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Abstract

Thermal shock strength of carbon±carbon composite has not been evaluated yet. This paper presents it by laser irradiation

technique newly developed for ceramics. Traditionally adapted quenching test has a big di�culty in which heat transfer coe�cient is
very unstable under the quenching process. To avoid this problem, laser irradiation method was proposed and applied e�ectively to
several ceramics. Thermal shock strength of carbon±carbon composite was evaluated by laser irradiation method and the critical
laser power density which causes the material's fracture was obtained. It was concluded that the critical power density can be a new

measure to evaluate thermal shock strength. # 1998 Elsevier Science Limited and Techna S.r.l. All rights reserved.

1. Introduction

Carbon±carbon (C/C) composite has heat-, water-
and probably thermal shock-resistant, high strength at
elevated temperature, low density and size stability and
so on. It is most expected to apply to the components
operating under severe temperature circumstances like
rockets and space planes. Taking into consideration the
material's oxidization problem [1] at high temperature
and its properties depending on the manufacturing pro-
cess [2] and ®bre texture [3], C/C composite is still under
development. Although their various mechanical prop-
erties have been reported [4,5], thermal shock resistance
has not been evaluated yet. There is one related report
that their strength increases after adding thermal shock
on materials [6].

Thermal shock strength of ceramics are traditionally
evaluated by quenching technique and by the Hassel-
man plot to obtain the residual strength [7,8]. Since heat
transfer in the quenching process of hot specimens in
cold liquid is very unstable, the accuracy of their eva-
luation was criticized by several researchers [9,10]. To
make this problem clear, heat transfer coe�cient in the
quenching process was precisely measured [11]. New

evaluation techniques have been proposed by Faber et
al. [12], Lamon and Pherson [13], Takatsu et al. [14] and
Awaji [15] in order to avoid this unstable process. And
also a new and simple technique with laser irradiation
was proposed and applied to several ceramic materials
[16±18].

This report presents the evaluation of thermal shock
strength of C/C composite based on the laser irradiation
technique. Irradiating a laser pulse on the specimen
surface, its fracture is sensed by AE (Acoustic Emission)
signal. Assuming that the critical power density of laser
is de®ned by the one which causes the specimen's frac-
ture, it can be a new measure to evaluate thermal shock
strength. Transient heat conduction and thermal stress
analysis are carried out by FEM. Assuming that frac-
ture is initiated by the generated stress beyond the
material's strength, critical fracture curve is derived
which can map the fracture and non-fracture regions for
given laser power density and beam diameter. Finally
thermal shock experiments are done by CO2 laser and
prove the appropriateness of the theoretical, critical
fracture curve.

2. Carbon±carbon composite

Figs. 1 (a) and (b) show the weaving pattern in plane
and cross section, and layer-like structure of the material.
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One thread is spun of about 1000 carbon short ®bres.
Overall volume fraction of carbon ®bres is 40%. The
properties of the C/C composite listed in Table 1. The
SEM photograph of the ®bre texture in C/C composite
is shown Fig. 2.

3. Heat conduction and thermal stress analysis by
FEM

The C/C composite has a three dimensional structure
as shown in Fig. 1. Exactly speaking, three dimensional
structural model must be adopted. Since the FEM ana-
lysis plays a role of a side support to this evaluation
system, we adopted a simple, homogeneous and axially
symmetric solid model, so called the 1st approximation

model. This model seems to be su�cient to support the
proposed evaluation system.

Assuming non-coupled and pseudo-steady state the-
ory, the transient heat conduction and thermal stress
analysis are carried out by FEM (MARC Program) for
a model as shown in Fig. 3. A cylinder model has a size
of diameter d=50mm and height H=20mm which
simulates approximately an experimental specimen. Its
upper surface is irradiated by laser pulse with beam
diameter D, power density P Wmmÿ2 of constant dis-
tribution and duration 1 s.

Fig. 4 shows the boundary conditions for heat con-
duction and thermal stress analysis. In heat conduction
process, heat is transferred from hot specimen to ambi-
ent cold air by heat transfer process whose coe�cients
are listed in the lower lines of Table 2 [19].

Fig. 1. Weaving pattern.

Table 1

Properties of C/C composite

Density 1.4�103 (kgmÿ3

Thermal expansion coe�cient 5�10ÿ6(/K)

Heat conductivity 5.2(W/m � K)

Speci®c heat 0.84(kj/kg � K)

Tensile strength 29.6(Mpa)

Young's modulus 45.11(Gpa)

Poisson's ratio 0.25

Emmisivity (: 10.6mm) 0.90

Heat transfer coe�cient (W/m2 � K)

Upper surface h1=1.32(�T=`)1/4

Vertical side h2=1.42(�T=`)1/4

Bottom surface h3=0.61(�T=`)1/4

Fig. 2. Surface SEM photograph of C/C composite specimen.

Fig. 3. Analytical model of specimen.
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The origin of co-ordinate is ®xed at the centre of laser
beam on the specimen surface. Let r be radius and z be
depth. An element model with arbitrary quadrilateral
axisymmetric ring model is used for FEM computa-
tions. The total number of elements and nodes are 2150
and 6645, respectively.

4. Distributions of calculated temperature and thermal
stress

Fig. 5 shows the temperature distribution on the
irradiated surface with respect to r for P=2.42 Wmmÿ2

at 1 s. The maximum temperature at irradiated centre
increases with D and saturates beyond D=30mm. In
that range temperature gives constant distribution
within beam. Fig. 6 shows the temperature distribution
in the z-coordinate at the various radii for
P=3Wrnmÿ2, D=10mm at t=1s. Temperature does
not increase below depth z=5mm and outside
r=15mm.

Thermal stresses are computed based on the obtained
temperature data. Fig. 7 shows the radial stress �r dis-
tribution on the irradiated surface on the radial direc-
tion for P=2.4Wmmÿ2 at 1 s. It has the large
compressive stress at the centre and asymptotically zero
toward the outer periphery. The maximum compressive
stress at the centre reaches its highest value for
D=40mm and decreases beyond that beam diameter.

Fig. 8 shows the calculated hoop stress �� distribution
on the irradiated surface in the radial direction for the
same condition as Fig. 7. It is noted that under axially
symmetric state the relation �� � �r is held at the centre.
The large compressive stress is generated at centre, it
decreases with radius and changes from compressive to
tensile crossing the beam periphery. The largest tensile

stress takes place around r=5�8mm out of the beam
periphery. Assuming that fracture occurs when the lar-
gest tensile stress reaches the value beyond the material
strength, crack can be initiated at the place around
r=5�8mm where the largest tensile stress occurs. The
largest tensile stress increases with D.

Fig. 4. Boundary conditions of computations.

Fig. 5. Temperature distribution on irradiated surface.

Fig. 6. Temperature distribution along depth.
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Fig. 9 shows the radial stress distribution at the centre
with respect to depth z. The largest compressive stress is
generated on the irradiated surface and changes from
compressive to tensile with increase of z. The largest
tensile stress arises in the neighbourhood of z=6.2mm
and its value is slightly less than the largest hoop stress
on the irradiated surface.

5. Critical fracture curve of thermal shock

Changing laser power density 1�25Wmmÿ2, the
relation between the largest tensile stress and beam dia-
meters is shown in Fig. 10 for various power densities.
The critical power density Pc is de®ned by the power
density under which C/C composite is fractured. Draw-
ing a horizontal straight line at the stress 29.62MPa in
Fig. 10, the crossing points at each curve give the critical
power density for beam diameter D.

The relationship between Pc and D leads to a critical
fracture curve as shown in Fig. 11. This curve can give
an estimation of the critical power density to cause
fracture of C/C composite for a given beam diameter D.
It was concluded that Pc can be a measure for thermal
shock strength of materials. Initially Pc decreases
rapidly, its decreasing rate becomes gradually low with
D and ®nally asymptotically approaches to constant
value. Predicting this asymptotic value from the critical
fracture curve, it is Pc=2.0Wmmÿ2 which is rather low
as compared with Pc=2.9Wmmÿ2 for A12O3,
16.5Wmmÿ2 for TiB2 and 5.2Wmmÿ2 for MACOR
(Machinable Ceramics). This is reasoned by that the
thread of the used C/C composite is a bundle of the
carbon ®bres in short length and its tensile strength is
rather low.

6. Thermal shock experiments

Fig. 12 shows the adapted system for the experiment.
A pulse (duration 1 s) of CO2 laser with the maximum

Fig. 9. Radial stress along depth at beam centre.Fig. 8. Hoop stress on irradiated surface.

Fig. 7. Radial stress on irradiated surface.
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power 1 kW is irradiated on the surface of the rectan-
gular specimen (50�50mm, thickness 20�mm) set on
the x±y moving table. The four AE (Acoustic Emission)
sensors with 200 kHz are put directly under the specimen
as shown in Fig. 13 and the fracture signal is detected by
them. The experiments are carried out by the repeated
irradiations with various laser power densities to obtain

the critical Pc. The fracture corresponding to the crack
initiation was proved by the SEM observations after
sensing the signal with AE analyzer.

Fig. 14 shows the SEM photographs of the fractured
specimen with irradiation of D=5mm and Pc=
Wmmÿ2. A white circle was the trace of the irradiated

Fig. 13. AE sensing system.

Fig. 14. SEM photograph of fracture surface.

Fig. 12. Experimental apparatus.

Fig. 10. Maximum tensile stress with beam diameter.

Fig. 11. Critical fracture curve.
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beam in which and around which the cracks are
observed. The magni®ed photograph inside the region
of the laser beam is shown in Fig. 15 where the cracks
breaking ®bres and running along ®bres are con®rmed.

Fig. 16 displays the cracks in matrix in which spalling
occurs. Fig. 17 gives the fracture of the magni®ed ®bres.

The experimentally obtained results are plotted in
Fig. 18 where a solid line stands for analytical fracture
curve by FEM and solid circles indicate the experi-
mental results. The experimental results agree well with
the analytical one. It was concluded that the represented
approach was very e�ective to evaluate thermal shock
strength of C/C composite.

7. Conclusions

A simple and more reliable technique than the
quenching method was presented to evaluate thermal
shock strength of C/C composite. The procedure con-
sists of laser pulse irradiation and sensing AE signals to
catch fracture of the materials. The critical fracture
curve was derived based on FEM analysis and com-
pared with the laser irradiation experiments. The fol-
lowing conclusions were obtained:

1. The maximum temperature takes place on the
irradiated surface at the end of laser pulse.

2. The maximum thermal stress appears on the irra-
diated surface just outside laser beam.

3. De®ning the critical power density Pc of laser
beam, which causes the material fracture, the cri-
tical fracture curve was constructed for the esti-
mation of thermal shock strength.

Fig. 18. Experimental results of critical fracture curve.

Fig. 17. Magni®ed SEM photograph of fracture surface.

Fig. 16. SEM photograph of fracture surface.

Fig. 15. SEM photograph of fracture surface.
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4. Using CO2 laser, thermal shock experiments were
done to obtain Pc and the experimental results
agree well with the theoretical one.

5. lt was shown that Pc could be a new measure of
thermal shock strength.
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