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Abstract: Hollow glass beads and graphene were used to improve the performances of the epoxy resin. The 
density, tensile, compressive properties and thermal behaviors of the as-prepared samples were discussed. 
Experiment results showed that hollow glass beads could effectively reduce the density of the epoxy resin 
matrix. When the hollow glass beads loading was 30 wt%, the density of the composites was 0.81 g·cm-3. 
Moreover, graphene could enhance the mechanical performances of the foamed composites. When the 
graphene loading was 0.75 wt%, the tensile strength, Young’s modulus and strain break of the epoxy/hollow 
glass beads/graphene ternary samples were 85.2 %, 53.4 % and 11.0 % more than the control binary sample, 
respectively. Moreover, the compressive strength and modulus were 10.8 % and 68.6 % more than the control 
binary sample, respectively. In addition, DSC and TG results showed that graphene could accelerate the curing
and improve the thermal stability of the foamed composites.
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Introduction

Because of light weight and moderate 
strength, foamed composites are used in lots of fields
such as marine, aerospace and automotive. In recent 
years, many attempts have been taken to improve the 
properties of the foamed composites, such as 
changing the resin matrix [1], adjusting the 
micro-balloon size and volume fraction [2-5], using
glass fibers [6-7], carbon fibers [8-9], nanoclay
[10-11] and carbon nanotubes [12] as reinforcing 
agents. As far as we know, epoxy resin has been the 
most commonly-used polymer matrix for the foamed 
composites [2-6]. Moreover, hollow glass beads 
(HGB) were frequently-used filler for the production 
of epoxy based foamed composites [13-14]. Though 
the epoxy/HGB foamed composites were light, their 
mechanical and thermal properties still needed to be 
improved.

Recently, graphene has attracted much 
attention for its unique two-dimensional structure, 
large specific surface area, excellent mechanical and
thermal properties [15-17]. It has been expected to be
the most promising filler for improving the properties 
of the resin matrix [18-20]. However, there are no 
related papers focusing on the epoxy/HGB/graphene
ternary foamed composites.

In this work, epoxy resin, HGB and 
graphene were used to prepare ternary foamed 
composites. Experiment results showed that HGB
could act as good filler to decrease the density of the 
matrix. Moreover, graphene could improve the 

tensile, compressive properties and thermal stability 
of the composites. In addition, graphene was
beneficial to accelerate the curing and enhance the 
thermal stability of the foamed composites.

Experimental

Materials

Graphene (as shown as in Fig. 1) was 
provided in our laboratory [21]. The density of HGB
(brand: VS5500) was 0.38 g·cm-3 and it was 
purchased from 3M Corp., USA. 
γ-aminopropyltriethoxysilane (brand: KH550) was 
purchased from Nanjing Chengong Organic Silicone 
Material Corp., China. Both bisphenol-A epoxy resin 
(brand: Airstone 760E) and curing agent (brand: 
Airstone 766H) were bought from Dow Corp., USA.

Fig. 1: TEM image of graphene.
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Surface Treatment of HGB

HGB were mixed with alcohol/water/KH550 
solution for 2 h (the volume ratio of the alcohol to the 
water was 9:1 and the KH550 concentration was 1 
vol./vol.%). Subsequently, they were collected and 
dried at 120 ℃ for 4 h. Then, The 
amino-functionalized HGB were obtained.

Preparation of Epoxy/HGB Binary Foamed 
Composites

Typically, 50.0 g epoxy resin and 25.0 g 
curing agent were mixed together under stirring for 5
min. Then, the as-treated HGB (0, 10, 20, 30, 40 and 
50 wt%, based on the weight of the epoxy resin) were 
added into the mixture system and continued to fast 
stir for another 10 min. Subsequently, the as-prepared 
epoxy/HGB binary foamed composites were
degassed in a vacuum oven at 55 ℃. Then, the 
mixture was poured into a mould for curing 2 h at 80 
℃ and post-curing 2 h at 110 ℃.

Preparation of epoxy/HGB/graphene ternary foamed 
composites

50.0 g epoxy resin and 15.0 g the as-treated 
HGB (the HGB loading was 30 wt% based on the 
weight of the epoxy resin) were fully mixed. 
Graphene (0.25, 0.50, 0.75, 1.00 or 1.25 wt%, based 
on the weight of the epoxy resin) was well dispersed 
in 25.0 g curing agent through ultrasonic wave. 
Subsequently, the as-prepared epoxy/HGB/graphene 
ternary foamed composites were fabricated via a 
similar process of preparing the epoxy/HGB binary 
composite, which was regarded as the control sample.

Characterization

The density of the binary foamed 
composites with different HGB loadings was 
calculated by the following equation: 

v
m

where ρ (g·cm-3) is the density, m (g) is the weight 
and v (cm3) is the volume of the samples. 

The tensile and compressive properties of 
the as-prepared epoxy/HGB/graphene ternary foamed 
samples were characterized by using a universal 
testing machine (Model: M350-20KN, XIN SAN SI 
Corp., China). At least five specimens were tested 
and the average value was adopted for each sample.
The curing behavior of the as-prepared ternary 
foamed composites (the graphene loading was 0.75 
wt%) and the control binary sample (without using 
graphene) were performed by differential scanning 
calorimetry (DSC, Model: DSC822e, METTLER 

TOLEDO Corp., Switzerland) at a rate of 20 ℃·min-1

under the protection of argon gas. Moreover, the 
thermal stability of the as-prepared ternary foamed
composite and the control binary sample were 
performed via thermo-gravimetric analysis (TGA, 
Model: TGA/SDTA 851e, METTLER TOLEDO 
Corp., Switzerland) via at a scanning rate of 20 
℃·min-1 under the protection of argon gas.

Results and Discussion

Density

Fig. 2 shows the density of the epoxy/HGB 
binary foamed composites with different HGB 
loadings (i.e. 0, 10, 20, 30, 40 and 50 wt%). It is clear 
that HGB could effectively reduce the density of the 
epoxy resin matrix. The density of the as-prepared
samples was 1.13 g·cm-3 when the HGB loading was 
0 wt%. Moreover, it turned to 0.81 g·cm-3 as the 
HGB loading increased to 30 wt%. However, it 
reduced only a little as the HGB loading continually 
increased to 50 wt%. This could be explained by that 
the density of HGB was 0.38 g·cm-3, and they could 
not endlessly reduce the density of the resin matrix. 
Moreover, the mechanical properties of the samples 
would be very likely worse if it continually increased
in the loading of HGB. Therefore, 30 wt% of the 
HGB loading was chosen.
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Fig. 2: Density of the epoxy/HGB binary foamed 
composites.

Mechanical Properties

Tensile Properties 

Fig. 3 shows the tensile strength, Young’s 
modulus and elongation at break of the 
epoxy/HGB/graphene ternary foamed composites. It 
is clear that all of them were increased first and then 
decreased with the increasing in the loading of 
graphene. When the graphene loading was 0.75 wt%,
they reached to the maximum values which were 85.2
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%, 53.4 % and 11.0 % more than the control binary 
sample, respectively. It could be explained by that: 1) 
Graphene was a kind of ideal reinforcing filler; for 
example, it possessed large specific surface area
(TEM image of the as-used graphene was shown in 
Fig. 1), which was in favor of enhancing the 
mechanical properties of the matrix [22]; thus, only a 
small amount of graphene could show obviously
reinforcing effect; 2) Like other fillers, if the loading
of graphene was excessive, the mechanical 
performances of the samples would be deteriorated.

0.00 0.25 0.50 0.75 1.00 1.25
15

20

25

30

35

40

45

T
en

si
le

 s
tr

en
gt

h
 (

M
P

a)

Graphene Loading(wt% )

(a)

0.00 0.25 0.50 0.75 1.00 1.25
250

300

350

400

450

(b)

Y
ou

n
g'

s 
m

od
ul

u
s 

(M
P

a)

Graphene Loading (wt% )

0.00 0.25 0.50 0.75 1.00 1.25

15

20

25

30

35

40

(c)

E
lo

n
ga

ti
on

 a
t 

b
re

ak
 (

%
)

Graphene loading (wt%)

Fig. 3: Tensile strength (a), Young’s modulus (b) 
and elongation at break (c) of the 
epoxy/HGB/graphene ternary foamed 
composites.

Compressive Properties

Fig. 4 shows the compressive strength and 
modulus of the ternary foamed composites. Both of 
them increased first and then fast decreased with the 
increasing in the loading of graphene. This result was 
similar with the tensile properties. When graphene
loading was 0.75 wt%, the compressive strength and 
modulus of the samples reached to the maximum 
which were 10.8 % and 68.6 % more than the control 
binary sample, respectively. As a consequence, 
graphene could not only enhance the strength, but 
also improve the toughness of the resin matrix.
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Fig. 4: Compressive strength (a) and modulus (b) 
of the epoxy/HGB/graphene ternary 
foamed composites.

Thermal Properties

Fig. 5 shows the thermal behaviors of the 
ternary foamed composites. In Fig. 5 (a), DSC results
showed that the peak temperature, which means that 
the curing rate was the fastest, was moved to 140.6
ºC from 141.5 ºC. This indicated that graphene was in 
favor of accelerating the curing of the composites. 
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The possible reason was that the graphene possessed 
good thermal conductivity [23]. Moreover, in Fig. 5 
(b), TG results showed that the thermal 
decomposition temperature moved to 293.6 ºC from 
235.0 ºC. This might be explained by that the 
graphene had high decomposition temperature and 
could improve the thermal stability of the matrix
[24].
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Fig. 5: DSC (a) and TG (b) spectrums of the 
epoxy/HGB/graphene ternary foamed 
composites.

Conclusion

Epoxy/HGB/graphene ternary foamed 
composites were prepared, and the tensile properties, 
compressive properties and thermal behaviors of the 
as-prepared samples were discussed. Density results 
showed that HGB could act as good light-weight 
fillers to reduce the density of the epoxy resin matrix. 
Moreover, mechanical, DSC, TG results showed that 
only a small amount of graphene, typically 0.75 wt%, 

could improve the tensile, compressive and thermal 
properties of the foamed composites.
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