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Resistance of a carbon-carbon composite to high-rate deformation and

fracture under shock wave loading
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The shock compressibility, shock wave structure, and spall strength of a unidirectional carbon-carbon composite

material (CCCM 1-D) have been determined for shock wave propagation at angles of 0◦, 45◦, and 90◦ relative to

the fiber orientation. Free-surface velocity profiles and particle velocity profiles at the sample/water-window interface

were recorded using a VISAR laser interferometer, with simultaneous measurement of shock wave velocities. A

two-wave front structure was observed for shock wave propagation at 0◦ and 45◦. The dependences of the shock

Hugoniot and spall strength on the shock loading direction have been established. A distinct kink in the Hugoniot

curve at a shock pressure of approximately ∼ 30GPa provides evidence of a phase transition in carbon. It is

shown that the composite does not undergo fracture within the elastic deformation regime, and its spall strength is

governed by the dynamic elastic limit, exceeding 1GPa. Under plastic deformation, the CCCM 1-D specimen loses

its elastic properties, and the spall strength decreases by an order of magnitude irrespective of fiber orientation.

Keywords: carbon-carbon composite, shock wave, Hugoniot equation of state, dynamic elastic limit, spall

strength.
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Introduction

Composite materials with a carbon matrix are applied

in industry due to variability of effective properties. Their

kind and properties depend on a crystal structure depending

on conditions of matrix synthesis (from a gas phase, a

liquid phase), porosity at all size levels of the material,

contact conditions. Depending on their purpose, thermal

conductivity of these materials varies from 0.15W/(m·K)
for thermal protection to 1200W/(m·K) in case of being

applied in structures with active heat removal. The carbon-

matrix composites are applied in missile engineering and

the most complicated type of loading for them during

operation may be considered to be a thermal impact,

wherein thermal conductivity is one of the characteristics

determining performance of the material. Taking into

account high rates of effect by thermal flows, evaluation

of occurring states of a material, including evaluation

of probability of a shock wave, requires correct physical

models based on experimental data obtained in conditions

that are the most suitable for numerical calculations. An

undisputable advantage in this respect belongs to shock-

wave research methods that make it possible to realize

one-dimensional deformation of materials, which is strictly

analyzed under basic conservation laws.

The composites based on fibers of a various structure and

chemical composition are characterized by high anisotropy

of the properties and their response to external effect greatly

varies depending on a filling degree, a binder type [1–4],
a microstructure, porosity [5–8] and other special features

of their fabrication [9–11]. The carbon-matrix composite

materials are not designed to vary a reinforcing filler by

a chemical composition (usually, the filler is carbon in

the form of continuous or short fibers), since a technique

of carbon-matrix fabrication involves processes of thermal

treatment at the temperatures above 2000 ◦C. At the same

time, both the carbon filler and the carbon matrix have

significant variation of physical-mechanical and thermal-

physical properties, which is inherited at a crystal structure

level from a precursor used for carbon production. If this

composite material is considered at a microstructure level,

then variability of fabrication of reinforcing structures is

limited only by existing technologies — winding of carbon

filaments, multi-dimensional weaving, arrangement, chaotic

filling with short filaments, production of the reinforcing

filler from carbon tissues. Reliably proven under condi-

tions of the thermal impact are carbon-matrix composite

materials reinforced with carbon filaments in at least three

directions [12].
Recent decades have seen a large number of studies that

experimentally and theoretically address behavior of com-

posite materials based on carbon, glass, aramid fibers, ultra-

high-molecular-weight polyethylene and other fibers under

effect of a shock wave [2,4,8,13]. It includes investigation

of fibers in various matrices, such as epoxy resin, cyanate

ester, phenolic resin, polyvinylchloride [14–19] and study of
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properties of the very matrices and matrices with inclusion

of various additives [20–25]. Most experimental data about

dynamic properties of the fiber-reinforced composites under

high pressure can be found for a case when the shock

wave propagates perpendicular to the fibers (90◦), while

a smaller number of the studies provides data for shock-

wave loading along the fibers (0◦) and at various angles to

a direction of propagation of the shock wave [5,9,10,26–30].
Authors of the study [9] provided experimental profiles,

when the shock wave propagates across a unidirectional

composite at various angles to a reinforcing direction. It

was demonstrated that an elastic precursor to be followed

by the propagating shock wave was formed at 5 and 15◦ . In

case of the impact at 45◦ the elastic precursor is transformed

into a plastic wave with a diffuse front. For orientation of

90◦ a single shock wave is recorded. The similar results

were obtained by other authors, for example, [5,26,27,29,30]
when studying the composites along and across the fibers —
the specimens of 0◦ exhibited a two-wave structure, while

for the perpendicular direction the single shock wave was

recorded. The same structure of the shock wave for the two

fiber orientations (0 and 90◦) was obtained in our previous

studies for the composites based on unidirectional aramid

and carbon fibers [7,31] and woven aramid- and carbon-

epoxy composites [8,32].
The experimental data obtained by the various authors

indicate an individual reaction of the composite materials

under effect of the shock wave. In this situation, it is

important to experimentally study the composites based on

fiber of different nature in order to reveal general patterns

of their deformation and fracture under high dynamic

pressures. The present study is aimed at experimen-

tally determining a shock Hugoniot and spall strength of

the carbon-carbon composite material (CCCM 1-D) with

various fiber orientation in relation to the direction of

propagation of the shock wave.

1. Structure of the carbon-carbon
composite specimen and experimental
setup

Fig. 1 shows photos of the microstructure of the studies

specimens. The composite material is structured as carbon

rods on a UKN/5000 fiber of the diameter (1.17± 0.3)mm,

which are arranged in one direction, with subsequent

filling of space between them with carbon pitch that is

used as a raw material for producing carbon fibers. The

3.5mm-thick plane-parallel specimens for the shock-wave

experiments were cut by the electroerosion method with

subsequent surface treatment (grinding and polishing) out

of a single 30mm-diameter cylindrical blank. At the same

time, the blank was cut along a generatrix for producing the

specimens in tests with a transverse fiber direction. It should

be noted that when loading across the fibers the specimen

includes at most three rods along a direction of propagation

of the shock wave. It is not possible to experimentally check

750 µm

Figure 1. Microstructure of the carbon-carbon composite

CCCM 1-D perpendicular to the fibers (loading along the fibers)
and along the fibers (loading perpendicular to the fibers).
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Figure 2. Experimental setup: 1 — the impactor, 2 — the

baseplate, 3 —- the specimen, 4 — the water window, 5 — the

aluminum foil, 6 — the polarization gauge.

influence of the thickness on the obtained results due to a

limited diameter of the initial cylindrical blank. Therefore,

in order to ensure a one-dimensional nature of flowing, the

maximum specimen thickness could not exceed 3.5mm.

The density was measured using hydrostatic weighing and

it was 1.84 g/cm3. Since the composite is anisotropic, the

speed of sound depends on a wave propagation direction.

It was measured using an ultrasound technique (MG-

NIVP
”
Akustika“) that was used to obtain the following

values: the longitudinal speed of sound cl along the fibers

was 11.44 km/s, so was 1.90 km/s when being perpendicular

to the fiber direction, at the angle 45◦ — 7.98 km/s.

The experimental setup for determining shock compress-

ibility (a shock Hugoniot) of the carbon-carbon composite

is shown in Fig. 2. The impactors 1 were accelerated

by explosion propellant devices. The shock waves in the

studied specimens 3 were formed by collision of the 90mm-

diameter aluminum impactor 1 accelerated by explosion

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

VISAR interferometer [33] was used to measure the velocity

of a specimen/water interface 4. Probing radiation was

reflected from the 7µm-thick aluminum foil 5 glued to the

specimen. In order to determine an absolute value of the

velocity, reflected radiation was simultaneously recorded by

two interferometers with various references of an optical
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delay line. In each test, the polarization gauge 6 recorded

a time of entry of the shock wave into the specimen,

which made it possible to determine the value of the

wave velocity D with an error at most ±0.5% using the

interferometric data.

In order to determine spall strength and Hugoniot elastic

limit of CCCM 1-D, the 2mm-thick impactors made of

PMMA or aluminum were accelerated within the velocity

range 190−350m/s by a 50mm-caliber gas gun. The

velocity and a skew of the impactors were recorded by

electric-contact pins. A gun barrel and space around the

specimen were vacuumed before the experiment. The

higher pressures were obtained by accelerating the 3.3- and

7mm-thick impactors by means of explosion devices to the

velocities (650± 30)m/s and (1100 ± 50)m/s, respectively.

2. Structure of the shock-wave front

Parameters of experimental assemblies and results of the

experiments of studying the front structure with the various

fiber orientation in relation to the shock-wave propagation

direction are given in Table 1 and Fig. 3. Table includes

a velocity of the aluminum impactor Wi , its thickness hi , a

material and thickness of the baseplate hb and a specimen

thickness hs . Designations of the velocity profiles shown

in Fig. 3 coincide with numbering of the experiments in

Table 1. No water window was in these tests.

When the CCCM 1-D is loaded perpendicular to the fiber

direction (the dependence 1p in Fig. 3), it is recorded in the

profile u fs (t) that only the single wave exits to the specimen

surface. No sign of formation of a two-wave configuration

is observed, since the wave velocity significantly exceeds

the measured c l . After reaching the maximum value, the

free surface velocity remains the same during the entire

period of recording. A specific feature that is observed

directly behind the shock-wave front up to the time point
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Figure 3. Velocity profiles of the free surface of the 1-D

specimens in longitudinal (1a , 2a) and transverse (1p) fiber

orientation as well as at the angle of 45◦ (145). The profiles

have the numbers of the experiments marked as per Table 1.

Table 1. Parameters of shock loading of the specimens when

determining the front structure

� Impactor Impactor Baseplate Specimen

of the experiment velocity, thickness, thickness, thickness,

Wi , m/s hi , mm hb , mm hs , mm

Loading along fibers

1a 650± 20 3.37 3.37 3.00

2a 1100± 30 7.00 7.00 3.00

Loading perpendicular to fibers

1p 650± 20 3.30 3.30 3.01

Loading at 45◦ to fibers

145 650± 20 3.30 2.00 2.98

∼ 300 ns is related to inhomogeneities of the specimen

microstructure.

When CCCM 1-D is loaded along the fibers (the
dependences 1a , 2a in Fig. 3), the two-wave configuration

is formed in the studied specimen, which is often referred

to as elastic-plastic one similar to metals. Interaction of the

elastic-plastic compression wave with the specimen’s free

surface results in origination of reflections and distortion

of the recorded wave profile [34,35]. Appearing wave

interactions corresponding to the test 1a are shown in

a diagram time t — the x coordinate in an insert in

Fig. 3. A trajectory of propagation of the plastic wave is

designated as D and the red color marks characteristics

along which the sound waves c l propagate. It includes only

the characteristics that are used with further discussion of

results. After exiting to the free surface, the first (elastic)
wave propagating with the longitudinal speed of sound c l

(the respective moment of time is designated by a digit in

the insert of Fig. 3) is reflected by a rarefaction wave. After

the reflected wave encounters the plastic shock wave, an

elastic compression wave is again formed in the unloaded

material, which can be regarded as reflection of the elastic

rarefaction wave from the plastic compression wave. This

reflections forms the second step on the velocity profile of

the free surface (the point 2). As a result of multiple re-

reflections, a
”
step-wise“ increase of the velocity of the free

surface is observed (the points 1−5). Since the longitudinal

speed of sound c l along the fibers is 11.44 km/s, the two-

wave configuration will be observed in the wide pressure

range until the velocity of the plastic way exceeds c l .

Fig. 3 also shows the velocity profile of the free surface

of the CCCM 1-D under shock loading of the specimen

at the angle of 45◦ to the fiber direction (the experiment

No. 145). In this case, in the same way as at orientation

of 0◦, exit of the elastic and the plastic wave to the free

surface is recorded. However, under loading at the angle of

45◦ the elastic wave is smeared and the step-wise nature of
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the velocity increase is not observed clearly. Besides, the

precursor amplitude is much smaller than in the test 1a .

The elastic compression wave amplitude uHEL, which

is measured from the wave profile, makes it possible to

calculate Hugoniot elastic limit σHEL = 1/2 · ρ0 · c l · uHEL,

which is related to dynamic elastic limit of the mate-

rial [36]. In longitudinal fiber orientation, the value of

σHEL of CCCM 1-D varies from experiment to exper-

iment and is 1.78GPa in the test 1a and is 1.54GPa

in the test 2a . This difference is not related to

influence of the maximum compression stress on the

value of σHEL, but caused by a heterogeneous structure

of the specimens. At orientation of 45◦, the value

uHEL = 41m/s taken on the profile u fs(t) is an estimated

one, while its respective value of dynamic elastic limit is

0.30GPa.

3. Shock compressibility of the
carbon-carbon composite

The parameters of the experimental assemblies and the

results of the experiments for studying shock-wave com-

pressibility and the unidirectional carbon-carbon composite

are given in Table 2 and Fig. 4−7. Unlike the tests whose

results are shown in Fig. 3, in this case the velocity profiles

were measured at the specimen/water contact interface. The

designations in Table 2 are similar to the designations in

Table 1. Besides, it also contains the measured shock wave

velocity D, the pressure P and the particle velocity u. The

pressure and the particle velocity were calculated by the

measured values of Wi , D and the known shock Hugoniots

of the baseplate and the impactor as a result of analysis of

flowing in the plane P-u [32]. Designations of the velocity

profiles shown in Fig. 4−7 coincide with numbering of the

experiments in Table 2.

Along with the velocity profiles at the specimen/water

interface, Fig. 4−7 also shows velocity profiles measured

in separate experiments at the baseplate/water interface
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Figure 4. Particle velocity profiles at the specimen/water interface

with transverse fiber orientation and at shock compression pressure

below 30GPa. Numbering of the profiles corresponds to Table 2.
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Figure 5. Particle velocity profiles at the specimen/water interface

with longitudinal fiber orientation and at shock compression

pressure below 30GPa. Numbering of the profiles corresponds

to Table 2.
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Figure 6. Particle velocity profiles at the specimen/water interface

with longitudinal fiber orientation and at shock compression

pressure above 30GPa. Numbering of the profiles corresponds

to Table 2.

without the specimen. The make it possible to determine

amplitudes and durations of the shock waves that enter the

specimens. The digital designations 1′−18′ correspond to

the entering wave profiles in the tests 1−18.

The experimentally used impactors form compression

pulses, in which after a shock jump the velocity remains

approximately constant for the period of time from 0.3 to

2µs, which is determined by arrival of rear unloading from

the impactor. As it propagates across the specimen, this

time is shortened, but since the specimen thickness is small,

all the tests by the moment of output of the wave to the

water interface an area of constant values of the parameters

is preserved until arrival of the rarefaction wave from the

impactor. Fig. 4, 5 marks this time for several profiles with

vertical arrows. Since a start of the velocity drop is not

always clear on the obtained profiles, the position of the

Technical Physics, 2026, Vol. 71, No. 4
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Table 2. Parameters and results of the experiments when determining the shock Hugoniot of the unidirectional carbon-carbon composite

with longitudinal and transverse fiber orientation as well as at the angle of 45◦ in relation to the impact direction

Experiment Impactor Impactor Baseplate Specimen Shock wave Particle velocity, Pressure,

� velocity, thickness, thickness, thickness, velocity, u, km/s P, GPa

Wi , km/s hi , mm hb , mm hs , mm D, km/s

Loading perpendicular to fibers

1 1.13 7 Cu, 5.5 3.39 2.99± 0.05 0.59± 0.02 3.24± 0.05

2 1.13 7 Al, 4.0 4.47 3.72± 0.05 0.79± 0.02 5.40± 0.05

3 2.50 10 Al, 4.0 3.40 4.97± 0.05 1.64± 0.02 14.96± 0.05

4 3.30 5 Al, 2.0 3.40 5.69± 0.05 2.11± 0.02 22.04± 0.05

5 5.05 2 Cu, 2.0 3.00 6.50± 0.05 2.54± 0.02 30.31± 0.05

6 4.60 2 Al, 2.0 2.44 6.80± 0.05 2.86± 0.02 35.71± 0.05

7 5.05 2 Al, 2.0 2.58 7.08± 0.05 3.14± 0.02 40.82± 0.05

Loading along fibers

8 1.13 7 Cu, 5.5 3.40 2.57± 0.05 0.57± 0.02 4.65± 0.05

9 1.13 7 Al, 4.0 3.43 3.07± 0.05 0.76± 0.02 5.50± 0.05

10 1.13 7 Al, 4.0 5.47 3.07± 0.05 0.76± 0.02 5.50± 0.05

11 2.50 10 Al, 4.0 3.42 5.02± 0.05 1.64± 0.02 15.12± 0.05

12 3.30 5 Al, 2.0 3.36 5.92± 0.05 2.09± 0.02 22.72± 0.05

13 5.05 2 Cu, 2.0 3.42 6.95± 0.05 2.52± 0.02 32.16± 0.05

14 4.60 2 Al, 2.0 3.43 7.52± 0.05 2.77± 0.02 38.24± 0.05

15 5.05 2 Al, 2.0 3.42 7.77± 0.05 3.04± 0.02 43.37± 0.05

Loading at 45◦ to the fiber direction

16 1.13 7 Al, 4.0 3.47 3.62± 0.05 0.79± 0.02 5.58± 0.05

17 2.50 10 Al, 4.0 3.19 5.45± 0.05 1.60± 0.02 16.01± 0.05

18 5.05 2 Al, 2.0 3.31 8.07± 0.05 3.00± 0.02 44.45± 0.05

arrows is determined with an error ±10 ns. In some tests

(for example, No. 3), velocity recording stops before arrival

of the rarefaction wave.

As in recording the velocity of the free surface (Fig. 3),
the most pronounced specific feature of the velocity profiles

in longitudinal fiber orientation is presence of the two-wave

configuration (Fig. 5, 6). Presence of the water window

results in smoothing of the step-wise nature of the velocity

increase, which is due to circulation of the precursor

between the specimen/water interface and the front of the

plastic wave that propagates at the velocity D. In all the

performed experiments, the value of D did not exceed

8 km/s, Therefore, during longitudinal fiber orientation

the two-wave configuration is observed within the entire

measured range of the shock compression pressures up to

40GPa.

The nature of evolution of the two-wave configuration

clearly demonstrates comparison of the tests No. 9 and No.

10 (Fig. 5), which are performed in the same formulation,

and only the specimen thickness varied from 3.43mm in

the test 9 to 5.47mm in the test 10. Divergence between

the front of the second wave and the precursor increases as

they propagate across the specimen. At the same time, the

velocity of each of the waves remains constant.

The velocity profiles at fiber orientation of 45◦ are shown

in Fig. 7. As in longitudinal fiber orientation, the two-

wave structure is recorded in this case: first, the water

interface is hit by the precursor and then the second shock

wave. As already noted when discussing Fig. 3, the existing

differences are quantitative, for example, the precursor

amplitude decreases. Reduction of the longitudinal speed

of sound (c l = 7.98 km/s) results in disappearance of the

two-wave configuration in the test No. 18, in which the

shock wave velocity D is 8.07 km/s, thereby exceeding c l .

As already noted, the shock wave velocity D was

measured in all the experiments. Since the impactor velocity

12 Technical Physics, 2026, Vol. 71, No. 4
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Figure 7. Particle velocity profiles at the specimen/water interface

with fiber orientation at the angle of 45◦. Numbering of the profiles

corresponds to Table 2.

as well as the shock Hugoniots of the impactor and the

baseplate are known, it makes it possible to determine the

particle velocity u in the studied specimen. Processing

of the experimental data results in plotting of the shock

Hugoniots of the unidirectional carbon-carbon composite

at transverse, longitudinal and 45◦ fiber orientation in

relation to the direction of propagation of the shock

wave (Fig. 8). It is clear from comparing the shock

Hugoniots at various fiber orientation that compressibility

of the specimen depends on the direction of propagation

of the shock wave: the shock Hugoniots in the plane D-

u have a different slope and intersect when u ≈ 1.6 km/s

for transverse and longitudinal orientations. The second

specific feature is presence of a pronounced kink on the

dependences D(u) around u = 2.5−2.8 km/s, which is due

to a graphite/diamond phase transition. These kinks of the

shock Hugoniots are marked by vertical arrows (Fig. 8) and

their position depends on fiber orientation in relation to the

direction of propagation of the shock waves. The obtained

result complies with data of the authors [37,38], who

demonstrated that under shock-wave loading conditions

and kinetics of the carbon/diamond phase transition are

very sensitive to a specific structure of original graphite

specimens.

It is clear in Fig. 8 that at the specified fiber orien-

tation the experimental data are not approximated by a

single linear dependence in the studied pressure range.

With transverse fiber orientation D = 2.17 + 1.7 · u when

u < 2.5 km/s; with longitudinal one — D = 1.34 + 2.22 · u,

when u < 2.8 km/s and at 45◦ D = 1.88 + 2.22 · u when

u < 2.6 km/s.

Only three points are obtained on the shock Hugoniot

of the composite CCCM 1-D at fiber orientation of 45◦

. Therefore, it was assumed during approximation of the

shock Hugoniot that the phase transition occurred in the

same pressure interval as for the other two orientations —
approximately when u = 2.6 km/s. At the same time, two

points below the phase transition lie with good accuracy on

the straight line that is parallel to the shock Hugoniots for

longitudinal fiber orientation (Fig. 8).

The above-obtained structure of the wave profiles for the

carbon-carbon composite CCCM 1-D was considered under

an elastic-plastic model, which makes it possible to explain

basic patterns of flowing to be realized under shock-wave

loading. However, it should be noted that several specific

features recorded at the velocity profiles do not comply with

this assumption. For example, in the experiments 9 and 10,

whose results are given in Table 2 and Fig. 5, the velocity

behind the front of the plastic wave remains almost constant

for ∼ 0.5µs and then abruptly decreases approximately

by 100m/s. Nothing like this is observed in the test 2

(Table 2 and Fig. 4) performed in the same formulation

with transverse fiber orientation. This specific feature

originates due to the elastic rarefaction wave, which formed

after reflection of the precursor from the specimen/water

interface. After encountering the plastic front, this wave

propagates across the specimen towards the baseplate by

the rarefaction wave, which is shown in the insert of Fig. 3

by a thin dashed line. After reflection from the baseplate, it

returns to the window interface, causing the velocity drop.

If assuming (as done in the insert in Fig. 3) that behind

the front of the plastic shock wave the studied medium

retains the elastic properties, then the wave reflected from

the baseplate shall exit to the window interface in the tests 9

and 10 earlier than the front of the plastic wave. At the

same time, the similar situation shall be implemented in the

test 1a , too. But no specific feature before the plastic front is

observed in these tests. Moreover, if behind the front of the

plastic wave the specimen retains the elastic properties, then

the wave reflected from the baseplate will be a compression

wave, since in the elasticity area dynamic impedance of

CCCM 1-D is higher than that of the aluminum baseplate.

Therefore, when this wave exits to the window interface
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Figure 8. Shock Hugoniots of the unidirectional carbon-carbon

composite at transverse fiber orientation (1), longitudinal one (2)
and at the angle of 45◦ (3). Lines mark linear approximation of

the experimental data.
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an increase of the velocity shall be observed rather than its

reduction. These discrepancies to the obtained experimental

data are eliminated, if considering that behind the front

of the second (plastic) shock wave the carbon-carbon

composite CCCM 1-D loses elastic properties. First of all,

in this case impedance of CCCM 1-D in the area of plastic

deformation is smaller than that of aluminum and, therefore,

the wave reflected from the baseplate will be a rarefaction

wave and at the moment of its exit to the window interface

the velocity of the interface will be reduced. Secondly, time

of circulation of this wave across the specimen will increase,

since in the area of plastic deformation it will propagate at

the velocity that is below the longitudinal speed of sound

c l . The respective value of a Lagrangian speed of sound

CL behind the front of the plastic wave can be obtained

from analysis of the wave profiles 9 and 10 (Fig. 5) and is

∼ 5.5 km/s, which is much smaller than c l .

Thus, analysis of shock-wave interactions shall take into

account that the studied specimens can lose the elastic

properties behind the second (plastic) compression wave.

4. Spall strength of CCCM 1-D

Dynamic strength of the carbon-carbon composite

CCCM 1-D was studied by analysis of spallation phenomena

during reflection of a compression pulse from the free

surface of the medium, at which the compression wave

turns into the tension wave [36]. The experimental

studies [36,39,40] show that a range of tensile stresses

includes nucleation of a large number of microcracks, which

in their further development merge into a single main crack

that separates the specimen into two parts, with formation of

a spallation plate. Parameters of the experimental assemblies

and results of the experiments are given in Table 3. Table 3

shows the results of all the experiments, which included

recording of the velocity of the free surface, including

those provided in Table 1. Along with the previously

introduced designations, Table 3 is supplemented with

σHEL — dynamic elastic limit, σsp — spall strength or

maximum tensile stresses in the elastic area of deformation

and V̇/V0 — the strain rate in the rarefaction wave before

fracture.

The tensile stresses inside the specimen result from

interaction of the rarefaction wave reflected from the free

surface with an incident rarefaction wave that propagates

into the specimen from a rear side of the impactor.

In Fig. 3 these conditions are implemented only in the

experiment 1a , in which reaching of the maximum velocity

is followed by recording of a drop of the latter, which is

related to free surface exit of the unloading wave arriving

from the rear surface of the impactor. Interaction of

the latter with the reflected plastic wave from the free

surface of CCCM 1-D in the form of the rarefaction wave

results in spall fracture. The magnitude of the surface

velocity drop 1u fs (Fig. 3) from its maximum to the

first minimum before the front of the spallation pulse is
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Figure 9. Velocity profiles of the free surface of the CCCM 1-D

specimens being loaded by the variously-thick aluminum impactors

with the velocity of 350m/s along the fibers (3a−5a) and the

experiment (6a), in which the maximum compression stress

did not exceed σHEL . The profiles are provided with impactor

thicknesses, time moments of implementation of the maximum

tensile stresses and numbers of the experiments as per Table 3.

The insert includes a t–x diagram of wave interactions in the

experiment 4a .

proportional to spall strength of the material σsp. In a linear

approximation, the value of spall strength is determined as

σsp = 1/2 · ρ0 · c0 · 1u fs [41], where c0 is a volume speed

of sound, which takes the value of cb from the measured

dependence D = cb + b · up. When loading along the fibers,

cb = 1.338 km/s, σsp = 55MPa.

Fig. 9 shows the velocity profiles of the free surface of

the 3mm-thick CCCM 1-D specimens when being loaded

by the aluminum impactors of the thickness 2, 0.94 and

0.46mm with the velocity of 350m/s along the fibers. All

the three experiments record exit of the elastic wave to

the free surface. The measured amplitude of the elastic

wave uHEL was used to calculate dynamic elastic limit of

CCCM 1-D σHEL; the data obtained are provided in Table 3

and comply with the high-rate experiments 1a and 2a . The

experiments 3a , 4a and 5a are aimed at measuring spall

strength at the various stages of circulation of the elastic

wave between the front of the plastic wave and the free

surface. The insert of Fig. 9 includes a t–x diagram of

wave interactions implemented in the experiment 4a . A

trajectory of propagation of the plastic wave is designated

as D and the red color marks characteristics along which the

sound waves c l propagate. The blue color marks a centered

rarefaction wave that propagates from the rear surface of the

impactor. Unlike the experiment 3a , in which a quite thick

impactor was used, in the experiment 4a unloading from

the 0.94mm-thick impactor arrives much earlier. At the

same time, the elastic unloading wave has time to reflect

from the plastic one once and exit to the free surface as

the elastic compression wave at the time of 462 ns. When

the unloading wave propagating from the impactor and the

12∗ Technical Physics, 2026, Vol. 71, No. 4
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Table 3. Formulation and results of the CCCM 1-D experiments

� Impactor Impactor Baseplate Specimen Elastic Spall Strain

of the experiment velocity, thickness, thickness, thickness, limit, strength, rate,

Wi , m/s hi , mm hb , mm hs , mm σHEL, GPa σsp, GPa V̇/V0, s
−1

Loading along the fiber direction

1a 650 Al, 3.37 Al, 2.00 3.00 1.78 0.055 1.94 · 104

2a 1100 Al, 7.00 Al, 2.00 3.00 1.54 − −

3a 350 Al, 1.998 − 3.04 1.65 > 0.33 1.12 · 104

4a 350 Al, 0.94 − 3.05 1.76 > 0.33 2.31 · 104

5a 350 Al, 0.462 − 3.03 1.68 > 0.94 3.91 · 104

6a 190 Al, 0.735 − 2.97 − 1.32 1.62 · 105

Perpendicular to the fiber direction

1p 650 Al, 3.30 Al, 2.00 3.01 0.01−0.015 − −

2p 350 PMMA 1.258 − 2.96 0.01−0.015 0.110 3.91 · 105

3p 190 PMMA 0.961 − 3.06 0.01−0.015 0.036 0.67 · 104

4p 350 PMMA 0.965 − 3.04 0.01−0.015 0.036 0.82 · 104

Loading at 45◦ to the fiber direction

145 650 Al, 3.30 Al, 2.00 2.98 0.30 0.063 1.79 · 104

245 250 Al, 3.00 − 3.07 0.63 0.071 1.62 · 104

reflected elastic wave from the free surface interact, tensile

stresses originate in the range marked by a vertical arrow

in the insert. The similar situation also occurs in the

experiment 3a , in which the precursor has time to reflect

twice. Both the cases have fracture that results, in particular,

in typical oscillations of the velocity in the spallation plate.

A velocity difference 1u fs between its maximum value and

a value before the spallation pulse is 31m/s in these two

tests.

In the experiment 5a with the 0.46mm-thick impactor,

the unloading wave catches the plastic wave that totally

decays, and an elastic wave exits to the free surface. It

is interaction of the two colliding elastic unloading waves

that resulted in the tensile stresses. The elastic unloading

wave’s amplitude 1u fs recorded at the free surface was

89m/s. Interaction of the elastic waves in the experiment 5a

is confirmed by the fact that the second re-reflected

pulse exits in 523 ns. The velocity of propagation of the

wave within the elastic area is determined by exit of the

second re-reflected pulse as 2hs/1tr = 11.56 km/s, which

insignificantly exceeds the measured c l .

If assuming that all the wave interactions in the

experiments 3a , 4a and 5a occur within the elastic

area, then maximum stresses of compression and ten-

sion shall be calculated by means of the relationship

σsp = 1/2 · ρ0 · c l · 1u fs . In the experiments 3a and 4a ,

the maximum tensile stresses were 0.33GPa, while in the

experiment 5a they were 0.94GPa. Such a significant

difference of σsp indicates that the CCCM 1-D samples

fracture does not occur in the elastic region, which is

probably due to the following circumstances. The plastic

wave amplitude decays due to unloading from the impactor

in these tests before its exit to the free surface. For this

reason, a specimen’s part that is adjacent to the free surface

is not plastically deformed, retains the elastic properties

and can withstand high tensile stresses. But within a

plastically-deformed area spall strength is very low as it

follows from results of the test 1a Therefore, as soon as

the tensile stresses at an interface of these two areas exceed

this value, it fractures. At the same time, the elastic part of

the specimen has much higher stresses originated and they

depend on specific conditions of the experiment and make

it possible to obtain only a lower estimate of the value of

spall strength within the elasticity area.

In order to determine spall strength of the CCCM 1-D

specimens in the elasticity area, the test 6a (the profile 6a in

Fig. 9) was performed, in which the maximum compression

stress was 1.47GPa, i.e. it did not exceed σHEL. No

spall fracture occurred in this experiment and the maximum

tensile stress was 1.32GPa. The elastic wave velocity was

calculated based on exit of the second re-reflected pulse

to show that 2hs/1tr = 11.647 km/s. In this experiment,

the elastic wave velocity Uel measured by means of contact

sensors was 11.627 km/s. Both the values are almost the
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Figure 10. Velocity profiles of the free surface of the CCCM 1-D

specimens under shock loading perpendicular to and at the angle

ot 45◦ to the fiber direction. The profiles have the numbers of the

experiments marked as per Table 3.

same and insignificantly exceed the measured c l in the room

conditions.

Fig. 10 shows the velocity profiles of the free surface of

the 3mm-thick CCCM 1-D specimens under shock loading

perpendicular to the fiber direction. The experiments 3p

and 4p included measurement of the elastic wave velocity

Uel by means of the contact sensors. The results of

measurements of the elastic wave velocity Uel are equal

or close to the measured c l under normal pressure. The

profiles u fs exhibit a significant difference in behavior of

CCCM 1-D in a dependence on the loading direction. If

loading along the fibers exhibits a step-wise increase of

the free surface velocity due to reflection of the precursor

from the plastic wave, then during loading perpendicular to

the fiber a monotonic increase of the velocity is recorded,

with formation of a pronounced front of the shock wave.

When the maximum velocity is reached, irreproducible

specific features related to the specimen microstructure

are also registered in unloading on the profiles 2p−4p A

shape of the elastic wave when loading perpendicular to

the fibers does not make it possible to calculate an exact

value of σHEL. In the middle part of the elastic wave of

the experiments 2p−4p its amplitude is 8−9m/s, which

corresponds to σHEL ∼ 14MPa. It is by two orders smaller

than during shock loading along the fibers. Due to the low

velocity c l , along the direction perpendicular to the fibers

we record significant reduction of time 1t between exit of

the elastic wave and the plastic wave with an increase of

the maximum compression stress. In the experiment 1p

in Fig. 3, the shock wave velocity exceeded the value of

c l and as a result no elastic-plastic transition is recorded.

It was shown by calculating the plastic wave velocity D

by the time 1t of exit of the plastic wave that in the

experiment 3p D = 1.45 km/s, in 4p — D = 1.69 km/s and

in 2p — D = 1.79 km/s. With an increase of the maximum

compression stress, the experiments 2p−4p exhibit an

increase of the strain rate in the plastic wave. Time

resolution of the interferometer makes it possible to measure

the time of the increase of the velocity in the plastic wave

and to evaluate the strain rate by means of the relationship

ε̇ = u̇ fs/2D, where u̇ fs is an increase rate of the free surface

velocity in the plastic wave. The strain rate in the plastic

wave increases from 3.1 · 105 s−1 in the experiment 3p until

∼ 1.6 · 106 s−1 in the experiments 2p and 4p.

The velocity profiles of the free surface 2p−4p (Fig. 10)
record spall fracture, which is manifested as a minimum

in the unloading part of the pulse. The velocity difference

designated in the figure as 1u fs makes it possible to deter-

mine the value of spall strength [36]. Since fracture is in the

plastic area, we use the relationship σsp = 1/2 · ρ0 · c0 · 1u fs

for calculating spall strength. The value of the volume

speed of sound during loading perpendicular to the fiber

direction is cb = 2.170 km/s. The value of spall strength in

the experiments 3p and 4p was σsp = 36MPa, and in the

experiment 2p it was σsp = 110MPa. In this case, spall

strength does not depend on the maximum compression

stress, but it depends on the microstructure, i.e. on a cross

section of spallation, inside a fiber or between fibers. The

strain rate of the material before spallation is actually a rate

of expansion of a substance in the rarefaction wave and is

equal to

V̇

V0

= −
u̇ fs r

2cb

,

where u̇ fs r is a rate of drop of the free surface velocity in

unloading wave before spallation, which is determined from

the wave profile. Table 3 summarizes the obtained values of

the strain rates in the rarefaction wave for the experiments

along and perpendicular to the fiber direction as well as at

the angle of 45◦ in the plastic area of deformation.

Fig. 11 summarizes the obtained values of spall strength

of the CCCM 1-D on the strain rate for the studied

orientations. The transparent red dot corresponds to spall

strength at longitudinal fiber orientation in the test 1a . It is

clear that within the area of plastic deformation (the solid

blue and green dots as well as the transparent red dot) at

the strain rates ∼ 104 s−1 the values of spall strength for

the studied orientations slightly differ from each other and

stay within the range 35−70MPa. In the perpendicular

direction, we record a twofold increase of spall strength

from an increase of the strain rate by an order. Fig. 11 also

shows results of investigation of spall strength of a carbon

fiber-reinforced plastic (CFRP) from the study [11], which

quantitatively quite well agree with the data obtained. At

the same time, it should be noted that the dependences

of spall strength on the strain rate do not coincide, but

intersect, which is one of manifestations of various influence

of the carbon (CCCM 1-D) matrix and the polymer (CFRP)
matrix on spall strength of the composites. In loading along

the fibers, fracture occurs at the interface between the areas

of elastic and plastic deformation. Since the specimen is
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Figure 11. Dependence of spall strength on the strain rate

of the CCCM 1-D under shock loading along (the red dots),
perpendicular to (the blue dots) and at the angle of 45◦ (the greed
dots) to the fiber direction. CFRP — experimental data from [42].

not fracture in the elastic area, the arrow dots shown in

Fig. 11 characterize not spall strength, but the maximum

tensile stresses, which were implemented in the elasticity

area in a specific test. The respective values are by an order

higher than spall strength in the plastic area. This behavior

is typical for single-crystal sapphire, in which extremely

high values of spall strength are recorded in the elastic area

and with a transition into the plastic-flow area the strength

becomes to either zero or insignificant. This behavior is

typical for some ceramics [36].

Conclusion

We have determined the structure of the front of the

shock wave and shock compressibility of the unidirec-

tional carbon-carbon composite material CCCM 1-D during

propagation of the shock waves at the angles 0, 45 and

90◦ in relation to fiber orientation. When loading the

specimen along the fibers, we have recorded the two-

wave configuration, which is observed within the entire

studied pressure range to 40GPa. The similar structure

of the front is observed with fiber orientation at the angle

of 45◦ . But due to a smaller value of c l the two-wave

configuration disappears earlier than at 0◦, since the velocity

of propagation of the first wave is determined by the

speed of sound, which is measured along the fibers. It

is demonstrated that the shock Hugoniot of the composite

depends on a direction of shock-wave impact. Around the

shock compression pressure of 30GPa the shock Hugoniot

registers a kink that indicates the phase transition at this

shock compression pressure.

Based on recording and subsequent analysis of the wave

profiles, we have measured spall strength of the unidirec-

tional carbon-carbon composite material CCCM 1-D under

shock loading of the samples at the angles 0, 45 and 90◦

in relation to fiber orientation. It is demonstrated that

the studied composite is no fracture occurs in the area

of elastic deformation, i.e. the value of spall strength is

determined by its dynamic elastic limit and exceeds 1GPa.

During plastic deformation, the CCCM 1-D sample loses the

elastic properties and spall strength decreases by an order

irrespective of fiber orientation. At the same time, a heavy

dependence of σsp on the strain rate is observed, whose

increase by an order results in a twofold increase of spall

strength.
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