 4.59 25.62 26.48 1.655 813 6.73 425 
GO-Epoxy 4.95 31.99 31.83 1.673 1069 7.44 469 

Fig. 9. Stress-strain curves with the effect of (a) initial elastic modulus E0 and (b) elastic constantE1.  
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5. Conclusions 

A series of experiments were conducted to compare the dynamic 
behavior (5000 s−1) of GO-epoxy and pure epoxy from room tem
perature to 423 K. A high temperature furnace having an observation 
window was used to heat the specimens and to observe the dynamic 
process of different specimens. The results indicate that the addition of 
GO significantly improved the mechanical properties and temperature 
stability of epoxy. Additionally, GO increased the strain rate sensitivity 
and strain energy density of epoxy, and restrained the stress-softening 
phenomenon of epoxy. The thermal stability of GO-epoxy was better 
than that of pure epoxy, and the stress drop of these epoxies gradually 
decreased and eventually diminished as the temperature increases. The 
difference between the stress softening and thermal softening behaviors 
of GO-epoxy and pure epoxy indicates that GO restricted the freedom of 
epoxy's molecular chains. Moreover, the temperature equivalent strain 
rates of pure epoxy and GO-epoxy differ by an order of magnitude. 
Accurate DIC analysis results indicate that strain fields were consistent 
with the experimental data. The higher the temperature, the more the 
improvement of GO-epoxy in impact resistance and temperature sta
bility is than that of pure epoxy. 

A modified constitutive equation with temperature variation term 
was introduced to further illustrate the deformation mechanisms of 
materials. The calculated result agreed well with the experimental data 
at different temperatures. The microscopic morphology of the failure 
surface demonstrates the existence of interfacial interaction between 
GO and epoxy. The strong interfacial action of GO increased the 
number of micro cracks on the failure surface and the hydrogen bond 
formed by the addition of GO strengthens the crosslinking network of 
epoxy. The above was the main reason why GO-epoxy has good me
chanical properties and thermal stability in this work. This work could 
be regarded as a reference in designing high-performance lightweight 
anti-collision composites to meet the requirement of thermal environ
ment. 
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