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Shock Behaviour of 3D Carbon-Carbon Composite
p-L. Héreil, O. Allix* and M. Gratton*

Centre d’Etudes de Gramat, 46500 Gramat, France
* Ecole Nationale Supérieure d’Enseignement Technique, 92000 Cachan, France

Abstract . The compressive response of a 3D carbon-carbon composite under shock wave was studied in a plate-
impact configuration. Two directions of impact were achieved until a nominal value of longitudinal stress of 2.5
GPa. The measured wave profiles are consistent with previous results on 3D composites and confirm the behaviour
of such materials under impact. It is shown that the initial loading is decomposed in two waves. The first one is
transmitted by the longitudinal fibres, the second one corresponds to the propagation of a shock wave in the
‘matrix’. Macroscopic characteristics of this material arc provided.

Résumé . On présente la réponse sous choc d'un composite 3DCC a partir d'essai d'impact de plagues. Deux
directions d'anisotropie ont été étudiés jusqu'a une contrainte maximum de 2,5 GPa. La forme des diagrammes de
vitesse est cohérente avec les résultats déja obtenus sur les composites 3D et confirme leur comportement sous choc.
On montre que la sollicitation initiale se décompose en deux ondes. La premiére est transportée par les fibres
longitudinales, la seconde par la matrice. On présente des caractéristiques macroscopiques calculées sur ce
composite 3DCC.

1. INTRODUCTION

The propagation of stress waves has been of considerable interest for several decades, nevertheless its
study has been focused principally on homogeneous materials, with much less attention to composites or
other heterogeneous materials. Today, composites are increasingly used in aerospace applications and their
dynamic behaviour is of considerable interest. Analysis of wave propagation in such materials is interesting
but remains a complex problem due to wave reflections and refractions at the fibre-matrix interfaces and to
the non-linear response of individual constituents. These complex mechanisms lead to theoretical
difficulties in modelling the composite behaviour as pointed out in several papers [1]-[7]. There has been
little investigations conducted on transient loading, particularly on the shock wave response of composites
and most of them have been focused on the description and characterization of damage under dynamic
loading [8]-[13].

The aim of this paper is to study the stress wave propagation in a 3D carbon-carbon composite
(3DCC) up to a longitudinal stress of 2.5 GPa. Several resuits have already been obtained on the global
response of 3DCC composites under shock loading. In 1973, Holt et al. [14] presented experimental and
theoretical works on 3DCC and ATJ (a homogeneous porous carbon graphite). They proposed an
equation of state and a porous model to calculate the thermo-mechanical response of these two materials
until a stress of 50 GPa. More recently, Mc Queen e al. [15]-[17] and Van Thiel e al. [18] have
presented Hugoniot values.of 3DCC and porous carbon until a stress of about 100 GPa. Goeke and Mc
Clintock [19] have examined the failure of 3D graphite composites under shock loading. They observed
that the critical element is the fibre bundles oriented in the shock direction.

This work takes part in a more important study which includes the characterization under quasi-static
conditions, the recovery of shocked samples in spall experiments and the modelling on a meso-scale of this
composite, In this study, our approach is to consider the meso-constituents of the 3DCC composite on
both experimental and theoretical point of view.
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Figure 3 : Interface velocity diagrams obtained Figure 4 : Interface velocity diagrams obtained

on 3DCC composite in the X direction. on 3DCC composite in the Z direction.
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2-MATERIAL

The samples of 3DCC were manufactured by Aérospatiale. They are composed of a 3D substrate of
carbon fibres automatically woven, densified by densification/carbonization cycles and subjected to a final
heat treatment at 1200°C. After this densification, several cracks and voids remain in the samples. The
weaving is three orthogonal with a 0.324-mm step in the Z direction and a 1.6-mm step in both X and Y
directions which are equivalent (figure 1). Fibres Z are made of 4 wisps of 3000 TORAYCA M-40
filaments. The fibre ratio is 17.7% in the Z direction and 14.6% in the X and Y directions.

Composite samples were cut out of disk plates of 60-mm diameter and 8-mm thickness. The cut was
made along two different directions : normal to the Z direction and normal to the X direction. All the
samples presented a maximum flatness defect of 0.01 mm and a maximum parallelism defect of 0.02 mm
between their faces.

The mean density of the material is 1.97 + 0.03 g/cm3 which corresponds to a porosity of about 11%.
Ultrasonic measurements give a longitudinal velocity of 155704300 my/s at 15 MHz. This value is
consistent with results from {20].

3, EXPERIMENTAL APPROACH
3.1 Experimental configuration

Experiments were conducted at CEG on the 110-mm gas gun DEMETER by using standard plate-impact
techniques. The experimental configuration used in the present study is depicted in figure 2. The target
assembly was optically aligned to the barrel axis prior to impact and four flush pins determined impact tilt
which was typically less than 1.0 mrad. The projectile velocity was measured by three self-shorting pins at
the muzzle of the gun, with a relative error of about 0.5 %. A VISAR interferometer system [21] was used
to measure the particle velocity at the interface between the composite and a transparent window.

A plate of Al6061 aluminium alloy impacts the target composed of the 3DCC composite backed by a
PMMA buffer and a PMMA window. The bufter is desirable to average the effects of heterogeneities and
to provide better survivability of the reflecting surface.

The experimental program has lead to three shots in the Z direction and three other ones in the X
direction. The experimental parameters are provided in table I and interface velocity profiles in figures 3 et
4. All the profiles show similar characteristics:

- a first compression wave shaped as a ramp: the loading time ranges from 2 ps to 4 us and the
maximum intensity from 40 m/s to 60 mvs.

- a second compressive wave corresponding to a shock: its rise time ranges from 8 ns to 200 ns and
the peak of this wave is proportional to the impact velocity as in homogeneous materials.

- a plateau which shows significant irregularities: the observed oscillations are better marked for the
profiles corresponding to the Z direction with an intensity of 30 m/s and a period of 850£100 ns.

- arelatively smooth release wave: its final value corresponds to the difference between the respective
impedances of AL6061 impactor, 3DCC target and PMMA window.

3.2 Interpretation

The velocity profiles have been analyzed with reference to the results obtained in previous work [22]. In
[22], the measurements were carried out with an optical camera and showed the heterogeneous nature of
the propagation, as it had been done on an aluminium/epoxy composite [23] and on a 3D quartz phenolic
composite [24]. These previous results have shown that longitudinal fibres act as wave guides for a wave
propagating in the fibre direction. The initial loading obeys to two propagation modes: the first one
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concerns the longitudinal fibres in which the wave velocity is about 15500 m/s and the second one the
‘matrix’ (the term ‘matrix’ includes all the other constituents of the composite) in which the wave velociyy
depends on the intensity of the shock wave. This phenomenon is illustrated in figure 5.

Table 1. Parameters of plate-impact experiments on 3DCC composites

test impactor target impactor thickness  target thickness  impact velocity
number (mm) (mm) (m/s)
X1 Al6061 3DCC X/ PMMA 14.96 8.09/1.00/20 2691
X2 Al6061 3DCC X/ PMMA 14.93 8.09/1.00/20 376 £ 1
X3 Al6061 3DCC X/PMMA 14.94 8.09/1.00/20 523 +4
Zl Al6061 3DCC Z/PMMA 14.99 8.09/092/20 250 +2
Z2 Al6061 3DCC Z/PMMA 14,97 8.09/092/20 3831
23 Al6061 3DCC Z/PMMA 14.99 8.09/0.91/20 5213

The first ramp wave of the velocity profiles corresponds to the information transmitted by the
longitudinal fibres either X fibres for the experiments X1-X3 or Z fibres for Z1-Z3. As illustrated in figure
5, this wave reflects many times on the 3DCC/PMMA interface as well as on the Al6061 impact interface
before the arrival of the main shock wave which propagates in the ‘matrix’. The reverberation of some
longitudinal waves are de facto observed on the velocity profiles. This behaviour is more pronounced in
the case of Z specimens because their sections and spacings are greater than for X fibres. The role of
homogenisation of the compressive waves in the PMMA buffer is significant in this interpretation.

The same interpretation could be done from the oscillations which appear on the plateau of the
velocity profiles. Nevertheless, the wave interaction is very complex at this state of deformation and we are
not able, at the present time, to evaluate the influence of the PMMA buffer in such conditions. We need
further experimental results or numerical simulations with a meso-scaling representation to discriminate the
effects of the independent constituents and the influence of the PMMA buffer.

3.3 Hugoniot calculations

The heterogeneous nature of deformation in 3DCC composites makes difficult to apply the classical theory
of Lagrangian analysis. We have assumed an equivalent homogeneous body in order to calculate the
macroscopic characteristics of the shock wave behaviour from the interface velocity profiles. The method
is based on the mass and momentum conservation equation and on a graphic representation of the impact
location. The Hugoniot state of the target is on the intersection of the Al6061 impactor Hugoniot and of
the Rayleigh line calculated with the shock transit time in the 3DCC target. In this analysis, the first ramp
wave is considered as a precursor wave and the PMMA behaviour is taken into account to correct the
transit time in the buffer.

The resuits are shown in figures 6-8 in terms of stress, particle velocity, shock wave velocity and
specific volume. The error bars were calculated by considering the errors associated with the propagation
of the first wave, the behaviour of Al6061 and PMMA, the projectile velocity, the VISAR measurement
and the initial density measurement. With the above technique, the values corresponding to the top of the
first wave are 0.40 + 0.05 GPa for the longitudinal stress and 0.503 % 0.001g/cm? for the specific volume.

The relation between particle velocity u and shock wave velocity D is D = 1146 + 4.07u where
200m/s< u <600m/s. A comparison with dense graphite Hugoniot [15] (figure 8) indicates that the
compaction of 3DCC occurs at the lower longitudinal stress achieved in the experiments.
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Figure 6 : Shock wave velocity versus
particle velocity data for 3DCC composite
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specific volume for 3DCC composite

The compressive response of a 3DCC composite under shock wave was studied in a plate-impact
configuration. A maximum value of longitudinal stress of 2.5 GPa was achieved in two directions of
Impact: Z fibre direction and X fibre direction. The VISAR interferometer provides an accurate
measurement of the overall particle velocity profile for impact velocity ranging from 260 m/s to 520 m/s.
These velocity profiles are consistent with previous results on 3D composites and confirms the behaviour
of such materials under impact. The initial loading is decomposed in two waves. The first one is
transmitted by the longitudinal fibres (either Z or X), at a wave velocity of about 15500 m/s and at a
maximum intensity of a few tens of m/s. The second one corresponds to the propagation of a shock wave
Inthe ‘matrix’ at a wave velocity depending on the nominal stress.
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The macroscopic values were calculated by a method conventionally used for homogeneous materials
The stress-volume diagram shows that 3DCC is compacted at a level of stress lower than 1.0 GPa. T
relation established between shock velocity and particle velocity is D = 1146 + 4.07 u (in m/s) in the rang
200-500 m/s ”

These results take part in an experimental work which includes recovery of shock loaded sample ang
quasi static experiments. The ultimate objective is to built a model which describes the response of 3DCC
composites at a meso-scale level.
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