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Abstract
The compressive properties of 3D angle-interlock woven/epoxy resin composites with vari-
ous carbon nanotube (CNTs) contents were investigated under quasi-static and high strain 
rate loading to evaluate the compressive failure modes, which were influenced by various 
CNT contents and different strain rates. The results indicated that the stress strain curves 
were strain rate sensitive, and the compressive failure stress of composites with various 
CNT contents were increased with a change the strain rates and CNT contents. The com-
pressive failure modes of 3D angle-interlock woven composites without CNT tended to be in 
shear deformation, delamination fibre breakage and matrix crack together, and the failure 
modes of 3D angle-interlock woven composites with high CNT contents presented delami-
nation and shear deformation. 

Key words: 3D angle-interlock woven composites, carbon nanotubes (CNTs), impact com-
pression behaviours, high strain rates,

posites containing MWCNTs presented 
improved matrix-dominat and intelami-
nar fracture-related properties. Fan et al. 
[11] investigated the interlaminar shear 
strength of glass fibre reinforced epoxy 
composites enhanced with multi-walled 
carbon nanotubes (MWCNTs), andfound 
that there was an increase in the inter-
laminar shear strength of up to 33% with 
adding the MWCNTs into the composite. 
As well as the preferential orientation of 
the MWCNTs, the thickness direction 
was found to contribute to the increase 
in the interlaminar shear properties. Qiu 
et al. [12] employed carbon nanotube in-
tegrated multifunctional multiscale com-
posites. They found that the mechanical 
properties of the multiscale composites 
were remarkably enhanced. Davis and 
Whelan [13] researched the interlaminar 
shear fracture toughness of a nanotube re-
inforced composite. The results present-
ed that the interlaminar shear toughness 
was obviously improved by the carbon 
nanotubes. Jindal et al. [14] discussed 
the high strain rate of MWCNTpolycar-
bonate composites. The research results 
revealed that the mechanical properties 
and energy absorption increased rapidly 
compared with the data of pure polycar-
bonate. Bhardwaj et al. [15] investigated 
the flexural and dynamic response of 
CNTs reinforced laminated composite 
plates. They found that the CNT con-
tents and their aspect ratio had an obvi-
ous influence on the non-linearflexural 
and dynamic response of the laminated 
composite. Borbon et al. [16] observed 
the dynamic behaviours of composite 
sandwich plates with carbon nanotubes 
subjected to blast loading. The results in-
dicated that the permanent displacement 

glass fibre reinforced composites with a 
nanotube modified matrix. They found 
that the interlaminar shear strengths of 
the nanotubemodified composites were 
significantly improved (16%) by add-
ing only 0.3 wt% of carbon nanotubes. 
Romhany and Szebenyi [6] filled epoxy 
resin with multiwalled carbon naotubes 
(MWCNTs) and prepared MWCNT/car-
bon fibre/epoxy composites. The inter-
laminar fracture toughness values were 
observed to obviously increase in their 
study. Yokozeki et al. [7] analysed the 
mechanical behaviours of CFRP lami-
nates manufactured from unidirectional 
prepregs with cup-stacked carbon na-
notube (CSCNT)-dispersed epoxy, and 
noted that the improvement instiffness 
and strength and no adverse influences 
on mechanical properties were experi-
mentally verified due to the dispersion 
of CSCNT. Siddiqui et al. [8] observed 
the tensile strength of glass fibres with 
carbon nanotube-epoxy nanocomposite 
coating. The results showed that the ten-
sile strength of single fibres obviously in-
creased with increasing carbon nanotube 
content up to a certain level. Solima et 
al. [9] studied the low-velocity impact 
of thin woven carbon fabric composites 
incorporating multi-walled carbon na-
notubes (MWCNTs), and observed that 
the functionalised MWCNTs enhanced 
the impact response and limited the dam-
age size in the woven carbon fibre com-
posites. Meanwhile the addition of 1.5% 
MWCNTs resulted in a 50% increase in 
energy absorption. Kim et al. [10] studied 
the mechanical properties of miltiwalled 
carbon nanotube (MWCNTs)-loaded 
plain-weave glass/epoxy composites, 
and found that the plain-weave com-

n Introduction
Textile structural composites have be-
come more popular nowadays because of 
their lower cost and excellent structures. 
They have high stiffness and high resist-
ance to corrosion and abrasion [1]. How-
ever, the strain rate is a sensitive element 
that influences the dynamic strength, 
such as the compression, tension and 
failure strain of textile structural compos-
ites. Many researchers have investigated 
the dynamic strength of these composites 
within the strain rate range they needed. 

Carbon nanotubes (CNTs) offer a new 
opportunity to enhance the mechanical 
properties of fibre reinforced composites 
simply due to their excellent Young’s 
modulus and strength, high aspect ratio, 
large surface areas and excellent ther-
mal properties. Thakre et al. [2] prepared 
epoxy/single walled carbon nanotubes/
carbon woven composites and tested their 
mechanical properties. The results indi-
cated that the interlaminar shear strength 
was improved by employing function-
lised nanotubes. Grimmer and Dharan 
[3] researched the fatigue properties of 
carbon nanotube reinforced glass fibre/
polymer composites. They found that the 
fatigue properties of the carbon nano-
tube reinforced composite was improved 
compared with conventional matrix com-
posites. Tsantzalis et al. [4] mixed carbon 
nanofibres (CNF) into epoxy resin and 
studied the mechanical quasi-static prop-
erties influenced by the ingredient added. 
Besides this the reinforcement of the me-
chanical properties were observed after 
the addition of the CNF. Wichmann et al. 
[5] studied the mechanical properties of 
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was larger for the plates with CNTs; the 
inherent brittleness of epoxy resins was 
overcome by adding CNTs, and the fail-
ure load was larger for the specimens with 
CNTs. Femandez et al. [17] investigated 
the influence of multiwall carbon nano-
tubes on the in-plane shear behaviour of 
epoxy glass fibre reinforced composites. 
The research evaluated the initial shear 
modulus and deterioration of the shear 
modulus during plastic, deformation and 
material hardening, but incorporating 
MWCNT into the resins did not affect 
the parameters investigated under the 
conditions imposed. Ma et al. [18] stud-
ied the transverse impact behaviours of 
glass warp-knitted fabric/foam sandwich 
composites through carbon nanotube in-
corporation and found that there was an 
increase in the impact velocity with an 
increase in the carbon nanotube content.

The compression behaviours of fibre re-
inforced composites at high strain rates 
are identified as impact compression. The 
impact compression behaviours change 
with a variation in the strain rates, which 
are also called the high strain rate effects 
of the composites. Textile structural com-
posites are often employed in impulsive 
loadings, and the compression behaviour 
is a basic parameter for the design of 
composites. Moreover the impact com-
pression behaviours of many types of 
composites show the strain rate effect. 
The strain rate effects of fibres and the 
polymer matrix are significant elements 
for the fibre reinforced composite design. 
Many researchers have discussed the im-
pact behaviours of fibre reinforced com-
posites with various CNT contents. Ko-
stopoulos et al. [19] found about 0.5 wt% 
of MWCNTs can dispersed in the epoxy 
matrix of CFRP quasi-isotropic lami-
nates subjected to a low velocity impact, 
and high CNT contents were beneficial 
for the impact damage and residual prop-
erties of the composites. Their impact of-
ten represents a low-velocity impact via 
a drop-weight; this kind of impact indi-
cates low strain rates. 

Fibre reinforced composites with CNTs 
are often employed with impulsive and 
impact loading, which means high strain 
rate loading. The dynamic behaviours 
and failure modes of fibre reinforced 
composites with CNTs are much differ-
ent between lower and higher strain rate 
loading. It is necessary to analyse the me-
chanical behaviours and failure modes of 
carbon-nanotube fibre reinforced com-
posites under higher strain rates of load-
ing. However, the impact properties of 
fibre reinforced composites with CNTs 
under high strain rates are still beyond 
our scope. In the present study, a com-
posite with CNTs added to resin was pre-
pared. The strain rate effect of 3D angle-
interlock woven composites with various 
CNT contents under impact compression 
was analysed. 

n Experimental methods
Materials
3D angle-interlock woven fabrics were 
prepared at the College of Textile and 
Clothing of Jiangnan University. The 
glass yarns were supplied by Taishan 
Glass Fibre Co. Ltd, whose glass yarn 
diameter was 168 tex in the warp direc-
tion and 254 tex in the weft direction, and 
each yarn contained 90 and 128 fibres, re-
spectively. Figure 1 shows a sample and 
structure of the 3D angle-interlock wo-
ven fabric [20, 21]. Glass filament tows 
without twists were used to weave the 3D 
angle-interlock fabric. Two adjacent lay-
ers of weft yarns were joined together by 
weaving the warp yarns. Table 1 shows 
specifications of the fabric. The structur-
al feature imparted both higher stiffness 
and strength to the thickness and in-plane 
directions. 

The epoxy resin was Type 618, obtained 
from the Shanghai Resin Factory of Chi-
na, with a e tensile modulus of 1.97 GPa 
and tensile strength of 68.10 MPa. The 
type of MWCNTs was MFG 110413, 
supplied by Chengdu Organic Chemi-
cals Co.Ltd., Chinese Academy of Sci-
ences. The outer diameter (OD) of the 
MWCNTs was 10 - 20 nm, the length  
10 - 30 mm and the purity was greater 
than 95 wt%.

Preparation of MWCT-filled epoxy 
resin
The MWCNTs were dispersed in acetone 
solution. The concentration of the MWC-
NTs was 1 wt%. To get a homogenous 
solution, the mixture was ultra soni-
cated by an ultrasonic cell disruptor for 
about 6 hours at a supersonic frequency 
of 80 kHz. Then epoxy resin part A was 
added to the solution and stirred at 40 °C 
for 12 hours (The acetone was volatiled 
completely), while epoxy part B was 
added to the solution before fabricating 
the composites.

Composite fabrication
Composites were fabricated with MWC-
NT- filled epoxy resin by employing 
vacuum-aided resin transfer molding 
(VARTM) technology. The void content 
of the composites was less than 1% and 
the fibre volume fraction was approxi-
mately 40%. The fibre volume fraction 
was approximately 40% and the void 
content less than 1%. The void content 
was measured by the following equation:

Vv = [1 - rs(wf /rf  + wr/rf )] × 100% (1)

where, Vv is the void content, rs the den-
sity of the composite in kg/m3, wf and wr 
the mass fraction of carbon fabrics and 

Table 1. Specifications of the 3D angle-interlock woven fabric.

Yarns Weaving density, ends/cm Linear density, tex Layers
Warp 8 168 6
Weft 4 254 5

Weft yarn

Warp yarn

Figure 1. Weave structure of 3D angle-interlock woven fabric [19]; a) two-dimensional view, b) three-dimensional view.

a) b)
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resin, respectively, and rf and rr are the 
density of carbon fabrics and resin, re-
spectively in kg/m3.

The size of the composites is dependent 
on the mould, being about 200 × 200 mm 
(length × width). Figure 2 is the cross-
section of 3D angle-interlock woven 
composites [20].

Compression tests under various 
strain rates
Compression tests were conducted un-
der both quasi-static and high strain 
rates. A compression test under the 
quasi-static condition was performed 
on an MTS810.23 system at a speed of  
1 mm/min. The size of specimen was  
9 × 9 mm (length × width), which is de-
pendent on the characteristics of the split 
Hopkinson pressure bar (SHPB) appara-
tus.

The high strain rates compression tests 
were carried out on SHPB apparatus.  
A schematic illustration and principle 
of the SHPB are shown in Figure 3. A 
specimen is placed between two elastic 
bars of the same cross sectional area and 
modulus, which are separately identified 
as the incident bar and transmission bar.  
The material of the striker and pres-
sure bars made of steel are subjected 
to maraging at extremely high yield 
strength in order to withstand a very high 
impact velocity. An elastic stress pulse is 
imparted to the incident bar by impact-
ing it with a striker bar of the same cross 
sectional area and modulus. The impact 
of the striker bar generates an elastic 
stress wave equal to twice the length of 
the striker bar, which then propagates 
through the incident bar at the speed 
of sound in the bar media and passes 
through the specimen while deforming 
it. The particle velocity imparted ot the 
incident bar is half the impact velocity 
of the striker bar. The stress in the bar is 
given by 

v = r C0 vP                      (2)

where, r is the density of the bar mate-
rial, C0 the bar velocity and vP is the par-
ticle velocity.

When the elastic wave reaches the speci-
men-incident bar interface, part of it will 
be reflected back, and part will be trans-
mitted through the specimen and pass 
through the transmission bar. To obtain 
the direct incident pulse, reflected pulse 
and transmitted pulse, strain gauges are 
mounted on both the incident and trans-

Figure 2. Cross-section of 3D angle-interlock woven composites [20].

Figure 3. Set up of split Hopkinson pressure bar.

Figure 5. Principle of split Hopkinson pressure bar [22].

Figure 4. Schematic of split Hopkinson pressure bar.

300 mm 300 mm 250 mm 350 mm

Transmission barStriker bar Incident bar
Specimen

Strain gages

eI (t)

eR (t) eT (t)
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mitter bars. One-dimensional wave prop-
agation is assumed to analyse the strain 
signals from the strain gauges, where Eb, 
Ab and rb represent the modulus, cross 
section area and density of the bar and 
Es, As and rs mean those of the speci-
men. The equations for the strain rates  
(e ), strain (e) and stress (s) of the speci-
men are as follows: 

          (3)

        (4)

           (5)

where, t is the time, bbEC r=0  the 
longitudinal wave velocity in the bar and 
Ls refers to the specimen length eR(t) and 
eT(t) are the strain gauge signals of the 
reflected and transmitted pulses, respec-
tively.

The function of time and average stress 
and strain in the specimen can be calcu-
lated and the mechanical properties of the 
composite, such as strain rates and stress-
strain behaviour, along loading direction 
can be deduced from Equatios 3 - 5.

A gas gun of 14.5 mm inner diameter 
was employed in this study as a momen-
tum trapping device equipped onto the 
SHPB, with the incident and transmis-
sion bars having the same diameter (di-
ameter 14.5 mm and length 600 mm). 
Compressed nitrogen gas was employed 
to operate the gas gun and propel the 
strike bar to move a distance of 200 mm. 
The impact velocity of the gas gun (strike 
bar) could be altered by changing the gas 
pressure to get the strain rates required. 
Figures 3 and 4 display the schematic 
and principle of splitting the Hopkinson 
pressure bar, respectively, and Figure 5 
is the principle of split Hopkinson pres-
sure bar [22].

n Results and discussion
Stress-strain relations 
Compression tests of composites with 
various CNT contents were implemented 
at different strain rates, and at least five 
samples were tested at each strain rate 
(including the quasi-static state). Several 
typical signals obtained from the input 
and output bars under various CNT con-
tent conditions are shown in Figure 6. 
According to the one dimensional stress 
wave propagation theory of SHPB ap-
paratus, the stress strain curves at high 

strain rates can be calculated, the results 
of which are displayed in Figure 7 - 10. 
It is obvious that the strain rate with 
different CNT contents influences the 
stress-strain curves a lot, which appears 
at each of the strain rates, including qua-
si-static and high strain rate loading. The 
compressive failure stress rises with an 
increase in the strain rate and CNT con-
tent, meanwhile, the compressive failure 
strain decreases with an increase in the 
strain rate and CNT content.

The stress-strain curves of 3D angle-in-
terlock woven fabric composites without 
CNTs at various strain rates are shown 
in Figure 7, indicating an obvious in-
crease in the compressive failure stress, 
and the failure strain decreases with an 
increase in the strain rate. The compres-
sion properties of the 3D angle-interlock 
woven composite is determined by the 
mechanical behaviours of glass fibres in 
the woven structure and by the resin. As 
the glass fibre and resin are both strain 
rate sensitive, the stress-strain curves 
of the 3D angle-interlock composite are 
also such. The stress-strain curve during 
quasi static compression shows lower 
compressive stiffness, which increases 
when the strain rate rises.

The stress-strain curves of woven fabric 
composites with 0.5wt% CNTs at various 
strain rates are displayed in Figure 8. 
For the composites without CNTs, Fig-
ure 7 is similar in that the compressive 
failure stress increases with an increase 
in the strain rate, while the compressive 
failure strain decreases with an increase 
in the strain rate, indicating that the com-
posite with CNTs is also strain rate sensi-
tive. Comparing the composites without 
CNTs, their failure stress with CNTs is 
much larger than that of composites with-
out CNTs, which is because CNTs can 

improve the interface strength between 
the fibres and resin. However, what is 
peculiar is that the compressive stiffness 
of composites with 0.5 wt% CNTs under 
various strain rates is much lower than 
that of composites without CNTs, the 
reason for which is that CNTs increase 
the plasticity property of the resin, indi-
cating that the composites with CNTs can 
absorb more energy under impact com-
pression loading.

The stress-strain curves of 3D angle-
interlock woven fabric composites with 
1.0 wt% CNTs and 1.5wt% CNTs at vari-
ous strain rates are shown in Figure 9 - 
10 respectively. Similar to Figure 8, the 
compressive failure stress grows with an 
increase in both the strain rate and CNT 
contents, while the compressive failure 
strain declines when the strain rate in-
creases. At the same time the compres-
sive stiffness of composites with CNTs is 
lower than for composites with a lower 
CNT content.

It can be seen from Figure 7 - 10 that the 
failure stress, strain and stiffness of 3D 
angle-interlock woven composites is sig-
nificantly influenced by the CNT content.

Mechanical properties 
The compressive failure stress and failure 
strain of 3D angle-interlock woven com-
posites with various CNTs under differ-
ent strain rates are shown in Figures 11 - 
12. It can be noticed that the compressive 
failure stress shows a linear increase with 
the strain rate and CNT contents, and the 
compressive failure strain decreases lin-
early with the strain rate and CNT con-
tents. The failure strains at higher strain 
rates and at higher CNT contents are ob-
viously decreased compared with those 
in quasi-static compression and those of 
composites without CNTs. Firstly it can 

Figure 6. Typical 
signals in input 
and output bar 
with 1.5 wt% CNTs 
at a strain rate of 
1600/s.
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be attributed to compression damage 
occurring during quasi static compres-
sion, propagating more slowly than that 
under high strain loading. This induces 
the failure of the reinforcement phase 

(3D angle-interlock woven fabric) in the 
through thickness direction, which in-
cludes deformation. Under higher strain 
rate compression, the impulsive loadings 
induce matrix cracking and breaking of 

the interlaminar yarns. Secondly the 
CNTs can increase the plasticity property 
of resin, and the deformation property of 
resin/CNTs can be obviously improved 
with a higher CNT content. The failure 

Figure 9. Stress-strain curves of 3D angle-interlock woven fabric 
composites with CNTs (1.0 wt%) at various strain rates.

Figure 10. Stress-strain curves of 3D angle-interlock woven fabric 
composites with CNTs (1.5 wt%) at various strain rates.

Figure 11. Failure stress of 3D angle-interlock woven fabric 
composites with different contents of CNTs at various strain rates.

Figure 12. Failure strain of 3D angle-interlock woven fabric 
composites with different contents of CNTs at various strain rates.

Figure 7. Stress-strain curves of 3D angle-interlock woven fabric 
composites with CNTs (0 wt%) at various strain rates.

Figure 8. Stress-strain curves of 3D angle-interlock woven fabric 
composites with CNTs (0.5 wt%) at various strain rates.
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strain can be larger when the composites 
have a higher CNT content under impact 
compression loading. 

Compression fracture features
The fracture characteristics of 3D angle-
interlock woven composites without 
CNTs at various strain rates are illus-
trated in the photographs of Figure 13. It 
can be observed that both fibre breakage 
and shear deformation occur at different 
strain rates and the main damage mode is 
shear failure. Figure 13 shows that when 
the strain rate increases, the composites 
are compressed almost into debris. Dur-
ing quasi static compression, this mani-
fests shear failure among the angle-inter-
lock woven under a higher stress than the 
matrix strength. As the strain increases, 

angle-interlock woven breakage accom-
panied with the shear occurs. With a 
growth in the strain rate, the whole com-
posite sample turns into debris because 
of the difference in stress wave velocity 
between the reinforcement and matrix, 
which is also due to the higher energy 
rate applied to the composite sample.

Figure 14 displays the damage modes 
of 3D angle-interlock woven compos-
ites with 0.5 wt% CNTs at various strain 
rates under compression loading. Similar 
the failure states of composites without 
CNTs, the fibre breakage, delamination 
and shear deformation occur jointly un-
der various strain rates. And the delami-
nation under high strain rates, such as 

2100/s, is the main failure mode of com-
posites. 

Figure 15 illustrates the failure modes of 
woven composites with 1.0 wt% CNTs 
at various strain rates under compres-
sion loading. It is distinct that the failure 
modes in both a quasi-static state and at 
high strain rates are quite different. Both 
matrix cracking and fibre breakage under 
quasi-static compression are the main 
failure modes. However, a matrix crack 
only occurs under high strain rates. 

Figure 16 shows the failure modes of 
woven composites with 1.5 wt% CNTs 
at various strain rates under compression 
loading. It can be observed that matrix 
cracking is still the main failure mode. 

Figure 13. Compression fractures of 3D angle-interlock woven fabric composites with CNTs (0 wt%) at various strain rates. 

Figure 14. Compression fractures of 3D angle-interlock woven fabric composites with CNTs (0.5 wt%) at various strain rates. 

Figure 15. Compression fractures of 3D angle-interlock woven fabric composites with CNTs (1.0 wt%) at various strain rates. 

Figure 16. Compression fractures of 3D angle-interlock woven fabric composites with CNTs (1.5 wt%) at various strain rates. 
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The damage of composites with high 
CNT contents is distinct for compos-
ites with low CNT contents and without 
CNTs, the reason for which is the high 
content of CNTs, leading to anincrease 
in roughness of the composites, and con-
sequently they absorb more energy with 
smaller deformation. 

n Conclusions
The impact compression, including qua-
si-static and high strain rate compression, 
properties of 3D angle-interlock woven/
epoxy resin composites with various 
CNT contents (0, 0.5, 1.0 and 1.5 wt %) 
were investigated using an MTS mechan-
ical tester and split Hopkinson pressure 
bar (SHPB) respectively. Compression 
stress vs. strain curves of the 3D angle-
interlockwoven composites with various 
CNT contents were obtained and a com-
paritive analysis carried out. The stress 
strain curves are strain rate sensitive. 
The failure stress increases with a rise in 
strain rates and CNT contents, while the 
failure strain decreases with rise in the 
strain rates and CNT contents. The com-
pressive failure stress is increased with 
a rise in strain rates. Fracture images of 
the damage of composites with differ-
ent CNT contents at various strain rates 
indicate the existance of fibre breakage, 
matrix cracking, delamination and shear 
deformation modes during the test of the 
composites without CNTs under various 
strain rates, whereas there are onlymatrix 
cracking and delamination failure modes 
for composites with high CNT contents. 
The CNTs do increase the energy absorp-
tion of the composites because they can 
enhance their roughness efficiently. The 
mechanical parameters of composites 
with CNT contents at high strain rates 
obtained can benefit the design of the 
composite’s structures.
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