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This paper performed experimental studies of shock-wave properties of a composite of an ballistic aramid fabric

and an epoxy binder with longitudinal and transverse orientation of fibers in relation of a wave propagation direction.

Profiles of a particle velocity were recorded by means of laser interferometry. It is shown that a shock Hugoniot of

the composite does not depend on orientation of the fibers and at 17GPa it exhibits a break that indicates chemical

decomposition. The most pronounced feature of the velocity profiles in the samples with longitudinal orientation

of the fibers is a two-wave configuration at the pressure of shock compression below 12GPa. It is shown that the

spall strength of the Kevlar-based composite with longitudinal orientation of the fibers is approximately two times

higher than with transverse orientation and is 180MPa.
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Introduction

Fiber-reinforced polymer composites have high temper-

ature and chemical resistance, a low thermal expansion

coefficient, and their strength and stiffness per unit weight

is higher than that of the most metals. For this reason, they

are widely used in various industries as structural elements.

These composites are heterogeneous anisotropic materials

and their mechanical properties depend not only on the

structure, composition and used matrix, but on orientation

of the fibers as well.

The papers dedicated to studying low- and high-velocity

impact on the composite materials containing various types

of the fibers, including carbon, aramid, glass fibers, and

superhigh molecular polyethylene [1–21] as well as on their

matrix [22–30] have been analyzed to show that there is

a pronounced individual reaction of the composites to the

pulse impact. The shock-wave methods make it possible

to obtain factful information about the properties of the

anisotropic heterogeneous materials under extreme loading

conditions.

Since these materials are widely used in various structures

affected by intense impacts, it is essentially important

to study their strength under static and dynamic loads.

The experiments under shock-wave impact also include

determination of a material strength under pulse tension,

i.e. the spall strength. It is not enough to know the com-

ponent composition and the structure of the heterogeneous

anisotropic materials for predicting the strength properties

of the composites under various test conditions. Other

properties of the materials, such as adhesion between a

filler and the matrix may also be essential. It was shown

in the paper [17] with adding only 0.5% of nanotubes into

the Kevlar, a fracture start threshold is increased by 30%

in comparison with the Kevlar samples. The similar result

was observed in the study [18] with shock-wave impact

on the Kevlar composites with nanoclay, which contain

the epoxy matrix. The spall strength of the epoxy resin

and the composites based thereon has been investigated

to show that fiber additives usually make no impact on

the value of the spall strength of the epoxy resin or

substantially reduce it [5,12,19,24,31,32]. It was also shown

for some composites that the value of the spall strength

of these materials can substantially depend on a direction

of propagation of the shock wave in relation of fiber

arrangement [12,33]. The heterogeneous structure of the

composites results in noticeable complication of dynamics

of the wave effects, which does not always make it possible

to use traditional methods of estimation of the value of the

spall strength. In particular, it is important to take into

account possible formation of multiple spallation, which is

a known phenomenon and considered, for example, in the

studies [34–36]. This nature of fracture was observed by the

authors [5] on preserved samples of the Kevlar/epoxy matrix

composite as well as in the study [13] when recording

motion of the UHMWPE-composite sample by a high-speed

camera during shock-wave impact.

In addition to the spall strength, the study of the sample

at high pressures makes it possible to obtain information

about their impact compressibility, i.e. the shock Hugoniot.

Some authors have shown that depending on the structure,

arrangement and volume content of the fibers in the mate-

rial, its Hugoniot could both depend and not depend on the

direction of propagation of the shock wave [5,7,10,12,37,38].
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For example, for unidirectional carbon fiber-reinforced plas-

tic containing more than 60weight% of carbon fibers, at the

pressure below 10GPa there is a recorded different behavior

of the composite depending on its orientation [7,9,39]. In

the unidirectional composite based on the aramid fibers [12],
with their content of about 65%, the difference of impact

compressibility with longitudinal and transverse orientations

of the fibers is observed within the entire range of the

studied pressures — approximately up to 35GPa.

Thus, it is clear from analysis of the studies of the

composites and their binders under shock-wave impact that

each case exhibits an individually pronounced response

of the samples. Therefore, experimental investigation

of the composite materials under the pulse impact will

make it possible to identify general relationships of their

compressibility, strain and fracture. The aim of the present

study is to experimentally study the Hugoniot and the spall

strength of the composite made of the aramid ballistic fabric

(ballistic Kevlar) and the epoxy binder with propagation of

the shock wave in a longitudinal and a transverse direction

in relation to orientation of the fibers. Relevance and

novelty of the study are due to the fact that previously

the shock-wave investigations of this composite have not

been performed, while there are known experimental data

that are obtained for the similar composite with another

structure of the aramid fiber [3,5]. Comparison of the

results will make it possible to identify specific features of a

reaction of the materials similar in composition to the pulse

impact.

1. Structure of the samples made of
ballistic Kevlar and epoxy resin.
Experimental diagram

The initial samples of the composite were the plates of

the size 50× 50mm, of the thickness from 3 to 8mm,

which are made of 11−26 layers of the aramid ballistic

fabric of a paraamid fiber (the density of 255 g/m2) and

the epoxy binder L+EPH161 (Fig. 1). The density of

the aramid fiber is 1.45 g/cm3, the density of the epoxy

resin is 1.15 g/cm3. The volume content of the fibers

is 50%, and the weight content of the fibers is 55.8%.

The plates are made by vacuum infusion. The density

of the samples was 1.306 g/cm3. Since the composite

is anisotropic, the speed of sound depends on the wave

propagation direction. It was measured by an ultrasonic

technique to obtain the following values of the speed of

sound: along the fibers C‖ = (5.302 ± 0.003) km/s, and in

a reverse direction. C⊥ = (2.661 ± 0.003) km/s.

The shock-wave loading was implemented by a collision

with aluminum plates, so when using the samples shown

in Fig. 1, the shock waves are formed and propagate across

the fibers. In order to investigate the impact compressibility

along the fibers, the initial plates were cut into strips of the

thickness of 8mm and glued by the epoxy resin so that the

fibers were perpendicular to the sample plane.

Figure 1. Photo of the plate made of ballistic Kevlar.

1

2

3
4

5
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Figure 2. Experimental diagram: 1 — the aluminum projectile,

2 — the baseplate, 3 — the sample, 4 — the water window, 5 —
the polarization gauge.

The diagram of the experimental assembly is shown in

Fig. 2. The projectiles 1 were accelerated by explosion pro-

pellant devices. The shock waves in the studied samples 3

were formed by the collision of the aluminum projectile 1

of the diameter of 90mm, which is accelerated by explosion

products to the velocity Wi , with the baseplate 2. The

interferometer VISAR [40] was used to measure the velocity

of a sample/water interface 4. Laser radiation was reflected

from an aluminum foil of the thickness of 7µm, which was

glued to the sample. In order to determine an absolute

value of the velocity, reflected radiation was recorded

by two interferometers with velocity fringe constants 280
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and 1280m/s. In each test, the polarization gauge 5

recorded a time of entry of the shock wave into the

sample, which made it possible to find the value of the

shock wave velocity Us using the interferometric data. The

error of determination of Us is determined by accuracy of

measurement of the sample thickness (that is ±0.01mm)
and by accuracy of recording the time of transmission

of the shock wave through the sample, which is defined

by equipment characteristics and is ±2ns. Since the

sample thickness exceeded 3mm, and the recording time

was ∼ 1µs, the error of determination of Us was ±0.5%

±0.5%.

The experimental diagram for determining the spall

strength is similar to that of Fig. 2, but without the water

window, and the interferometer recorded the velocity of a

free surface. To maintain uniaxial strain during the entire

time of recording of the shock-wave processes [41], the

sample thickness was from 3 to 4.5mm, which is by an

order less than their diameter. Then, respectively, the

quantity of the aramid fabric in the samples when studying

the spall strength was 11−15 layers.

2. Shock-wave compressibility of the
polymer based on ballistic Kevlar

The parameters of the experimental assemblies and the

results of the experiments for investigating the shock-

wave compressibility of ballistic Kevlar with transverse and

longitudinal orientation of the fibers are given in Table 1

and Fig. 3−7. Table 1 shows the speed of the aluminum

projectile Wi and its thickness hi , the material of the

baseplate and its thickness of hb, the measured shock-wave

velocity Us , the pressure P and the particle velocity up. The

pressure and the particle velocity were calculated by the
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Figure 3. Particle velocity profiles at the composite/water

interface with transverse orientation of the fibers and the pressure

below 15GPa.
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Figure 4. Particle velocity profiles at the composite/water

interface with transverse orientation of the fibers and the pressure

above 15GPa.
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Figure 5. Particle velocity profiles at the sample/water interface

with longitudinal orientation of the fibers and the pressure below

15GPa.

measured values of Wi , Us and the known shock Hugoniots

of the materials of the projectile and the baseplate.

The figures 3 and 4 show the velocity profiles at the

sample/water interface with transverse orientation of the

fibers in relation to the direction of propagation of the

shock wave, while the figures 5 and 6 show the same

with longitudinal orientation. The digit designations of

the presented dependences coincide with number of the

experiments of Table 1. Besides, the thin lines (at 0µs)
show compression pulses entering the studied samples,

which were measured at the baseplate/water interface. They

are designated with the same digits (with primes) as the

experiments corresponding thereto.

The tests 1−5 and 8−12 used relatively thick aluminum

projectiles — from 5 to 10mm, so after a shock jump the

amplitude of the shock wave entering the sample is still

constant during the time from 0.8 to 2.4 µs. In the tests 6,
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Table 1. Parameters and results of the experiments when determining the shock compressibility of ballistic Kevlar with various orientation

of the fibers

� Wi , km/s hi , mm hb , mm hs , mm Us , km/s up, km/s P, GPa V , cm3/g

Transverse orientation of the fibers

1 1.13 7 Cu, 5.5 7.90 3.61± 0.05 0.60± 0.02 2.83± 0.05 0.638± 0.006

2 1.13 7 Al, 4.0 7.85 3.93± 0.05 0.85± 0.02 4.36± 0.05 0.600± 0.006

3 2.50 10 Cu, 5.5 7.95 4.70± 0.05 1.34± 0.02 8.23± 0.05 0.547± 0.006

4 2.50 10 Al, 4.0 7.92 5.41± 0.05 1.77± 0.02 12.51± 0.10 0.515± 0.006

5 3.30 5 Al, 4.0 4.43 5.97± 0.05 2.30± 0.05 17.93± 0.15 0.471± 0.006

6 4.60 2 Al, 2.0 4.40 6.48± 0.05 3.21± 0.05 27.17± 0.20 0.386± 0.006

7 5.05 2 Al, 2.0 4.30 6.72± 0.05 3.51± 0.05 30.80± 0.20 0.366± 0.006

Longitudinal orientation of the fibers

8 1.13 7 Cu, 5.5 7.50 3.59± 0.05 0.60± 0.02 2.81± 0.05 0.638± 0.006

9 1.13 7 Al, 4.0 7.55 3.85± 0.05 0.85± 0.02 4.27± 0.05 0.597± 0.006

10 2.50 10 Cu, 5.5 7.30 4.56± 0.05 1.35± 0.02 8.04± 0.05 0.539± 0.006

11 2.50 10 Al, 4.0 7.56 5.25± 0.05 1.78± 0.02 12.20± 0.1 0.506± 0.006

12 3.30 5 Al, 4.0 4.43 5.91± 0.05 2.30± 0.05 17.75± 0.15 0.468± 0.006

13 4.60 2 Al, 2.0 4.40 6.47± 0.05 3.20± 0.05 27.04± 0.20 0.387± 0.006

14 5.05 2 Al, 2.0 4.20 6.81± 0.05 3.49± 0.05 31.04± 0.20 0.373± 0.006
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Figure 6. Particle velocity profiles at the sample/water interface

with longitudinal orientation of the fibers and the pressure above

15GPa.

7, 13 and 14, the thickness of the projectiles was 2mm, so

the time of existence of the constant values of the velocity

behind the shock wave in the entering pulse is 0.3µs. With

propagation through the sample, this time is reduced and

to the time of exit to the boundary with water it does not

exceed 0.1µs. So, the dependences 6, 7 (Fig. 4) and 13,

14 (Fig. 6) have an unnoticeable area of the constant values

of the parameters and a velocity drop is observed almost

immediately behind a shock jump. It should be noted that

despite a heterogeneous structure of the studied samples the

velocity profiles are quite smooth.

The most pronounced feature of the velocity profiles

in the samples with longitudinal orientation of the fibers

in relation to the direction of propagation of the shock

wave is the two-wave configuration at the pressure of

shock compression below 12GPa (Fig. 5). In this case,

unlike transverse orientation (Fig. 3), the first wave, whose

amplitude of about 60m/s, first reaches the interface with

the window. The velocity of its propagation within the

measurement error coincides with the speed of sound in

the longitudinal direction of the fibers C‖ = 5.30 km/s. This

result complies with the previous papers which have studied

the structure of the wave profiles in the composites when

the shock waves propagate along the fibers [5,12,13,39,42].
The second main wave of shock compression propagates

with the lesser velocity Us . The time of arrival of this

wave to the boundary with the window is determined by

its amplitude and the sample thickness. At the pressure of

approximately 12.6GPa, the velocity of the second wave

reaches the value that coincides with C‖, and the two-

wave configuration disappears. At the same time, the shock

wave becomes a single one (the tests 12−14). Since the

precursor amplitude is small as compared to the maximum

value of the velocity in the second wave, its presence does

Technical Physics, 2025, Vol. 70, No. 7
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Figure 7. Shock Hugoniot of ballistic Kevlar with various

orientation of the fibers: the filled circles — transverse orientation;

the filled triangles — longitudinal orientation: 1, 2 — the present

paper; 3, 4 — the paper [5], 5 — the paper [3]. The solid lines —
approximation of the experimental data.

not result in significant distortion of the velocity profiles that

are almost the same for both orientations of the fibers.

Processing of the experimental data resulted in plotting

the shock Hugoniot for the samples of ballistic Kevlar with

the epoxy resin with different orientation of the fibers in

relation to the direction of propagation of the shock wave.

The results are shown on Fig. 7 in the coordinates the shock

wave velocity Us — the particle velocity up. Besides, for

comparison there are experimental data for the composites

based on Kevlar with the epoxy matrix [5] and the phenol

matrix [3]. The filled circles correspond to transverse orien-

tation, while the filled triangles correspond to longitudinal

orientation. The discrepancy of the results obtained for

different orientation of the fibers insignificantly exceeds the

error of the experiments, therefore, it can be assumed

that the shock compressibility of ballistic Kevlar does not

depend on the direction of propagation of the shock waves.

With the particle velocity of 2.2 km/s, which approximately

corresponds to 17GPa, the dependence Us(up) exhibits

a clear break that corresponds to a start of chemical

destruction in the composite. When up < 2.2 km/s, the

shock Hugoniot is well approximated by the linear Us(up)
relationship

Us = 2.68 + 1.44 · up, [km/s],

wherein, the first coefficient with good accuracy coincides

with the measured speed of sound C⊥ = 2.66 km/s for

transverse orientation of the fibers. Above the break

area, increase of the shock wave velocity on the particle

velocity slows down. At this, when up > 2.2 km/s the

shock Hugoniot can also be described by the linear Us(up)
relationship

Us = 4.25 + 0.70 · up, [km/s].

Chemical destruction of the polymer under shock-wave

impact results in origination of specific features on the shock

Hugoniots and is considered, for example, in the paper [43].

3. Spall strength of the composite based
on ballistic Kevlar

The strength of the samples that consist of ballistic Kevlar

and the epoxy resin under pulse tension was determined

in the conditions of spall fracture when the compression

pulses are reflected from the free surface of the material [41].
Interaction of incident and reflected rarefaction waves inside

the sample results in tensile stresses that can lead to

its fracture. The present study has used a method of

measurement of resistance of the materials to spall fracture,

which is based on recording the velocity of the free surface

of the sample. Fig. 8 shows a nature of the velocity change

in case of spallation. Exit of the shock wave to the free

surface causes abrupt increase of the surface velocity to

the maximum value Wm. The dashed line marks variation

of the velocity without fracture. Exit of the compression

wave formed as a result of spallation to the free surface

results in increase of the velocity and origination of the so-

called spall pulse. In Fig. 8, this time is designated by ts

marked with a vertical arrow. The respective velocity value

is equal to Ws . Analysis of the process of interaction of the

incident and reflected rarefaction waves by a characteristics

method provides a relationship between a stress in the spall

plane σs and a value of drop of the velocity of the free

surface Wm −Ws [44]:

σs = 0.5ρ0C0(Wm −Ws), (1)

where ρ0, C0 are, respectively, the density of the material

and the volume speed of sound in it, which coincides with

C⊥ . The relationship (1) is true for a medium that has not
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Figure 8. Velocity profiles of the free surface of ballistic Kevlar

with transverse orientation of the fibers. The vertical arrows mark

the time of exit of the spall pulse to the free surface.
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Table 2. Parameters and results of the experiments when determining the spall strength of ballistic Kevlar with various orientation of the

fibers

� Wi , m/s hi , mm hb , mm hs , mm 1W , m/s σs , MPa

Transverse orientation of the fibers

1 650 0.4 PMMA, 2 2.97 58± 1 100± 1

2 650 2 PMMA, 2 4.35 50± 1 87± 1

Longitudinal orientation of the fibers

3 650 0.4 PMMA, 2 4.30 91± 1 158± 1

4 650 2 Cu, 2 4.40 28/82± 1 48/142± 1

5 650 2 PMMA, 2 4.45 104± 1 180± 1

elastic-plastic properties and usually used for determining

the spall strength of the composites [31].

The results of determination of the spall strength and

the parameters of the experimental assemblies are given in

Table 2. The designations of the magnitudes are the same

as in Table 1. The measured velocity profiles of the free

surface are shown on the figures 8, 9. The digit designations

of the profiles of the figures correspond to a test number of

Table 2. The time of exit of the spall pulse to the free

surface is marked with the vertical arrow. Fig. 8 shows

results for Kevlar with transverse orientation of the fiber

with two different pressures of shock compression. At this,

the value of the spall strength varies insignificantly and does

not exceed 100MPa. The profile 2 has a quite clear spall

pulse and exhibits subsequent velocity oscillations due to

waves reverberation in a spall plate. Dissipative losses result

in fast attenuation of these oscillations and establishment of

a constant velocity of motion of the spall plate. Intensity

of dissipation increases with decrease of the pressure of

shock compression and the profile 1 has an almost constant

velocity after a weakly pronounced spall pulse.

Fig. 9 show the velocity profiles of the free surface for

longitudinal orientation of the fibers. In this case, with exit

of the compression pulse to the free surface, a two-wave

configuration is recorded. The amplitude of the first wave

exceeds the values mentioned in the previous section and

reaches the value of 100m/s, which is due to unloading into

air instead of water. The test 5 recorded the velocities of the

free surface of the sample in two points: in a central part of

the sample (a brown profile) and at the distance of 10mm

from the center(a pink profile), which was a half distance

from the center to a lateral surface. Lateral unloading

insignificantly reduces the amplitude of the compression

pulse, but the value of the spall strength is the same and

is equal to 180MPa. The deceleration of the spall plate is

noticeable, the velocity of which decreases approximately

by 50m/s in a few microseconds.

In the test 4, the spall fracture of the sample is much

unclearer than, for example, in the test 5, and it is almost

impossible to distinguish the spall pulse on the velocity
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Figure 9. Velocity profiles of the free surface of the studied

composite with parallel orientation of the fibers. The vertical

arrows mark the time of exit of the spall pulse to the free surface.

profile of the free surface. The single vertical arrow

marks the time after which the recorded velocity profile

is overestimated in relation to the initial pulse. In this case,

the respective value of the tensile stresses is a threshold of

start of fracture, which is 28MPa and designated by the first

digit in Table 2. After fracture start, the velocity of the free

surface continues to decrease and this indicates that after

fracture start the spall plate is not separate from the bulk of

the sample. At the same time, the tensile stresses in the spall

plane continue to rise. The double vertical arrow marks the

time, after which there is no noticeable drop of the velocity

and it is this value that is assumed to be equal to Ws . In this

case, the value of the spall strength can be determined only

approximately, since it depends on kinetics of spall fracture,

as demonstrated by authors of the paper [45]. In particular,

it is noted in the paper [45] that with the constant fracture

rate it is possible to use the above-mentioned calculation

relationship (1) for determining σs . It gives the value of

82MPa for the magnitude of the spall strength, which is

Technical Physics, 2025, Vol. 70, No. 7
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provided in Table 2 by the second digit. The similar nature

of the change of free surface velocity is observed in the

test 3, too, which is without the spall pulse as well. In

this case, the vertical arrow marks the time, after which the

velocity remains constant.

Conclusion

The obtained particle velocity profiles for the samples

made of ballistic Kevlar in the epoxy matrix exhibit a

number of the specific features related to a heterogeneous

structure of the studied material — with longitudinal

orientation of the fibers in relation to the direction of

propagation of the shock wave, the two-wave structure is

formed. As in other similar anisotropic composites [5,9,39],
it is realized under certain pressures of shock compression,

when Us is less than a speed of propagation of disturbances

along the fibers This range of the pressures depends on the

value of the speed of sound along the fibers. For example,

in carbon fiber-reinforced plastic, due to higher values of

the speed of sound in the carbon fibers and the density of

the material, the two-wave configuration can be observed

up to the pressures of about 30GPa [39,42], wheres both

in the Kevlar samples [5] and the studies samples based on

ballistic Kevlar it is only recorded at up to 12.2 GPa. When

the velocity of the second shock wave becomes comparable

to or higher than the speed of sound in the longitudinal

direction, a single shock wave propagates in the samples in

the same way as with transverse orientation of the fibers.

It should be noted that the particle velocity profiles

do not exhibit any specific features that would indicate

chemical decomposition of Kevlar. Thus, for example, the

dependences 5 and 12 of the figures 4 and 6 demonstrate a

wave profile that is typical for media, in which there is no

chemical transformation under shock-wave impact. At the

same time, as previously noted, in the epoxy resin that is

a binder component of this composite chemical destruction

around 20GPa results in increase of the velocity behind the

shock jump for several tens of nanoseconds [23]. Presence
of the aramid fibers results in disappearance of this specific

feature.

By comparing the experimental dependences of the shock

wave velocity Us on the particle velocity up (Fig. 7) for

the composites based on Kevlar with a different type of

the matrices — the epoxy matrix [5] and the phenol

matrix [3] — it can be noted that there is a good match

between the provided data within the studied range of the

velocities. Probably, a small difference is caused by the

internal structure of specific sample, which is most vividly

manifested at the low pressures. Chemical destruction in

the Kevlar samples [5] and in the studied samples based

on ballistic Kevlar, which is manifested as the break on the

dependence Us(up), begins at the same values of the particle

velocity up = 2.2 km/s.

It is clear from Table 2 that the value of the spall

strength of the studied composite depends on orientation

of the fibers. The maximum values of σs are realized with

longitudinal orientation of the fibers and do not exceed

about 180MPa, which is almost in two times less than the

strength of the epoxy resin [22,24,26] that is used as the

binder component. It indicates that in conditions of shock-

wave impact fracture occurs along the fiber/matrix interface.

It should be noted at the same time that in the composite

with the similar composition and the similar structure [5],
the value of the spall strength for the two orientations of the

fibers is virtually independent of the direction of propagation

of the shock wave through the material. Probably, the

samples of the present study and the article [5] exhibit

different adhesion between the aramid fabric layers and

the epoxy binder. Since its value is usually small due to

low surface energy of the aramid fiber, some manufacturers

modify the fiber surface, which in turn can affect the value

of the spall strength σs of the obtained composite. Thus,

it is clear from the performed experiments that despite

the similar composition and the similar structures of the

samples, each case exhibits the individually pronounced

response of the materials to the pulse impact.
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