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Abstract
The increasing use of polymer nanocomposites in armor applications requires an understanding of how these materials 
behave at strain-rates relevant to ballistic impacts. Of particular interest is the role of the microstructure on the failure of 
these materials under dynamic tensile loading. In the present study, plate impact experiments were conducted in order to 
measure the spall strength of a neat epoxy (EPON 828) and an epoxy–carbon nanotube composite. The addition of pristine 
carbon nanotubes (CNTs) to the epoxy resulted in a composite material with a lower spall strength than the neat epoxy matrix 
material. Recovered composite fragments were imaged with a scanning electron microscope. Instances of nanotube pull-out 
were identified on internal fracture surfaces. The lower spall threshold of the epoxy–CNT composite was attributed to the 
comparatively weak epoxy–CNT interface, which provides potential sites from which spall failure can favorably nucleate.
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Introduction

Polymer–matrix composites are an attractive option for bal-
listic armor applications due to their high mass-normalized 
stiffness, strength, and energy dissipation capabilities [1, 
2]. As a result, the shock loading and ballistic response of 
conventional polymer–matrix composites, such as those 
in which woven glass or carbon fibers are embedded in an 
epoxy resin matrix, have been extensively studied [3–6]. In 
recent years, composite research has focused on the possi-
bility of improving the mechanical properties of the epoxy 
matrix through the addition of nanomaterials [7, 8]. In par-
ticular, the high stiffness, strength, and ductility of carbon 

nanotubes (CNTs) have motivated the development of 
epoxy–CNT composites in which the nano-reinforcements 
are dispersed within the epoxy matrix [9, 10]. There is evi-
dence of improvements in stiffness and strength with the 
addition of CNTs to a polymer matrix [10, 11], however 
issues related to uniform dispersion of the high-aspect-ratio 
CNTs and the weak nanotube–matrix interface have pre-
vented these nanocomposites from achieving their theoreti-
cal potential.

While epoxy–CNT composites have been studied exten-
sively under quasi-static loading conditions [7, 9, 12], the 
response of these materials at the elevated strain rates rel-
evant to ballistic impact has not been widely examined [1, 
2, 13]. Of particular interest is the response of these mate-
rials to spall, a typical failure mode in ballistic armour 
systems which occurs when an impact driven shock 
wave reflects from a free surface as an expansion front 
and interacts with the expansion front behind the shock 
to cause tensile failure. Spall is typically studied using 
plate impact experiments, where the impact of a flyer plate 
drives shock waves in the target and flyer which reflect 
from their respective free surfaces as expansion fronts that 
meet and cause tensile failure within the target [14]. Such 
experiments can achieve tensile strain rates in excess of 
104/s with well-defined loading conditions, which allow 
the maximum tension in the material to be estimated from 
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the evolution in the free-surface velocity profile [14]. The 
measured spall strength in plate impact experiments refers 
to the maximum tension supported by the target material 
prior to the relief of tensile stresses due to the nucleation 
and growth of voids or cracks, which occur at the initiation 
of spall fracture. The effect of loading conditions (strain 
rate, pressure pulse amplitude, and pulse duration) on the 
spall strength and fracture modes inferred from recovered 
targets, can be used to develop a fundamental understand-
ing of how these materials fail at strain rates relevant to 
ballistic impact.

A number of studies have examined the spall response 
of neat polymer materials and polymer–matrix composites. 
Curran et al. studied spall failure in polycarbonate [15], 
while Golubev et  al. studied the effect of temperature 
on the spall strength of a variety of polymers [16]. Pep-
per et al. examined the effect of resin curing agent on the 
spall strength of EPON 828 epoxy [17]. Dandekar et al. [4] 
and Yuan et al. [18] measured the delamination strength 
of glass–fiber-reinforced polymer composites using planar 
and oblique plate impacts. Zaretsky et al. compared the 
spall strength of layered glass–fiber-reinforced composites 
with that of the neat epoxy matrix and found a reduction in 
strength from 240 to 160 MPa with the addition of the glass 
fibers [5]. Katz et al. studied the effect of varying the fiber 
type and surface treatment on the spall strength of laminated 
epoxy composites [19]. The addition of fibers had a signifi-
cant effect on spall strength, with Kevlar fibers strengthening 
the system and Spectra fibers leading to a lowering of the 
spall strength [19]. The difference in behavior was attrib-
uted to the presence of residual compressive stresses in the 
Kevlar fiber composite [19]. Bie et al. studied the effect of 
adding dispersed CNTs to an epoxy matrix and found that 
the spall strength of the material was unaffected by the addi-
tion of the nanotubes [13]. Imaging of fracture surfaces on 
impacted samples showed failure modes that are commonly 
observed in quasi-static experiments: fiber pull-out, sliding, 
and breaking [13].

Although it is well understood that particle inclusions 
and second-phase intermetallics in metals act as nucleation 
sites for spall failure [14, 20–22], the effect of fiber inclu-
sions on the spall strength of polymer–matrix nanocom-
posites has not been widely studied. While the addition of 
nano-reinforcements has the potential to improve material 
strength and fracture toughness, the particles or tubes may 
act as nucleation sites for spallation at high strain rates. This 
paper will present spall strength measurements obtained 
via plate impact experiments performed on dispersed CNT 
polymer–matrix composites and samples of the neat epoxy 
matrix. The dependence of the spall strength on the strain 
rate and incident pressure pulse will be examined in both 
the neat and nanocomposite epoxy through a variation in the 
flyer material and its impact velocity.

Materials and Methods

Material Preparation

EPON 828, a bisphenol-A epoxy resin cured with EPI-
KURE 3223 was chosen as the matrix material for this 
study. The resin and curing agent were sourced from Hex-
ion Inc. The neat epoxy samples, identified as EPON 828-
A, were fabricated with a resin-to-curing agent mix ratio 
of 100:12 by weight. The epoxy was prepared by mix-
ing the resin and curing agent with a planetary mixer for 
2 min at 2000 rpm. The mixture was then degassed under 
vacuum and poured into open moulds. The specimens were 
left to cure at room temperature for two days, the first 8 h 
of which was inside an autoclave with a minimum pres-
sure of 5.9 bar. Once cured, the specimens were removed 
from their moulds and then post-cured at 120 °C for 2 h. 
Finally, rough edges and excess material were removed by 
wet polishing with sandpaper (500 grit).

The  epoxy–CNT compos i t e ,  iden t i f i ed  as 
EPON 828-A + CNT, was composed of the EPON 828 
epoxy matrix mixed with pristine NC7000™ industrial-
grade multi-walled carbon nanotubes supplied by Nanocyl 
SA. The nanotubes were produced via a catalytic chemical 
vapor deposition technique, resulting in a carbon purity of 
90%, an average tube length of 1.5 μm, an average diam-
eter of 9.5 nm, and a density of 1.7 g/cm3 according to 
manufacturer specifications. The composite was created 
by integrating the required quantity of dry nanotubes into 
EPON 828 resin with a planetary mixer for three, 3 min 
cycles at 2000 rpm. After integration, the EPIKURE 3223 
curing agent was added at a resin-to-curing agent weight 
ratio of 100:12 and mixed for 2 min. The composite spec-
imens were prepared using the same degassing, curing, 
and post-curing procedures as the neat epoxy samples. 
The final composite contained 1 wt% CNT. As with the 
neat epoxy specimens, any rough edges on the composite 
specimens were removed by wet polishing with sandpaper 
(500 grit).

Plate Impact Experimental Arrangement

Spall experiments were performed using a 64-mm-diam-
eter (d) gas-gun to launch thin flyer plates onto the tar-
get samples at velocities ranging from approximately 
220–730 ms−1. A schematic of the experimental assembly 
can be seen in Fig. 1. The flyer plates, which had thick-
nesses (wf) ranging from 1.6 to 2.0 mm, were glued to a 
plastic (nylon or PVC) sabot such that they have an unsup-
ported rear free surface. Aluminum 6061-T6 and PMMA 
flyers were launched onto epoxy targets with thicknesses 
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( wt ) ranging from approximately 3.0–6.6 mm. The target 
thickness was made sufficiently small as to ensure that 
the expansion front from the edge of the sample did not 
reach the central axis in time to interfere with the spall 
measurement, thus ensuring that the strain remained one-
dimensional. The use of both aluminum and PMMA flyers 
allowed for a variation in the shape and amplitude of the 
loading pulses due to the differences in the speed of sound 
and shock impedance (density multiplied by wave veloc-
ity) of both materials. The close impedance match between 
PMMA flyers and the epoxy targets provided a nearly sym-
metric impact, while aluminum flyers generated greater 
shock stresses upon impact due to their comparatively 
high speed of sound and density. The choice was made 
to use PMMA rather than epoxy as the flyer material for 
symmetric impacts due to the widespread availability of 
readily cut PMMA sheet. Table 1 summarizes the relevant 
acoustic properties of the aluminum and PMMA flyers as 
well as the epoxy targets. It was assumed that the addition 
of 1 wt% CNT to the epoxy had a negligible effect on the 
acoustic wave speeds.

The spall strength was determined by measuring the evo-
lution of the rear surface velocity using a photonic Dop-
pler velocimetry (PDV) system [25] coupled to a 40 GHz 
sampling rate digitizer, allowing for ≈ 2 m/s accuracy at a 
time resolution of 20 ns. The PDV system, which measures 

material velocity based on the magnitude of the Doppler shift 
in a laser signal reflected from a moving surface, requires 
that the free surface of the epoxy samples be coated with a 
material that is reflective to the 1550 nm infrared laser. Ear-
lier experiments, performed on the neat epoxy samples, used 
physical vapor deposition to coat the back surface of the 
samples with a 40–60 nm layer of aluminum. The roughness 
of the rear surface lead to significant ejecta [17] that partially 
obscured the free surface and increased the noise in the PDV 
data. Therefore, in the present study involving epoxy–CNT 
composite targets, an infrared reflective surface was obtained 
by adhering a 0.05 mm thick aluminized Mylar sheet to the 
rear surface. The impact velocity (vi) of the flyer plate was 
measured using a second PDV probe (identified as the spot-
ting laser probe) projected through a 4.8 mm diameter hole 
located 25.4 mm away from the central axis of the target. 
A piezoelectric shock pin (CA-1135 from Dynasen Inc.) 
located 25.4 mm from the central axis opposite to the spot-
ting laser probe was used to trigger the diagnostics. The gas 
gun barrel and target chamber were flushed with helium and 
vacuumed in order to minimize gas cushion effects. The test 
section pressure for Shots 1–5 was in the range of 5–8 Torr, 
and was reduced to approximately 1 Torr for subsequent 
shots following improvements to the vacuum system.

Plate Impact Analysis Methods

The time evolution of the target free-surface velocity, for a 
typical spall experiment, is shown in Fig. 2, where the main 
features of the signal have been labeled. The arrival of the 
impact driven shock wave at the free surface leads to a nearly 
instantaneous increase in the free-surface velocity that is 
proportional to the shock stress. The shock wave reflects as 

Spotting Laser
Probe (PDV)

Free Surface
Probe (PDV)

Piezoelectric
Shock Pin

TargetFlyer

SabotGas Gun
Barrel

d

wf

wt

r

r

Target
Holder

Probe
Holder

Mounting
Flange

Fig. 1   Labeled schematic of the plate impact experimental arrange-
ment

Table 1   The acoustic properties of flyer and target materials for the 
plate impact experiments

a Marsh [23]
b Carter and Marsh [24]
c Determined from ideal solution mixture rules

Material �0 (g/cm3) CB (km/s) CL (km/s)

Aluminum 6061-T6 2.70a 5.27a 6.40a

PMMA 1.19b 2.23b 2.69b

EPON 828-A 1.185b 2.26b 2.64b

EPON 828-A + CNT 1.189c 2.26b 2.64b
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Fig. 2   Labeled graph of the free-surface velocity evolution as a func-
tion of time for a plate impact experiment
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an expansion front that interacts with the expansion front 
originating from the flyer free surface, which generates ten-
sile stresses in the target and leads to a gradual decline in 
the free-surface velocity. The slope of this velocity pull-
back signal is proportional to the tensile strain rate in the 
target. If the tensile stresses are sufficient to spall the target 
material, a compressive wave front is formed by the relaxa-
tion of the tensile stress during fracture. Upon reaching the 
free surface, this compressive wave front, referred to as a 
spall pulse, leads to an increase in the free-surface velocity 
which indicates the onset of spall failure. The particle veloc-
ity behind the shock wave (up) as it reaches the free surface 
and the magnitude of the shock stress (σH) corresponding to 
the post-shock Hugoniot state in the target are given by [26]

where umax is the maximum post-shock velocity of the free 
surface of the target and �0 is the initial density of the tar-
get material. Studies on the shock response of EPON 828 
epoxy have demonstrated a linear relationship between par-
ticle velocity ( up ) and shock velocity ( Us ) over the range of 
shock velocities probed in this study [24, 27]. The addition 
of 1 wt% CNT to the epoxy is not expected to have a sig-
nificant effect on the Us − up relationship [28]. The shock 
velocity can then be obtained by the following empirical 
relation [27].

The tensile strain rate ( 𝜖̇ ) in the target material prior to 
spall can be determined by

where dufs
dt

 is obtained from the slope of the free-surface 
velocity pullback signal and C

B
 is the bulk sound speed of the 

target material. The spall strength ( �sp ) of the target mate-
rial can be determined from the free-surface velocity profile 
using the acoustics approach provided by Stepanov [29] that 
gives the linear approximation [14]

where �ufs is the difference between the maximum free-
surface velocity after the arrival of the shock ( umax ) and the 
minimum free surface velocity prior to the arrival of the 
spall pulse ( umin ), and CL is the longitudinal sound speed.

(1)up =
1

2
umax,

(2)�H =�0Usup,

(3)Us = 2.64 + 1.66up,

(4)𝜖̇ ≈ −
1

2CB

dufs

dt
,

(5)�sp = �0CL�ufs
1

1 +
CL

CB

,

Results

Quasi‑static Material Characterization

Quasi-static tensile tests were performed on neat epoxy and 
epoxy–CNT composite samples using a Fullam Substage 
load frame in order to characterize the materials. The tensile 
tests were conducted with dogbone specimens according to 
ISO 527-2 (Type 1BB), where samples with a gauge length 
of 12.0 mm were loaded with a displacement rate of 2 mm/
min. Tension measurements were taken with a 45 N load cell 
having a resolution of 0.01 N, while elongation was obtained 
using a linear variable displacement transformer sensor with 
a resolution of 1 μm. The ultimate tensile strength ( �max ) 
and elongation at break ( �max ) for the series of tests per-
formed on neat epoxy and epoxy–CNT composite samples 
are presented in Table 2, while representative stress–strain 
curves for the two materials are presented in Fig. 3. The 95% 
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Fig. 3   Representative stress–strain curves for a the neat 
EPON 828-A epoxy and b EPON 828-A + CNT samples , obtained 
from uniaxial tensile tests
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confidence interval (T-distribution) on the mean of the ulti-
mate tensile strength and elongation at break is also shown 
in Table 2. The epoxy–CNT data had greater variability, 
including one outlier (sample 4) which failed at a very low 
stress level. Otherwise, the ultimate tensile strength and 

elongation at break appear to be slightly reduced by the addi-
tion of the CNTs. The stress–strain curves of both materials 
showed a similar material response, including a non-linear 
elastic region with comparable stiffness, and sudden failure 
prior to necking.

Plane-strain fracture toughness ( Kc ) measurements were 
also taken for both materials under quasi-static conditions. 
Rectangular specimens (2 mm by 4 mm by 20 mm) were 
prepared in a Teflon mould. A precision saw was used to 
create a notch on the samples. The notch was then sharpened 
with a razor blade. Preparation of the notches and testing 
were conducted according to ASTM D5045 with a displace-
ment rate of 3 mm/min. The results of the fracture toughness 
tests, which are presented in Table 3, show that the addition 
of CNTs increases the fracture toughness of the material by 
approximately 28%.

Plate Impact Experiments

The test parameters and results from 15 plate impact experi-
ments performed on the neat epoxy and epoxy–CNT com-
posite targets are presented in Table 4.1 The free-surface 
velocity histories for the experiments are presented in Fig. 4. 
The time axis has been arbitrarily offset in order to present 
the data from all experiments on the same plot. The traces 
are numbered and colour-coded as a function of flyer and tar-
get material. A spall event was recorded in every experiment 

Table 2   Epoxy material properties obtained from quasi-static uniax-
ial tensile tests

Sample EPON 828-A EPON 828-A + CNT

�max (MPa) �max �max (MPa) �max

1 49.8 0.048 53.6 0.050
2 53.4 0.058 53.0 0.042
3 49.1 0.046 44.7 0.032
4 50.0 0.050 25.1 0.015
5 43.1 0.036 – –
Mean 49.1 0.047 44.1 0.035
± (95%) 4.6 0.010 21.1 0.024

Table 3   Epoxy fracture toughness measurements obtained from 
quasi-static tests

Sample EPON 828-A EPON 828-A + CNT
Kc (MPa/m0.5) Kc (MPa/m0.5)

1 1.29 1.31
2 0.94 1.40
3 1.10 1.36
4 1.14 1.37
5 0.76 1.28
Mean 1.05 1.34
± (95%) 0.25 0.06

Table 4   Overview of the experimental parameters and results for the plate impact experiments

Shot # Target wt (mm) Flyer plate wf (mm) vi (ms−1) �sp (MPa) 𝜖̇ (104/s) umax (ms−1) �H (GPa)

1 EPON 828-A 6.27 Al 6061 2.0 715 542 8.1 1109 2.34
2 EPON 828-A 6.43 Al 6061 2.0 671 529 6.4 1023 2.11
3 EPON 828-A 6.58 Al 6061 2.0 503 485 4.4 771 1.50
4 EPON 828-A 5.38 Al 6061 2.0 363 412 3.6 561 1.03
5 EPON 828-A 6.50 Al 6061 2.0 219 374 1.6 345 0.60
6 EPON 828-A + CNT 5.08 Al 6061 2.0 617 314 8.7 872 1.74
7 EPON 828-A + CNT 5.21 PMMA 1.6 625 327 7.5 592 1.10
8 EPON 828-A + CNT 4.57 PMMA 1.6 499 310 8.1 496 0.90
9 EPON 828-A + CNT 3.02 PMMA 1.6 355 275 8.5 350 0.61
10 EPON 828-A + CNT 6.35 Al 6061 2.0 612 283 7.0 814 1.60
11 EPON 828-A + CNT 6.31 Al 6061 2.0 675 327 4.3 844 1.68
12 EPON 828-A + CNT 6.27 Al 6061 2.0 347 309 2.4 454 0.81
13 EPON 828-A + CNT 6.21 PMMA 1.6 496 234 4.9 407 0.72
14 EPON 828-A + CNT 6.15 PMMA 1.6 636 268 5.2 472 0.85
15 EPON 828-A + CNT 5.81 PMMA 1.6 730 305 6.9 647 1.22

1  The experiments performed on neat EPON  828 targets were 
reported in a previous study  [17], but are presented in this work 
as additional analysis has been performed on the data and they are 
essential to the comparison with the epoxy–CNT composite samples.
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and is identified by an arrow in Fig. 4. Shot 2 has been omit-
ted as it directly overlaps with Shot 1. The interruption of 
the Shot 12 trace was due to the voltage going off-scale on 
the digitizer.

The spall strength obtained from the free-surface velocity 
traces is plotted as a function of strain rate in Fig. 5 and peak 
stress prior to unloading in Fig. 6. Data from plate impact 
experiments performed by Bie et al. [13] on a bisphenol-A 
epoxy system, which was tested as a neat epoxy and with 
pristine 1 wt% multi-walled CNTs dispersed within the 

matrix, has also been included for comparison.2 The vari-
ation in the strain rate and shock pressure was achieved by 
varying the impact velocity and flyer material: increasing the 
impact velocity resulted in a greater strain rates and shock 
stress, while aluminum flyer plates generated greater shock 
stresses than PMMA flyers at equivalent impact velocities. 

Fig. 4   Measured free-surface 
velocity as a function of time 
for the plate impact experi-
ments. The time axis has been 
arbitrarily shifted to show all 
experiments on the same graph. 
The curves are color coded as 
a function of target and flyer 
material. Arrows indicate the 
arrival of the spall pulse. (Color 
figure online)
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2  The neat epoxy had an ultimate tensile strength of 73MPa, an elon-
gation to failure of 0.029, and a fracture toughness of 0.46 MPa/m0.5, 
while the epoxy–CTN composite had an ultimate tensile strength of 
66MPa, an elongation to failure of 0.026, and a fracture toughness of 
0.60 MPa/m0.5 [7].



19Journal of Dynamic Behavior of Materials (2019) 5:13–23	

1 3

The neat EPON  828 samples exhibited a higher spall 
strength (374–542 MPa) than the EPON 828–CNT compos-
ites (234–327 MPa) over the range of tested strain rates and 
shock stresses. The neat epoxy showed an increase in spall 
strength with increasing shock stress and strain rate, while 
the epoxy–CNT samples did not show an obvious correlation 
between spall strength and strain rate or shock stress. The 
velocity measurement error of the PDV system should result 
in an uncertainty of ± 4 MPa in the calculated spall strength. 
However, the highly dynamic behavior of free-surface veloc-
ity traces in spall experiments means that a loss of signal 
quality near the maximum or minimum velocity ( umax or 
umin ) can significantly increase the measurement uncertainty. 
Ejecta of the aluminum coating on the neat EPON 828 sam-
ples [17] partially obstructed the PDV signal which resulted 
in uncharacteristically noisy free-surface velocity traces and 
increased uncertainty in the spall strength measurements. 
Error bars based on PDV measurement uncertainty and esti-
mates of the error range for noisy signals are included in 
Figs. 5 and 6.

Discussion

Effect of CNT Addition on Spall Strength

Quasi-static material testing of the epoxy systems studied 
in this paper showed that the addition of pristine CNTs to 
the epoxy resulted in a slight decrease in ultimate tensile 
strength and elongation to failure, but a 28% increase in frac-
ture toughness. These results are consistent with those of Liu 
and Wagner [30] and Tang et al. [7], where the addition of 
1 wt% pristine CNTs to epoxy systems resulted in a reduc-
tion in tensile strength and elongation to failure, as well as 
an increase in the fracture toughness or impact strength. The 
greater variability of the ultimate tensile strength and elon-
gation to break that was observed for the epoxy–CNT mate-
rial may be due to an increase in the porosity of the samples. 
The addition of CNTs to the uncured epoxy increased the 
viscosity of the mixture which lead to a greater likelihood of 
having trapped gas bubbles. The resulting voids act as stress 
concentrations from which failure can initiate in a tensile 
test. These coarsely distributed flaws are unlikely to affect 
the spall failure of the material, which initiates simultane-
ously from a large number of fracture sites.

Despite observed similarities in quasi-static properties 
of the neat and CNT-laden epoxies, the plate impact experi-
ments presented above showed a significant reduction in 
measured spall strength with the addition of CNTs to the 
EPON 828 epoxy matrix over a wide range of strain rates and 
shock stresses. The effect of CNT addition on spall strength 
observed in this paper is consistent with previous studies 
examining the impact response of conventional epoxy–fiber 

laminate composites, where the measured spall strength was 
significantly lower than is typical of polymer materials [4, 
5, 18]. The reduction in spall strength is typically attributed 
to weaknesses at the interface between the fibers and the 
matrix material [5]. Similarly, the lower spall strength of the 
composite samples in this work is believed to be due to the 
relatively weak epoxy–CNT interface [31] providing favora-
ble nucleation sites for the initiation of spall fracture. The 
relationship between spall strength and availability of failure 
nucleation sites has been extensively studied. This is true for 
metals, where models [32, 33] and experiments [20, 34] have 
shown that spall strength can be lowered by the availabil-
ity of preferential nucleation sites such as grain boundaries, 
second-phase particles, or inclusions. A scanning electron 
microscope (SEM) image of a recovered epoxy–CNT frac-
ture surface is shown in Fig. 7, where a number of nanotube 
ends can be seen protruding from the fracture surface, which 
is indicative of a fiber pull-out failure mode caused by loss 
of adhesion at the epoxy–CNT interface [7]. While Fig. 7 
provides some indication of weakness at the fiber–epoxy 
interface, the recovery of samples undergoing incipient spall 
would help to further corroborate the theory that the fibers 
act as favorable nucleation sites for fracture.

The findings discussed above do not agree with previ-
ously reported results from Bie et al. [13], where the spall 
strength of a similar epoxy system was found to be nomi-
nally unaffected by the addition of 1 wt% pristine CNTs. 
The difference in the observed relationship between CNT 
addition and spall strength may be explained by the fact that 
the experiments of Bie et al. [13] were carried out at lower 
levels of shock stress. From Fig. 6, it is apparent that the dif-
ference in the measured spall strength of the neat epoxy and 
epoxy–CNT is reduced as the shock stress is decreased. The 
difference in the effect of shock stress on the spall strength 

Fig. 7   Labeled SEM image of an internal fracture surface on a frag-
ment of an epoxy–CNT composite
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for the neat epoxy and the epoxy–CNT composite observed 
in this work may be explained by the fact that the shock-
induced compression collapses voids in the neat epoxy that 
would otherwise act as fracture nucleation sites, but does 
not suppress nucleation sites at the CNT–matrix interface 
of the composite material. It has been shown that flaws, 
such as micro-cracks and voids, can act as spall nucleation 
sites in polymers [15], and theorised that the shock stress 
may supress fracture nucleation sites in polymers [14] and 
liquids  [35]. Therefore, it is possible that the observed 
difference in spall strength between the neat epoxy and 
epoxy–CNT composite can be attributed to suppression of 
nucleation sites in the neat epoxy, and that the strength of 
the two epoxies studied in this work would have been nearly 
equal at the shock stress levels studied by Bie et al. [13].

It is interesting to note that the results presented in this 
paper as well as those of the Bie et al. [13] study showed 
that the increase in quasi-static fracture toughness that 
resulted from CNT addition did not lead to an increase in 
spall strength of the epoxy systems. Grady [36] has devel-
oped a well-known model, supported by experimental evi-
dence, which shows that spall strength can be correlated to 
fracture toughness in brittle spall, due to the increase in the 
energy required for crack propagation. Although elegant in 
its simplicity, the energy-based fracture model developed by 
Grady does not capture the entire nucleation, coalescence, 
and growth process of spall [14]. A particular limitation of 
correlating quasi-static properties to spall strength is the fact 
that spall may be strongly influenced by the nucleation and 
growth of a large number of micro-cracks that are generated 
during fracture [14], whereas quasi-static fracture toughness 
is measured by the growth of a single pre-existing flaw. The 
improvement in fracture toughness caused by the pullout, 
sliding, and breakage of CNTs at low strain rates [7], may 
not translate into spall strength improvements at high strain 
rates if either the initial crack nucleation and growth occurs 
within the epoxy matrix, or the fibers themselves act as 
nucleation sites for spall fracture. It should be noted that the 
results from this study focussed on the tension required for 
the onset of spall, and it is entirely possible that the greater 
fracture toughness of the epoxy–CNT composite could 
supress the late time damage evolution and fracture of the 
sample, such as spall scab formation, despite the reduction 
in spall strength.

Loading Profile Variation

The use of aluminum and PMMA flyers allowed for a sig-
nificant variation in the shape and amplitude of the load-
ing pulse applied to the epoxy targets. Figure 8 compares 
the position-time wave diagram for both types of flyers. 
The comparatively high speed of sound in the aluminum 
flyer plate creates a pressure pulse with a short plateau. 

For sufficiently high impact velocities, the expansion front 
originating from the back of the flyer catches up to the shock 
before reaching the epoxy free surface, thus forming a tri-
angular pressure pulse (unsupported shock). PMMA flyers 
generate much longer pressure pulses that retain a square-
top-like shape when they reach the free surface. The result-
ing pressure pulses for both aluminum and PMMA impacts 
are shown schematically in Fig. 9, where the spatial pressure 
distribution in the sample is shown for the incident pressure 
pulse (solid line) as well as after its reflection from the free 
surface (dashed line) but prior to spall. While the pressure 
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profile for a PMMA impact looks like a typical square pres-
sure pulse, the impedance mismatch between the aluminum 
flyer and epoxy target leads to a step-wise decrease in the 
pressure behind the shock wave. The timescale of the step-
wise profile is determined by the wave reverberation time 
across the flyer plate. Also of interest is the fact that for high 
velocity aluminum impacts, the unsupported shock causes 
the sample to be placed in tension as soon as the shock wave 
reflects from the free surface. For PMMA impacts, tension 
only accumulates in the target at a certain distance away 
from the free surface at a position that is determined by 
the duration of the square-top pressure pulse. The distance 
between the free surface and the plane where tension devel-
ops decreases for increasing ratios of target thickness to flyer 
thickness and for increasing impact velocities.

The features described above can be seen in the free-
surface velocity traces of Fig. 4. In experiments performed 
at high impact velocities with aluminum flyers (e.g., Shots 
1, 6, 10, and 11), the shock was directly followed by the 
expansion front as evidenced by the prompt velocity pull-
back signal, whereas shots performed with PMMA flyers or 

aluminum flyers at lower velocities showed a distinct veloc-
ity plateau before the arrival of the expansion front. The 
effect of target thickness to flyer thickness ratio and shock 
stress on the shape of the pressure pulse is best observed 
with Shot 9, which had a particularly long (≈ 1 μs) veloc-
ity plateau following the arrival of the shock due to the 
low sample thickness and impact velocity. The step-wise 
decrease in pressure behind the shock front produced by 
aluminum flyers manifested itself as short (≈ 0.2 μs) velocity 
plateaus that interrupted the decay of the free-surface veloc-
ity. The plateaus were observed for a number of aluminum 
flyer experiments, particularly in the free-surface velocity 
histories from Shots 3, 5, and 11, but were not seen in the 
PMMA flyer experiments due to the close shock impedance 
match between the flyer and target material.

The free-surface velocity traces of Fig. 4 also show a 
relationship between the steepness of the spall pulse and 
the shape of the incident pressure pulse. Shots performed 
on both neat and CNT-modified samples with aluminum 
flyers (e.g., Shots 1, 3, 6, and 10) tended to have a spall 
pulse with a much slower rise time and lower amplitude 
than experiments with PMMA flyers (e.g., Shots 7, 8, and 
9), the lone exception being Shot 13. The steepness of the 
spall pulse is known to be principally determined by the 
rate of damage evolution at the spall plane [37], with more 
rapid spall (larger number of nucleation sites and more rapid 
void growth) producing a steeper spall pulse [38]. Previ-
ous spall experiments performed on PMMA targets have 
shown a reduction in the steepness of the spall pulse with 
increasing shock stress amplitude [14], which was attrib-
uted to either increased crack tip plasticity [16] due to shock 
heating or suppression of nucleation sites (voids) during the 
initial shock loading [14]. In the experiments presented in 
this paper, the difference in spall pulse shape appears to be 
independent of shock stress, as can be seen by comparing 
low impact velocity aluminum flyer shots (e.g., Shots 3 and 
4) to high impact velocity PMMA flyer shots (e.g., Shots 
7 and 15) and is likely related to the effect of the pressure 
pulse shape. Spall studies performed on metal targets have 
shown that the shape and duration of the pressure pulse can 
have a significant effect on the level of spall damage as well 
as its location and extent within the sample [39, 40]. A wider 
extent of damage has been observed for triangular pressure 
pulses well above the spall threshold when compared to 
an equivalent square-top pressure pulse [39]. This is due 
to the fact that, as demonstrated in Fig. 9, triangular pres-
sure pulses create a quasi-linearly increasing tension which 
extends from the free surface to the head of the expansion 
front, whereas square-top pulses lead to more localized dam-
age at the plane where the two expansion fronts meet. The 
weaker spall pulse seen in the aluminum flyer experiments 
may be caused by dispersion of the spall-induced com-
pression front as it travels through material that has been 

C
om

pr
es

si
on

Te
ns

io
n

Incident Pulse
Reflected Pulse Target

Free Surface
C

om
pr

es
si

on
Te

ns
io

n

Incident Pulse
Reflected Pulse Target

Free Surface

Position

Position

Pressure

Pressure

(a)

(b)

Fig. 9   Schematic of spatial distribution of the incident (solid line) 
and reflected (dashed line) pressure pulse that results from the impact 
between a an aluminum flyer and an epoxy target and b a PMMA 
flyer and an epoxy target



22	 Journal of Dynamic Behavior of Materials (2019) 5:13–23

1 3

somewhat damaged or plastically deformed by the applied 
tension.

Conclusion

The spall strength of an epoxy–CNT composite and its neat 
epoxy matrix was measured for a variety of loading pro-
files using plate impact experiments. The addition of CNTs 
to the epoxy matrix resulted in a significant reduction in 
spall strength, which was attributed to the weak epoxy–CNT 
interface providing nucleation sites for fracture. SEM images 
of the epoxy–CNT fracture surface indicated that nanotube 
pullout, due to loss of adhesion at the CNT–matrix interface, 
was the likely failure mechanism. The neat epoxy showed 
an important increase in spall strength with increasing inci-
dent shock stress that was not observed in the epoxy–CNT 
composite. This provided further evidence of contrasting 
spall initiation mechanisms caused by the presence of CNTs.
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