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The effects of aging conditions on the mechanical properties of epoxy resin (EP) with halloysite nanotube (HNT) were studied.
The aging conditions include soaking in water at various temperatures, soaking in acid solution, soaking in alkali solution,
thermal shock cycling (TSC), and soaking coupled with subsequent thermal shock cycling (i.e., composite aging conditions).
Under aging conditions, the EP is degraded, plasticized, and swelled, resulting in different degrees of cracks and pores in EP.
The tensile and bending properties of EP and HNT/EP nanocomposites decreased after aging, indicating that the durability of
the EP decreased under aging conditions. The addition of HNT could improve the immersion aging resistance and delay the
immersion aging behavior of EP. Under TSC conditions, the reduction in mechanical properties of HNT/EP nanocomposites
with HNT is slightly more than that of the neat EP due to different thermal expansion coefficients between HNT and EP.
The fracture morphology and chemical change were studied to reveal the aging degradation mechanisms in the presence
of HNT addition.

1. Introduction

Epoxy resin (EP) is a typical cross-linked thermosetting
polymer material, which has many outstanding advantages,
such as good mechanical properties, strong stability and
bonding ability, low shrinkage, excellent heat resistance,
chemical resistance, and fire-retardant [1–5]. Therefore, it
is widely used in the field of surface coating, adhesives,
composite manufacturing, civil engineering, etc. [6–9].
However, the performance of EP is degraded in harsh envi-
ronments, including humidity, high-temperature, hygro-
thermal, and radiation conditions, which decreases their
lifetime and durability [10–13].

The hygrothermal aging condition has strongly deterio-
rated the mechanical performance of the EP [9–14]. Under
the hygrothermal aging condition, EP will absorb water,
leading to the deterioration in the physical and chemical
properties of the resin because of hydrolysis, plasticization,
and matrix swelling [2, 9–13]. To reduce the damage and
deterioration of the resin in a hygrothermal environment,

some nanofillers are used, such as carbon nanotube (CNT),
graphene nanoplatelet (GNP), graphene oxide (mGO),
nanoclay, and nano-silicon carbide (n-SiC) [11–14]. Nano-
clay is one of the commonly used nanofillers to improve
multiple properties of the EP because of its low cost, high
aspect ratio, unique chemical properties, high mechanical
properties, and thermal stability [15, 16]. Halloysite nano-
clay is from silicate minerals and is also named halloysite
nanotube (HNT) due to its hollow nanotube structure
[17, 18]. Due to its excellent properties, HNT is widely
used in the research of composite materials [19, 20]. Pre-
vious research work shows that the addition of HNTs into
polymers can significantly enhance mechanical properties,
which improves the tensile strength, flexural strength,
and durability of EP, and delay the degradation behavior
of the EP in a humid environment [21–24].

The aging behavior of resin composites is related to
several variables, such as temperature, corrosion medium,
additives, and aging time [22–27]. Uthaman et al. [14] con-
sidered the effects of water and acid solutions at different
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temperatures on the properties of EP. The reduction in ten-
sile strength of the resin is depending on the soaking time
and temperature, and a long soaking time and high temper-
ature accelerate the aging behavior. Shettar et al. [23] studied
the effect of thermal shock cycling (TSC) on the properties
of EP. Under the condition of TSC, the tensile strength of
neat EP was reduced by 6%-11%, and the bending strength
decreased by 8%-15%. The tensile strength and bending
strength of EP added with nanoclay decreased by 7%-13%
and 9%-17%, respectively. It can be attributed to stress
formation at the nanoclay/epoxy interface due to the mis-
match coefficient of thermal expansion, and therefore, the
addition of nanoclay is not helpful to improve aging resis-
tance under thermal shock cycling (TSC) conditions. Ulus
et al. [26] investigated the effect of the addition of halloysite
nanoclay on the properties of the resin in a saltwater envi-
ronment. They found that after 6 months of aging, the
tensile strength and flexural strength of neat EP decreased
by about 37.4% and 41.9%, respectively, while the tensile
strength and flexural strength of EP with halloysite nanoclay
decreased by about 28% and 35.1%, respectively.

Although some studies have investigated the aging
behavior of resin composites under hygrothermal and
thermal shock cycle conditions, there is little research on
coupled aging factors, e.g., a combination of soaking aging
and thermal shock cycle; therefore, the effects of single
condition aging and coupling aging on the mechanical
properties of neat EP and HNT/EP nanocomposites were
investigated. The accelerated aging conditions were set as
water soaking (20°C, 40°C, and 60°C), thermal shock cycling
(TSC), and soaking coupled with subsequent thermal shock
cycling (composite aging). The degradation in mechanical
properties under these conditions was studied to obtain a
comprehensive understanding of the effects of the aging
condition and nanofiller on EP in a variety of applications.

2. Materials and Methods

2.1. Preparation of Composites. The materials used were
commercially available bisphenol-A EP (Yehao Co., Ltd.
Wuxi, China), JD-230 curing agent (Qiwei Chemical Co.,
Ltd. China), and halloysite nanotubes (HNTs, Mingchuag
Technology Co., Ltd. China).

For the preparation of neat EP and its composites, mix
EP and curing agent and stir for about 30 minutes. Then,
the mixture was made available for a vacuum drying oven
to remove bubbles, and then, the resin composites were
poured into the mold. Afterward, in the curing process, a
two-step curing process was used for a total of 5 hours,
and then, the composites were cooled to room temperature.

For the preparation of HNT/EP nanocomposites, HNTs
were ultrasonically dispersed in 50ml acetone, and the HNT
acetone dispersion was added to that appropriate amount of
EP to obtain 2wt.% content in a beaker under stirred effect
for 3 h. And then, the mixture was put into a vacuum drying
oven to remove bubbles. Afterward, in the curing process, a
two-step curing process was used for a total of 5 hours, and
then, the nanocomposites were cooled to room temperature.

2.2. Aging Tests. Neat EP and HNT/EP nanocomposites were
soaked in deionized water at different temperatures (20°C,
40°C, and 60°C), HCl solution (5wt.%) at 20°C, and NaOH
solution (10wt.%) at 20°C for 720h. These conditions are
generally applied in some aging tests reported in previous
studies [14, 28].

Sudden temperature changes of neat EP and HNT/EP
nanocomposites from the hot chamber (100°C) for about
7min to the cold chamber (0°C) for about 3min were
applied, and the thermal shock cycling (TSC) was repeated
100 cycles, which is similar to TSC test reported in previous
studies [29, 30].

Composite aging conditions were combined soaking
condition with TSC condition. The samples are firstly
soaked in deionized water, HCl solution, and NaOH solu-
tion at 20°C, and then, they are dried and employed in
TSC for 100 repeated times.

2.3. Mechanical Test and Characterization. The tensile test is
carried out by the universal material testing machine
(MTS810, USA), and the test rate is 2mm/min. Referring
to GB/T2567-2008, the resin casting was machined in the
appropriate size. To ensure the accuracy of the data, the
experiment was repeated five times, and the calculated aver-
age value was used in this study.

The three-point bending test was carried out by the
universal testing machine; the test speed is 2mm/min. To
ensure the accuracy of the experimental results, five parallel
data for each experiment condition were calculated to obtain
the average value in this study.

Fourier transform infrared spectroscopy (FTIR, Thermo
Scientific, Waltham, MA, USA) was conducted to estimate
the chemical structure change of neat EP and HNT/EP
nanocomposites arranged from 500 to 3700 cm−1 with a res-
olution of 4 cm−1. A Q2000 differential scanning calorimeter
(DSC) was used to measure the glass transition temperature
(Tg) of the sample at a rate of 10°C/min.

A scanning electron microscope (SEM, Evo-18 Zeiss,
Oberkochen, Germany) was used to observe the fracture
surface of the samples. The failure modes of EP and its
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Figure 1: TEM image of halloysite nanotube (HNT).
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composites can be analyzed by SEM image. A transmission
electron microscope (TEM, TECNAI F20, Hillsboro, OR,
USA) was used to observe the microstructure morphology
of the halloysite nanotube (HNT).

3. Results and Discussion

3.1. Structure and Morphology of Halloysite Nanotube.
Figure 1 shows the TEM image of the halloysite nanotube
(HNT). HNT is a kind of clay mineral. It can be seen that
the HNT is a hollow nanotube structure with an outer diam-
eter of about 30-50 nm and an inner diameter of about 1-

30 nm. Previous studies revealed that the addition of HNT
can significantly improve the mechanical properties of EP,
partly due to its high aspect ratio [18, 21, 22].

3.2. Tensile Properties under Immersion Aging Conditions.
Figure 2 shows the tensile curves of neat EP and HNT/EP
nanocomposites under different conditions. Tables 1 and 2,
respectively, show the tensile properties and the reduction
(%) of tensile properties of EP under different soaking and
aging conditions. As shown in Figure 2(a), the tensile
strength and tensile modulus of neat EP in the dry state were
57.23MPa and 2.69GPa, respectively. The tensile strength of
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Figure 2: Tensile stress-strain curves of (a) neat EP and (b) HNT/EP nanocomposites under different immersion aging conditions.

Table 1: Tensile properties of EP under different soaking and aging conditions.

Sample
Mechanical
properties

Control
(dry condition)

Water soaking
at 20°C

Water soaking
at 40°C

Water soaking
at 60°C

HCl soaking
at 20°C

NaOH soaking
at 20°C

Neat EP

Tensile strength
(MPa)

57:23 ± 2:31 55:26 ± 1:37 52:71 ± 1:89 48:68 ± 2:24 54:04 ± 2:43 54:62 ± 1:98

Tensile modulus
(GPa)

2:69 ± 0:13 2:64 ± 0:10 2:57 ± 0:08 2:46 ± 0:09 2:61 ± 0:06 2:63 ± 0:07

EPs with
nanoclay

Tensile strength
(MPa)

70:61 ± 2:97 68:46 ± 2:39 65:78 ± 1:74 61:32 ± 2:11 66:74 ± 3:16 67:49 ± 2:55

Tensile modulus
(GPa)

3:07 ± 0:13 3:02 ± 0:15 2:94 ± 0:08 2:82 ± 0:11 2:99 ± 0:09 3:03 ± 0:05

Table 2: Tensile property reduction (%) of the sample under different immersion aging conditions.

Sample Mechanical properties
Water immersion

at 20°C
Water immersion

at 40°C
Water immersion

at 60°C
HCl immersion

at 20°C
NaOH immersion

at 20°C

Neat EP
Tensile strength 3.44 7.90 14.94 5.57 4.56

Tensile modulus 1.86 4.46 8.55 2.97 2.23

EPs with HNT
Tensile strength 3.04 6.84 13.16 5.48 4.42

Tensile modulus 1.63 4.23 8.14 2.61 1.30
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neat EP is depending on the immersion temperature in
deionized water. When the resins were soaked in the water
at 20°C, 40°C, and 60°C, the strength was decreased by
3.44%, 7.90%, and 14.94%, respectively. The immersion of
water molecules will lead to degradation, plasticization,

and swelling of the EP, which will degrade the mechanical
properties [14, 31]. It also can be seen that the addition of
HNT improves the strength of the resin, and this is due to
the high mechanical properties of HNT with a large aspect
ratio [22]. Figure 2(b) shows that the strength of HNT/EP
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Figure 3: Fracture surface of neat EP: (a) dry state, (b) immersion in water at 20°C, (c) immersion in water at 40°C, (d) immersion in water
at 60°C, (e) immersion in HCl solution, and (f) immersion in NaOH solution.
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nanocomposites decreased under aging conditions. After
soaking in water at 20°C, 40°C, and 60°C, the tensile strength
was decreased by 3.04%, 6.84%, and 13.16%, respectively. It
indicated that compared with the neat EP, HNT/EP nano-
composites are lower in strength reduction, mainly because

the addition of HNT hinders the infiltration of water
molecules as a “barrier” [13]. In addition to the soaking
temperature, the corrosive medium also influences the aging
behavior of the resin. It can be seen from Figure 2 and
Table 2 that the HCl solution and NaOH solution degrade

Micro voids

Crack
deflection

50 𝜇m

(a)

Cracks

50 𝜇m

(b)

Epoxy void growth

Crack

50 𝜇m

(c)

Cracks

50 𝜇m

(d)

Epoxy void growth

Crack

50 𝜇m

(e)

Voids

Cracks

50 𝜇m

(f)

Figure 4: Fracture surface of HNT/EP nanocomposites: (a) dry state, (b) immersion in water at 20°C, (c) immersion in water at 40°C,
(d) immersion in water at 60°C, (e) immersion in HCl solution, and (f) immersion in NaOH solution.
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the mechanical properties more than deionized water. This
is because the water absorption of EP in HCl and NaOH is
higher than that in deionized water, which makes the deteri-
oration of EP more serious [32, 33].

Figure 3 shows the fracture surface of neat EP under
different conditions. Figure 3(a) displays that the fracture
surface of the unaged EP is smooth and flat, and there is little
crack deflection during the fracture process, indicating a
characteristic of brittle fracture [25]. Figures 3(b)–3(f) show
fracture surfaces of the neat EP under different aging condi-
tions. As reported during dry condition, the aging condition
brings resin more cracks and crack branches. Figures 3(b)–
3(d) show the SEM images of the fracture surface of the
sample after soaking in deionized water at different temper-
atures. With the increase in soaking temperature, the
number of the crack increases. Figures 3(b), 3(e), and 3(f)
display the SEM images of the sample which was soaked in
different mediums at 20°C. There are more cracks in HCl
solution and NaOH solution than in deionized water, indi-
cating that the corrosion is more serious under acidic and
alkaline conditions.

Figure 4 shows the fracture surface of HNT/EP nano-
composites under different conditions. It can be observed
in Figure 4(a) that the fracture surface of the unaged sample
is rough. In addition to some crack deflections, there are
some traces left due to the pull-out of HNT [13].
Figures 4(b)–4(f) show the fracture surface of HNT/EP
nanocomposites after immersion aging condition. It can be
found that voids, cracks, and scarps have occurred under
aging conditions, which reduce the strength of the sample.
The effects of soaking temperature on the aging behavior
of samples could be compared in Figures 4(b)–4(d). With
the increase in soaking temperature, voids and cracks
increased, resulting in a serious deterioration of samples.
Figures 4(b), 4(e), and 4(f) show the fracture surface of aged
samples in diverse mediums at 20°C. Compared with deion-
ized water, NaOH solution and HCl solution increase the
number of crack and void in the sample.

3.3. Flexural Properties under Immersion Aging Conditions.
Figure 5(a) shows the flexural properties of neat EP under
various conditions. Tables 3 and 4 show the flexural
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Figure 5: Flexural stress-strain curves of (a) neat EP and (b) HNT/EP nanocomposites under different conditions.

Table 3: Flexural properties of EP under different soaking and aging conditions.

Sample
Mechanical
properties

Control
(dry condition)

Water soaking
at 20°C

Water soaking
at 40°C

Water soaking
at 60°C

HCl soaking
at 20°C

NaOH soaking
at 20°C

Neat EP

Flexural strength
(MPa)

109:61 ± 5:41 99:28 ± 3:98 93:85 ± 4:14 87:10 ± 4:29 96:40 ± 3:58 98:37 ± 2:81

Flexural modulus
(GPa)

2:97 ± 0:13 2:77 ± 0:09 2:61 ± 0:10 2:51 ± 0:07 2:74 ± 0:11 2:75 ± 0:13

EPs with
nanoclay

Flexural strength
(MPa)

129:96 ± 4:59 120:55 ± 4:31 113:65 ± 2:66 106:93 ± 4:82 116:12 ±
2:27 117:84 ± 5:04

Flexural modulus
(GPa)

3:27 ± 0:12 3:10 ± 0:15 2:91 ± 0:11 2:78 ± 0:08 3:03 ± 0:10 3:06 ± 0:11
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Figure 6: The tensile stress-strain curves of (a) neat EP and (b) HNT/EP nanocomposites under composite aging conditions.

Table 5: Tensile properties of EP under single thermal shock cycle (TSC) and different composite aging conditions.

Sample
Mechanical
properties

Thermal shock
cycling (TSC)

Water soaking
at 20°C+ TSC

Water soaking
at 40°C+ TSC

Water soaking
at 60°C+ TSC

HCl soaking at
20°C+ TSC

NaOH soaking
at 20°C+ TSC

Neat EP

Tensile strength
(MPa)

55:89 ± 1:84 53:70 ± 1:33 48:79 ± 2:01 46:73 ± 2:22 51:49 ± 1:78 51:98 ± 2:58

Tensile modulus
(GPa)

2:66 ± 0:10 2:62 ± 0:13 2:49 ± 0:07 2:35 ± 0:08 2:57 ± 0:11 2:61 ± 0:12

EPs with
nanoclay

Tensile strength
(MPa)

68:58 ± 3:24 66:30 ± 2:83 63:07 ± 3:03 58:36 ± 1:66 64:54 ± 1:39 64:95 ± 2:37

Tensile modulus
(GPa)

3:03 ± 0:06 3:00 ± 0:13 2:88 ± 0:09 2:72 ± 0:11 2:95 ± 0:12 2:99 ± 0:08

Table 6: Reduction (%) of tensile properties of EP under single thermal shock cycle (TSC) and different composite aging.

Sample Mechanical properties
Thermal shock
cycling (TSC)

Water
immersion at
20°C+TSC

Water
immersion at
40°C+TSC

Water
immersion at
60°C+TSC

HCl
immersion at
20°CTSC

NaOH
immersion at
20°C+TSC

Neat EP
Tensile strength 2.34 6.17 14.75 18.35 10.03 9.17

Tensile modulus 1.12 2.60 7.43 12.64 4.46 2.97

EPs with HNT
Tensile strength 2.87 6.10 10.68 17.35 8.60 8.02

Tensile modulus 1.30 2.28 6.19 11.40 3.91 2.61

Table 4: Flexural property reduction (%) of the sample under different immersion aging conditions.

Sample Mechanical properties
Water soaking

at 20°C
Water soaking

at 40°C
Water soaking

at 60°C
HCl soaking

at 20°C
NaOH soaking

at 20°C

Neat EP
Flexural strength 9.42 14.38 20.54 12.05 10.25

Flexural modulus 6.73 12.12 15.49 7.74 7.41

EPs with HNT
Flexural strength 7.24 12.55 17.72 10.65 9.33

Flexural modulus 5.20 11.01 14.98 7.34 6.42
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properties and the reduction (%) of flexural properties of EP
under different immersion conditions, respectively. The flex-
ural strength of the EP decreased after soaking aging. This is

further caused by the infiltration of water molecules into the
resin [13, 34]. The addition of HNT improves the flexural
properties of the resin under immersion aging conditions,
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Figure 7: Fracture surface of neat EP under different aging conditions: (a) single TSC, (b) immersion in water at 20°C+TSC, (c) immersion
in water at 40°C+TSC, (d) immersion in water at 60°C+TSC, (e) immersion in HCl solution+TSC, and (f) immersion in NaOH
solution+TST.
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as shown in Figure 5(b). Under the same soaking conditions,
the reduction in flexural strength of HNT/EP nanocompos-
ites is slightly lower than that of neat EP.

3.4. Tensile Properties under Composite Aging Conditions.
Figure 6 shows the tensile stress-strain curves of the EP
under a single thermal shock cycle (TSC) and composite
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Figure 8: Fracture surface of HNT/EP nanocomposites under different aging conditions: (a) single TSC, (b) immersion in water at
20°C+TSC, (c) immersion in water at 40°C+TSC, (d) immersion in water at 60°C+TSC, (e) immersion in HCl solution+TSC, and
(f) immersion in NaOH solution+TSC.
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aging conditions (immersion aging coupled with thermal
shock cycle). Tables 5 and 6 show the tensile properties
and the reduction (%) of tensile properties of the EP under
a single thermal shock cycle (TSC) and different compos-
ite aging conditions, respectively. It can be seen from
Figure 6(a) and Table 6 that the tensile strength of neat
EP under a single TSC condition decreases by 2.34%. In
addition, composite aging conditions made lower tensile
strength of either EP or its composites more than a single
TSC. It is reported that during the immersion aging process,
the crack in EP has occurred due to the infiltration of water
molecules [12]. Therefore, subsequent thermal shock makes
the degradation of the resin matrix more serious.

Figure 6(b) shows the tensile stress-strain curves of
HNT/EP nanocomposites under single thermal shock cycle
and composite aging conditions. Under single thermal shock
cycle conditions, the tensile strength falls by 2.87%. This
indicates that the EP composites reduced higher value in
strength than neat EP due to different thermal expansion
coefficients between HNT and EP. In addition, under com-
posite aging conditions, the tensile strength decreases
sharply, mainly because the resin has more cracks and
interface debonding between HNT and resin after stress
mismatch.

Figure 7 shows the fracture surface of the neat EP after
single thermal shock cycle and composite aging conditions.
It can be seen from Figure 7(a) that microcracks and crack
branches are generated in the EP under single thermal shock
cycle condition, which is the result of thermal residual stress
[23, 35]. Figures 7(b)–7(f) display the fracture surface of
the neat EP after composite aging conditions. The crack
increases, and the scarp is deep, indicating that the degrada-
tion of the sample under composite aging conditions is more
serious than that of the sample under single thermal shock
cycle conditions. Besides, high temperature will aggravate
the damage to the EP, as shown in Figures 7(b)–7(d).

Figure 8 shows the fracture surface of HNT/EP nano-
composites after single thermal shock cycle and composite
aging conditions. It can be seen from Figure 8(a) that some
tiny cracks appear after the single thermal shock cycle,
resulting in a decrease in strength. Figures 8(b)–8(f) show
the SEM images of the fracture surface of the samples after
composite aging conditions. Compared with the single ther-
mal shock cycle condition, the composite aging condition
makes the deterioration of the sample more serious. From
Figures 8(b)–8(d), it can be seen that the cracks are more
and the scarps are deeper with the increase in aging temper-
ature, indicating that the deterioration degree of the sample
increases.

3.5. Flexural Properties under Composite Aging Conditions.
Figure 9 shows the flexural properties of EP and EP compos-
ites under different aging conditions. Tables 7 and 8 list the
bending properties and the reduction (%) of bending prop-
erties of EP under single thermal shock cycle (TSC) and
different composite aging conditions, respectively. Flexural
strength of neat EP and HNT/EP nanocomposites decreased
after single thermal shock cycle. But the addition of HNT
scarcely improves the reduction rate in flexural properties.
In addition, under composite aging conditions, the reduc-
tion rate in flexural strength of HNT/EP nanocomposites is
slightly lower than that of neat EP, indicating that the
HNT could delay the aging behavior of the resin because
HNT with a high aspect ratio hinders the infiltration of
water molecules during an immersion aging.

3.6. FTIR Analysis. FTIR experiments of the samples under
different aging conditions were conducted, and the FTIR
curves are presented in Figure 10. Changes in functional
groups of the neat EP and HNT/EP nanocomposites were
analyzed by specific wavenumbers. According to the previ-
ous studies, some peaks were applied to detect the chemical

Fl
ex

ur
al

 st
re

ss
 (M

Pa
)

0
0.00 0.02 0.04 0.06

20

40

60

80

100

120

Flexural strain (mm/mm)

TSC
20 °C + TSC
NaOH + TSC

40 °C + TSC
60 °C + TSC

HCl + TSC

(a)

Fl
ex

ur
al

 st
re

ss
 (M

Pa
)

0
0.00 0.02 0.04 0.06

20

40

60

80

100

140

120

Flexural strain (mm/mm)

TSC
20 °C + TSC
NaOH + TSC

40 °C + TSC
60 °C + TSC

HCl + TSC

(b)

Figure 9: Flexural stress-strain curve of (a) neat EP and (b) HNT/EP nanocomposites under composite aging conditions.
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structure change of the EP (and its nanocomposites) or the
EP suffered by aging conditions [36–40]. The peaks of all
aged and nonaged samples at 3400 cm-1 belong to -OH
groups. Compared with the spectra of nonaged samples,
the peak displacement and depth of aged samples have some
changes, which indicate that the samples have been oxidized
during aging [33]. According to FTIR, the samples were aged
in different conditions. It can be seen that the spectrum of
neat EP is almost the same as that of HNT/EP nanocompos-
ites, which indicates that no new chemical action occurs
after adding HNT. As for the peaks ranging from 3290 cm-1

to 3350 cm-1, all samples appeared in this region, which was
the stretching vibration of hydroxyl single-bond -OH group
[39]. Peaks at 1640cm-1 and 1380 cm-1 are related to the
single-bond -OH bending vibration of the carbonyl (double
bond CO) group and carboxyl COOH group, respectively.
The -OH groups in HNT/EP nanocomposites are mostly
the same as those in neat EP. The main reasons are that less
water diffuses in HNT/EP nanocomposites and more serious
hydrolysis of neat EP under hydrothermal aging conditions.
The addition of HNT hindered the hydrothermal aging
behavior of the EP.
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Figure 10: FTIR curve of (a) neat EP and (b) HNT/EP nanocomposites.

Table 7: Flexural properties of EP under single thermal shock cycle (TSC) and different composite aging conditions.

Sample
Mechanical
properties

Thermal shock
cycling (TSC)

Water soaking
at 20°C+TSC

Water soaking
at 40°C+TSC

Water soaking
at 60°C+TSC

HCl soaking
at 20°C+TSC

NaOH soaking
at 20°C+TSC

Neat EP

Flexural strength
(MPa)

105:87 ± 2:77 95:02 ± 4:55 89:06 ± 3:80 81:87 ± 3:04 92:13 ± 4:14 92:81 ± 2:03

Flexural modulus
(GPa)

2:90 ± 0:14 2:67 ± 0:10 2:56 ± 0:12 2:41 ± 0:07 2:62 ± 0:09 2:64 ± 0:11

EPs with
nanoclay

Flexural strength
(MPa)

124:15 ± 3:66 114:03 ± 3:41 106:01 ± 2:01 98:89 ± 3:94 109:42 ±
4:83 111:22 ± 4:62

Flexural modulus
(GPa)

3:17 ± 0:12 2:99 ± 0:14 2:84 ± 0:11 2:73 ± 0:06 2:89 ± 0:08 2:93 ± 0:05

Table 8: Reduction (%) of flexural properties of EP under single thermal shock cycle (TSC) and different composite aging conditions.

Sample Mechanical properties
Thermal shock
cycling (TSC)

Water
immersion at
20°C+TSC

Water
immersion at
40°C+TSC

Water
immersion at
60°C+TSC

HCl
immersion at
20°C+TSC

NaOH
immersion at
20°C+TSC

Neat EP
Flexural strength 3.41 13.31 18.75 25.31 15.95 15.33

Flexural modulus 2.36 10.10 13.80 18.86 11.78 11.11

EPs with HNT
Flexural strength 4.47 12.26 18.43 23.91 15.80 14.42

Flexural modulus 3.06 8.56 13.15 16.51 11.62 10.40
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3.7. DSC Analysis. Figure 11 shows the DSC tests of EP and
HNT/EP nanocomposites. The Tg changes after aging under
different conditions were studied. It can be seen that the Tg
of neat EP is about 149.7°C, while the Tg of HNT/EP nano-
composites is about 153.5°C, indicating that the addition of
HNT increases the Tg of EP composites. After aging in
20°C and 60°C deionized water, the Tg of EP is gradually
reduced. After aging in HCl solution and NaOH solution,
the Tg of EP is about 143.4°C and 142.3°C, respectively. It
is concluded that the Tg decreases to varying degrees after
aging under different soaking conditions. In addition, under
TSC conditions, the Tg of EP is about 150.1°C. The main
reason is that water molecules penetrate the EP to cause deg-
radation. A high temperature of deionized water makes the
Tg drop more [41]. However, high temperature may lead
to the postcuring of EP [42].

4. Conclusions

(1) The tensile strength and flexural strength of neat EP
decrease under soaking aging conditions. In deion-
ized water, a high soaking temperature accelerated
aging behavior, causing a decrease in mechanical
properties. HCl and NaOH solutions lead to a higher
degradation rate in tensile and flexural properties
than deionized water

(2) The tensile strength and flexural strength of neat EP
and HNT/EP nanocomposites decreased under
immersion aging conditions, and HNT could slow
down the aging behavior of the EP, mainly because
the addition of HNT hinders the infiltration of water
molecules into the EP matrix as a “barrier”

(3) Under TSC conditions, the HNT addition scarcely
delays the reduction rate in mechanical properties
of EP. Under composite aging conditions, the tensile
strength and flexural strength of neat EP and HNT/
EP decreased significantly due to microcrack in the
resin during soaking aging
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