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composites after repeated ablation under oxyacetylene flame of 3000 °C
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Abstract: The performance of carbon-carbon (C/C) composite’s reusable parts regarding the extent of erosion, and residual
mechanical and thermophysical properties in high temperature applications was studied. C/C composites were fabricated with four-
directional preform architecture. The composites were repeatedly ablated using oxyacetylene flame of about 3000 °C for 30 s each
time. The results show that the ablation rate of the composite is linearly proportional to the ablation time; a single step ablation shows
a higher ablation rate as compared to the ablation carried out in steps, keeping the total ablation time the same. The surface roughness
and exposure area of the specimen to the flame were found to significantly increase the ablation rate. The compressive strength,
thermal conductivity and coefficient of thermal expansion (CTE) of the composite were found to decrease after every ablation test,
whereas the specific heat capacity of the composite remained unchanged.
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1 Introduction

Carbon-carbon (C/C) composites offer a unique set
of properties like low density, excellent anti-ablation
performance, biomedical compatibility, thermal shock
resistance and retaining mechanical properties at high
temperatures. These characteristics make C/C composites
an ideal candidate in the biomedical applications,
aerospace and aeronautics for making exit cones, leading
edges and reentry tips of space shuttles and ballistic
missiles, nozzles of solid rocket motors (SRM) and air
craft brake discs [1—4]. C/C composites fabricated with
four-directional (4D) preform architecture are preferred
for the thermal management systems including heat sinks
and plasma facing components of fusion devices because
of their inherent quasi isotropic properties, high thermal
conductivity and better anti-ablation performance [5—7].
But owing to their proprietary nature, very less data have
been published in the open literatures [8—10].

Ablation of C/C composites depends upon their
density, porosity, fiber properties, preform architecture
and microstructure of the carbon matrix [11-13].

Oxyacetylene flame ablation is the most widely used
experimental method to study and simulate the ablation
and erosion behaviour of C/C composites in various
aerodynamic, aerothermal and thermomechanical
conditions [14—16]. The temperature of the C/C
composites in many of their aerospace and aeronautical
applications reaches a very high temperature in seconds.
Sudden heating and cooling of C/C composites, from a
temperature of 2000—3000 K, can produce thermal shock
and is prone to disturb their mechanical and
thermophysical properties. The long term use of C/C
composites parts in any of their critical applications will
depend upon their ablation and erosion rate and their
residual properties, most importantly the compressive
strength, specific heat capacity, thermal conductivity and
thermal expansion. Excellent thermophysical properties
ensure the uniform ablation and right geometrical
parameters of the structure, otherwise if they are
damaged, for example in their applications in nozzles,
leading ages and nosetips of space shuttle, it may
generate control problems and can put the flight at risk.
Nowadays, C/C composites brake discs have been
used in all the military and passenger aircrafts for mass
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reduction and cost saving. During a braking action, a
large amount of heat is produced due to the friction
between the rotor and stator, and is absorbed by the C/C
composite brake discs material. To meet the thermo-
structural and tribological design requirements of the
brake discs, C/C composites need to have low coefficient
of thermal expansion (CTE), high thermal conductivity,
high heat capacity and high strength. Keeping in view of
the requirements of C/C composites in reusable parts at
high temperature, it is important to investigate the effect
of repeated use of C/C composites in critical high
temperature applications on their intrinsic mechanical
and thermophysical properties.

In the current work, 4D C/C composite was
fabricated with liquid phase impregnation carbonization
(LPIC) using coal tar pitch as a matrix [17]. Higher fiber
volume fraction and density of the resulting C/C
composites were achieved to exactly address the C/C
composite materials used in their field applications. The
material was ablated many times using oxyacetylene
flame of 3000 °C, and their residual compressive and
thermophysical properties were monitored and discussed
with the help of microscopy. This study will be helpful
for efforts to simulate the life and efficiency of C/C
composites parts regarding the extent of their erosion and
residual mechanical and thermophyscial properties in
high temperature applications in their civil and military
fields.

2 Experimental

2.1 Composites fabrication

Four-directional (4D) preforms were prepared from
polyacrylonitrile-based carbon fibre (12k) using a
pultrusion machine. The carbon fibers were arranged in
three in-plane directions (Xy-direction), that is, 0°, 60°
and 120° with a periodic arrangement while the fourth
direction was perpendicular in the z-direction, i.e.,
through-the-thickness (t-t-t). The final 4D preforms had a
fibre volume fraction of ~40% and a bulk density of
around 0.72 g/cm’.

The preform was densified by liquid phase
impregnation carbonization (LPIC) using coal tar pitch.
The preform was first densified to 1.0—1.3 g/cm’ using
pressure impregnation technique. The green composite
was then subjected to various cycles of vacuum
impregnation followed by hot isostatic
impregnation carbonization (HIPIC) processes. High
temperature treatment (HTT) of the composites was
carried out at 2300 °C with controlled cooling. The HTT
was carried out many times in the middle to open the
pores for the next densification cycle. By this way
graphitized C/C composites with high density and less
porosity, required for excellent mechanical and ablation

pressure

properties, were achieved. The detailed fabrication
process of 4D C/C composite has been reported in our
previous paper [17].

2.2 Characterisation
2.2.1 Density and porosity

The density of 4D C/C composites after final HTT
was measured by the Archimedes water-immersion
method at room temperature using Sartorius CP224S
densitometer. The final density of the composite was
found to be (1.85+0.01) g/cm’. The open porosity of the
composites was determined using air displacement
method by filling the pores with kerosene under vacuum.
The final open porosity of the composite was
(6.5+£0.2)%.
2.2.2 X-ray diffraction analysis

X-ray diffraction analysis of the C/C composite was
carried out using X’Pert Pro PANalytical model
diffractometer. Silicon powder was introduced as a
standard. The degree of graphitization after final HTT
was found to be ~92 %.

2.3 Oxyacetylene ablation

For oxyacetylene ablation, the specimens with
dimensions of d30 mmx10 mm were exposed vertically
(perpendicular to the axis of the flame) to an
oxyacetylene flame. The distance between the front
surface of the specimen and nozzle tip was kept 10 mm.
The oxygen to acetylene flow rate was 1.35, while the
heat flux was measured as 3.9 MW/m?”. The temperature
of oxyacetylene flame reached the maximum value of
around 3000 °C measured with optical pyrometer. The
z-direction fibers were oriented parallel to the flame axis.
The composites were ablated for 30, 60, 90 and 120 s in
one step ablation. The tests were also performed for
repeated-ablation. For that purpose, the ablation tests of
the same sample were conducted many times, each time
for 30 s and then samples were cooled down to room
temperature before subjecting the sample to next ablation
experiment. The linear erosion rate and mass ablation
rate were calculated for each specimen by dividing either
the specimen thickness or the mass change before and
after the test by the ablation time.

2.4 Thermophysical analyses
Thermophysical ~ analyses  include  thermal
conductivity, specific heat capacity and coefficient of
thermal expansion.
2.4.1 Thermal conductivity and specific heat capacity
Thermal conductivity and specific heat capacity of
the composite material were measured in the t-t-t
direction of the composite before and after repeated
ablations (thermal shocks) from room temperature to
1000 °C. Thermal conductivity and specific heat capacity
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were measured with a Netzsch-LFA 457 MicroFlash
instrument for the specimens with dimensions of
d12.7 mmx4 mm.
2.4.2 Coefticient of thermal expansion

The coefficient of linear thermal expansion (CTE)
of the material was measured in the in-plane directions of
all the ablated and virgin composite samples with a
Netzsch-DIL  402C TMA40 instrument in the
temperature range of 25-1250 °C at heating rate of
5 °C/min. For CTE measurement rod-shaped specimens
with dimensions of d6 mm x 25 mm were used.

2.5 Compressive analysis

For compressive analysis, the cylindrical samples of
the composites before and after ablation with dimensions
of d10 mmx 10 mm were measured using Instron—8872
instrument at a cross-head speed of 0.50 mm/s.

2.6 Microscopic examination

In order to characterize the texture and
microstructure of C/C composites, both polarized light
optical microscope (PLM) (Leica DMLP-S 1541537,
type DMLM) and scanning electron microscope (SEM)
(JEOL JSM-6700f) were used. The microstructures of
the composites were investigated before and after
ablation and compression tests at various magnifications.

3 Results and discussion

3.1 Microstructure of 4D C/C composite

Figure 1 shows the PLM micrographs of the 4D C/C
composites. The matrix is highly anisotropic showing
domain morphology. The carbon fibers within the carbon
fiber bundles are well impregnated by the pitch matrix
and there is a good bonding between the carbon fiber
bundles and the carbon matrix. The micrographs show
the presence of pores inside the carbon fiber bundles and
the bulk matrix.

SEM image of the composite, as shown in Fig. 2,
indicates the lamellar microstructure of the pitch based
matrix. The carbon fibers have been completely wrapped
by the thin graphitic sheets of the carbon matrix. The
carbon matrix has an ordered structure oriented towards
the axis of carbon fiber. The micrograph shows that the
bonding between the individual carbon fibers and the
matrix is not very strong. This kind of bonding is
believed to protect the C/C composite from catastrophic
failure under compressive and flexural loadings.

3.2 Oxyacetylene flame ablation of composite

Figure 3 shows the ablation and erosion rates of the
C/C composites under oxyacetylene flame of 3000 °C as
a function of ablation time. Ablation of materials
involves thermomechanical denudation and thermo-
chemical reactions. The ablation and erosion rates of the

Fig. 1 PLM micrographs of 4D C/C composites showing fibers
and anisotropic texture of matrix

Fig. 2 SEM image of 4D C/C composites showing carbon
fibers embedded in carbon matrix
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Fig. 3 Ablation and erosion rates of 4D C/C composite as
function of ablation time
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composites are found to increase with increasing the
ablation time. The relationship of the erosion and
ablation rate with respect to ablation time is almost linear.
There is around two times increase in the ablation rate
with the four times increase in the ablation time. The
increase in ablation rate with increasing the ablation time
is attributed to the thermochemical removal of the outer
layer of the carbon fibers and the matrix around the
carbon fibers which make the carbon fibers more
susceptible to the oncoming flow of ablative gases. This
phenomenon also causes the increase in the exposed
surface area that escalates the ablation rate.

SEM image of the ablated C/C composites shows
that the ablation rate in the carbon matrix region is
higher than that in the fibre region as represented by the
mark ‘C’ in Fig. 4. There is no marked difference in the
ablation rate of the in-plane carbon fibers (horizentally
oriented carbon fibers) and the transversely oriented
carbon fibers marked as “A” and “B” respectively, in
Fig. 4.

Fig. 4 SEM image showing horizentally (A) and transversely
(B) oriented carbon fibers, and carbon matrix (C) after
oxyacetlene flame ablation

Figure 5 shows the transversely and horizontally
oriented carbon fibers after ablation for 60 s, respectively.
The interface between the carbon matrix and the carbon
fiber seems to be more susceptible to the oxyacetylene
flame ablation. The loose interface leads to the exposure
of the outer shell of the carbon fibers to the ablative
gases. The outer layer of the carbon fiber is weaker to
resist ablation than the core region because the outer
layer has edged carbon atoms and more structural defects,
which increases the fiber surface reactivity to ablative
gases at high temperature. The transversely oriented
carbon fibres thus become tapered as the ablation
progresses. The tip of the fibers gets to sharpen with the
ablation time increasing and is continuously removed by
the incoming flame by block denudation, leaving behind
the needles with the blunt tips. The rate of erosion, which
is the measure of the thickness difference, remains

almost constant after 90 s of ablation, while the ablation
rate is constantly increasing, as shown in Fig. 3. This
indicates that during long ablation time the oxyacetylene
ablation affects more area on the composite surface.

/ . &=

Fig. 5 SEM images showing transversely (a) and horizentally
(b) oriented carbon fibers after oxyacetlene ablation for 60 s

The ablation rate of the composite during repeated
ablation experiment is shown in Fig. 6 as a function of
ablation steps. The ablation rate of composite increases
gradually in the beginning till four times of repeated
ablation and then remains almost constant in the last six
times of repeated ablation. Figure 7 shows the 4D C/C
composite specimens ablated 4, 7 and 10 times, each
time for 30 s. The oxyacetylene flame ablation produces
a pit at the centre of the specimen at the target point. The
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Fig. 6 Variation in ablation rate of 4D C/C composite during
repeated ablation
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Fig. 7 Pictures of ablated 4D C/C composites after 30 s
ablation under oxyacetylene flame of 3000 °C: (a) 4 times; (b)
7 times; (c) 10 times

area and depth of the pit are observed to increase with
increasing the number of ablation steps, as shown by
circles in Fig. 7.

3.3 Residual compressive properties after repeated

exposure to oxyacetylene flame

Table 1 shows the compressive strength of the
virgin 4D C/C composite material and the material after
repeated exposure to oxyacetylene flame of 3000 °C,
each time for 30 s. The standard deviation between the
compressive strengths of many specimens tested in each
case is very small, indicating the uniform density and
uniform distribution of cracks and pores that are usually
generated in a material during HIPIC and HTT process.

After the first ablation, the compressive strength of the
material falls down by around 10%. This can be
attributed to the weakening of the interface, creation of
new matrix cracks and the growth of pre-existing cracks
by the rapid heating and cooling of the material. It is
observed that the decrease in the compressive strength of
the material becomes insignificant, as the number of
heating and cooling cycles (ablation cycles) increases.
The total decrease in the compressive strength of the
material in 10 times is about 19.5%. It means that the
major loss of compressive strength of the material takes
place in the first time use of the C/C composite in the
ablative environment.

Table 1 Compressive strength of 4D C/C composites before
and after exposure to oxyacetylene flame of 3000 °C,
repeatedly 1, 3, 7 and 10 times, each time for 30 s

Compressive strength/MPa

No. Virgin 1 2 7 10
(unablated)  time times times times
1 83.7 81.1 72.4 68.5 71.4
2 90.2 74.3 73.4 71.6 70.8
3 81.4 77.3 77.0 74.4 69.4
4 87.4 76.5 75.4 72.9 72.6
5 88.5 78.1 71.2 69.2 71.5

Average 86.2+3.6 77.5£2.5 73.9+2.3 71.7£2.5 70.1+1.2

3.4 Influence of repeated ablation on thermophysical

properties

The thermal conductivity of the virgin, ablated and
re-ablated C/C specimens are shown in Fig. 8, at various
temperatures. The thermal conductivity of the
composites decreases with increasing temperature in
both the virgin specimen and the specimens after
repeated ablation.
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Fig. 8 Thermal conductivity of 4D C/C composites after
repeated ablation as function of temperature
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The results also show that the thermal conductivity
of 4D C/C composites at any measured temperatures
decreases after ablation. It can be attributed to the
structural deformation and reaction of the composites
with oxygen etc, during rapid heating and cooling that
hinders the channels for the phonon transmission
responsible for heat conduction. The specific heat
capacity of the C/C composites increases with increasing
temperature. Unlike thermal conductivity, the specific
heat capacity of the material does not change
significantly after ablation as shown in Fig. 9. The CTE
behaviour of the 4D C/C composite with increasing
temperature is the same as that reported in Ref. [17]. The
material shows decrease in the CTE value with
increasing their exposure frequency to the ablation
environment, as shown in Fig. 10. There is a minor
difference in CTE value at temperature below 150 °C;
however, the difference in CTE value with ablation and
reablation becomes more obvious beyond 150 °C.
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Fig. 9 Variation in specific heat capacity of virgin and ablated

4D C/C composites as function of temperature
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Fig. 10 CTE of virgin and ablated 4D C/C composites as
function of temperature

4 Conclusions

4D C/C composites were fabricated using liquid
phase impregnation carbonization with coal tar pitch as

an impregnant. The composites were repeatedly ablated
using oxy-acetylene flame of about 3000 °C each time
for 30 s, and the residual compressive and thermo-
physical properties of the composites were studied.

1) The erosion and ablation rate of the composite
increase with the ablation time increasing, and the
ablation rate is higher when the composite is ablated in
one step as compared to that ablated in many steps.

2) The surface roughness and exposure area of the
specimen to the flame significantly increase the ablation
and erosion rate.

3) The compressive strength of the composite
decreases significantly after the first ablation in
oxyacetylene flame at 3000 °C; however, the decline in
compressive strength becomes insignificant after
repeated ablation.

4) The ablation has a pronounced effect on the
thermal conductivity and coefficient of thermal
expansion of 4D C/C composite, which are decreased
linearly with ablation times, whereas the specific heat
capacity of the composite remains unchanged after
ablation.
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