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Abstract

In order to utilize the latent heat of metal fusion and evaporation, Al20Si/graphite was added into graphite by squeeze casting
infiltration. Its ablation properties were tested by oxy-acetylene flame. Compared with graphite, linear ablation rates of Al20Si/graphite
decrease nearly by one order of magnitude. However, linear ablation rate of Al20Si/graphite increases with ablation time, which is
caused by the change of ablation mechanism. At the beginning of ablation process, thermal chemical erosion plays an important part
and thermal protective effect comes from the melting of A120Si, the alleviation of liquid Al,O5 towards flame scouring and the decrease
of porosities compared with graphite, while with ablation processing thermal mechanical erosion turns to dominate and thermal
protective effect is mainly presented on the prevention of oxygen diffusion by the molten Al4SiC,4 covered on ablation surface and the
oxygen diffusion barrier effect of Al4SiC, stuffed into graphite pores.

© 2012 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction

With the rapid development of aerospace technology, the
demand for advanced thermal protective materials continues
increasing. Carbon-based materials have been considered to
be one promising candidate materials for severe environ-
ments with super-high temperature and high pressure for
their high temperature capability (over 2000 °C), high ther-
mal shock resistance, good ablation resistance and low
density [1-8]. However, the oxidation resistance of carbon
is quite poor, which limits the further application of carbon-
based materials in aerospace fields [8—11].

Refractory metal carbides or borides such as SiC, WC,
ZrB,, ZrC, TiC, TaC can be added into carbon matrix to
improve its high temperature capability [8—16]. During the
ablation process, the carbides or borides react with
ablative atmosphere and form a liquid oxide layer on the
ablation surface. The liquid oxide layer can prevent heat
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transfer and oxygen diffusion towards the interior of the
composites to protect the matrix.

But one limitation of the idea above is that most of the
refractory metal carbides are introduced into carbon by
reaction metal infiltration (RMI) [11-15]. During the RMI
process, molten metal reacts with carbon matrix and forms
metal carbides. Therefore, these metal carbides/carbon
composites fail to utilize the latent heat of metal fusion
and evaporation during the ablation process.

Al has a priority to react with oxygen compared with
carbon. Adding Al to carbon can utilize the latent heat of
aluminium fusion and protect carbon from being oxidized
at low temperature. And the formation of liquid aluminium
oxide layer at higher temperature may protect carbon
matrix from being oxidized. But if the composites only
consist of Al and C, during the ablation process Al will
react with carbon and forms Al4C; after melting. Both
Al4C; and carbon can be easily oxidized by oxygen, thus the
composites may present a low oxidation resistance.
Considering that Al;SiCy4 is one kind of promising high-
temperature ceramics for its unique combination of the high
melting point (~2080 °C), the low density (3.03 g/cm?),
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excellent oxidation resistance and corrosion resistance [17-22],
Si was added into the composites, too.

During the fabrication of the composites, the formation
of Al4Cs, which limits the utilization of the latent heat of Al
fusion may do harm to the storage of Al-C composites as a
result of hydrolysis in wet atmosphere, can be prevented
when the concentration of Si is greater than 15%wt [23,24].
Thus, AI20Si was added into porous graphite by squeeze
casting infiltration in this paper. The ablation properties
and ablation mechanisms of Al20Si/graphite were also
investigated.

2. Experimental
2.1. Preparation of AI20Si/graphite composites

The porous graphite XH-104 (manufactured by Nan-
tong Xianghai Carbon Corporation, China) was used as
the preform. Relevant properties of graphite are listed in
Table 1. A named AIl20Si (produced by Sichuan Lande
Industry Corporation, China) was chosen as the infiltrated
penetrant.

AI20Si/graphite composites were prepared by squeeze
casting infiltration. The porous graphite preform and
AI20Si alloy were together heated up to 800 °C in a
vacuum hot pressing sintering furnace. Liquid Al20Si alloy
was forced into porous graphite preform under a pressure
of 12 MPa. Fast cooling measures were adopted to avoid
the formation of Al,C;.

2.2. Ablation tests and microstructure analysis

The ablation properties of Al20Si/graphite were tested by
oxy-acetylene flame. The size of the specimens was ®30 x 10

Table 1
Properties of XH-104 graphite.

Compression strength (MPa) 60.3
Flexural strength (MPa) 49.5
Ash content (%) 0.5
Porosity (vol%) 20.6
Most probable aperture (pm) 10.2
Volume density (g/cm?) 1.7

mm. The flux and pressure of oxygen and acetylene were
1512 L/h and 0.4 MPa, 1116 L/h and 0.095 MPa, respectively.
The specimens were placed in a graphite fixture. The graphite
fixture is 10 +0.02 mm from the nozzle with a diameter of
2mm. The angle between oxy-acetylene flame and ablation
surface was 90°. The heat flux was 4186.8 + 418.68 kW/m2
and the temperature of oxy-acetylene flame measured by
optical pyrometer is about 2700-3000 °C. The ablation times
were 5s, 30 s and 60 s. At least 4 samples were tested for each
ablation time. Linear ablation rate was calculated by the
following formula:

R, =Al/At, ()

where R; is linear ablation rate, Al is the length change of the
ablation centre and At is ablation time. The microstructure of
Al20Si/graphite was investigated by transmission electron
microscope (TEM, Philips CM12). The ablation morphologies
of the composites were investigated by scanning electron
microscope (SEM, Hitachi-S4800). Phase constitution of the
composites was analysed by X-ray diffraction (XRD, Rigaku
D/max-2400).

3. Results and discussion
3.1. Microstructure of the composites

Fig. 1 shows the SEM image, TEM image and XRD
pattern of interpenetrating A120Si/graphite composites. As
can be seen from Fig. la, the bright areas and the dark
areas are Al20Si and graphite, respectively. Though some
residual closed pores resulting from graphite production
are visible on SEM morphology [25-27], most pores have
been filled by Al20Si alloy homogenously. Fig. 1b presents
the interface microstructure of Al20Si/graphite. Many
graphite nanocrystals distribute separately on Al-graphite
interface, which can be confirmed by the electron diffrac-
tion patterns. The selected area electron diffraction pattern
from the nanocrystals presents four nanocrystalline rings,
which are in accordance with (002), (100), (102) and (110)
crystal planes of graphite. Though these graphite nano-
crystals may become the nucleating centre of Al4Cs, no
Al4C5 was found on the interface according to both TEM
and XRD results (Fig. 1c). This is attributed to the fast
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Fig. 1. SEM image (a), TEM image (b) and XRD pattern (c) of interpenetrating Al120Si/graphite composites.
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cooling measurements. The phase constitution of AI20Si/
graphite is Al, Si and graphite.

3.2. Ablation properties

Table 2 shows linear ablation rates of graphite and Al20Si/
graphite composites. In the first 30 s, linear ablation rate of
the graphite almost keeps constant, which is about 1 x 107!
mm/s. During the following 30s, ablation accelerates and
linear ablation rate of the graphite increases to 2.082 x 10!
mmy/s, while linear ablation rate of the composites decreases
nearly by one order of magnitude and is on the same
magnitude with C/C-refractory metal carbides reported in
the literature [11-15]. However, linear ablation rate of
AIl20Si/graphite dramatically increases with time: when
the ablation time increases from 5s to 60 s, linear ablation
rate increases from 1.00 x 10”2 mm/s to 4.27 x 10~? mm/s
accordingly.

Table 2

Linear ablation rates of graphite and AI20Si/graphite ( x 10~2 mm/s).
Ablation time 5s 30s 60 s
Graphite 10.00 £+ 0.03 10.71 £ 0.05 20.82 +0.06
AI120Si/graphite 1.00 £+ 0.05 2.07+£0.03 4.27 +£0.07

3.3. Ablation mechanisms

Fig. 2 presents the macro- and micro-morphology of
graphite ablated for 30 s. Fig. 2a shows that a big ablation
pit forms on the ablation surface. The micropore sizes
turns to be much larger than those before ablation, as is
shown in Fig. 2b. Some of the micropores which are close
to each other become connected. As is known to all,
porosity has a significant effect on the ablation properties.
First, materials with porosities have a relatively larger
contact area with ablative atmosphere than those without
porosities. Thus the ablation speed of materials with
porosities will be much higher than those without poros-
ities. On the other hand, ablative atmosphere can diffuse
through pores and induce ablation inside the materials,
which indirectly enhances the surface ablation. Further-
more, the edge of pores will be easily ablated by the high
speed ablative atmosphere as a result of relatively sharp
shape. Thus materials with porosities will be seriously
ablated.

Fig. 3 shows the macro-morphologies of AI20Si/graphite
specimens ablated for different time. The typical morphol-
ogies can be divided into three zones: central zone,
transitive zone and marginal zone, as is shown in Fig. 3b
and c. The boundary between transitive zone and marginal

Fig. 3. Macro-morphologies of Al120Si/graphite specimens ablated for different time (1 central zone; 2 transitive zone; 3 marginal zone). (a) 5, (b) 30's,

and (c) 60 s.



4822

zone of the specimen ablated for 5s is not clear. Central
zone directly contacts to oxy-acetylene flame and is ablated
most seriously among three zones. The surface of central
zone ablated for 5 s is still smooth but its colour is slightly
darker than the other zones. During the first 5's, A120Si in
central zone gushes out from graphite matrix, which
increases the porosity in central zone. Thus the colour of
central zone turns to be a little darker than other zones.

As for the specimen ablated for 30 s, central zone is a
little lower than transitive zone and marginal zone. No
macroscopic metal oxides can be observed on the surface
of central zone. There are a lot of droplet-like metal oxides
adhered to the surface of transitive zone, which verifies
that metal oxides are molten during the ablation process.
The droplet-like metal oxides are considered to form in
central zone and then be scoured to transitive zone.
Marginal zone is least ablated and thin metal oxide film
can be observed.

When ablation time increases to 60s, the surface of
transitive zone turns to be quite coarse and small ablation
pits form in central zone. So the ablation mechanism of
ablation time for 60s may be different from that of
ablation time for 30 s.

Fig. 4 presents the micro-morphologies of central zone
ablated for different time. As can be seen from Fig. 4a,
central zone ablated for 5s is covered by a layer of white
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substances and the porosity remarkably increases. At the
beginning of the ablation process, infiltrated AI20Si melts
and expands. The melting of Al20Si absorbs heat and slows
down the temperature rise inside the composites. As a result
of expansion of AI20Si, a pressure difference between
composites inside and ablation environment is engendered
and forces the molten Al20Si to gush out, which increases the
porosity. Part of molten Al20Si further absorbs heat and
quickly evaporates out as a result of high temperature
(approximately 3000 °C). An EDS result shows the Al/O
atom ratio of white substances covered on the surface is very
close to 2/3 (Fig. 4b). Combined with the XRD results
(Fig. 5), it can be concluded that the white substances are
AlLO; with a little Si. Since the formation of Al,Osz has
consumed oxygen, graphite matrix is protected from oxida-
tion. Meanwhile, as a transitive liquid layer between oxy-
acetylene flame and ablation surface, Al,Os can alleviate
flame scouring towards graphite matrix. On the other hand,
Al,Oj3 can prevent part of heat transfer and oxygen diffusion,
thus the ablation resistance of Al20Si/graphite improves. But
it can be also found out from Fig. 4a that the graphite matrix
of central zone is still partly oxidized in despite the protection
of A1203.

Al4C5 is also formed after ablating for 5 s according to
XRD results (Fig. 5). As the gushing out of liquid Al20Si
reduces the pressure difference between composites inside
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Fig. 4. Micro-morphologies of central zones ablated for 5s (a), with its EDS spot pattern (b), 30 s (c), and 60 s (d).
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Fig. 5. XRD patterns of central zones ablated for different time.

and ablation environment, not all the molten AI20Si has
enough driving force to transfer to ablation surface. Some
residual Al20Si beneath the ablation surface will then react
with graphite matrix and forms Al4C; at high temperature.
The formation of Al4C5 hinders the flowing of interior liquid
AI20Si to the ablation surface and thus the formation
amount of metal oxides decreases. Therefore, the thermal
protection efficiency will reduce. However, compared with
porous graphite, the stuffing of Al4C; into graphite pores will
prevent oxygen diffusion towards the composites and reduce
ablation rate. In general, ablation of AI20Si/graphite at the
beginning of ablation process mainly consists of the melting
and oxidizing of Al20Si, as well as oxidizing of porous
graphite. Thermal protective effect at the beginning of the
ablation process is mainly caused by the melting and
evaporating of AIl20Si, the formation of Al,O; and the
stuffing of Al4C; into graphite pores. However, which one
of the three dominates the ablation resistance still needs
further research.

With ablation time increasing to 30s, the main phase
constitution turns to be graphite and AlSiC4 (Fig. 5).
AlSiC, is obtained by the reaction among Al,Cs, Si and
graphite. The ablation temperature is much higher than the
melting point of Al;SiCy4, so AlSiCy4 is molten during the
ablation process, which can be also confirmed by the
ablation morphology (Fig. 4c). Since Al4SiC4 has excellent
oxidation resistance and high chemical stability, less metal
oxides can be found (Fig. 5). The molten Al4SiCy4 covers on
the ablation surface and protects graphite from oxidation.
Besides, Al4SiC4 formed inside the composites will block the
diffusion tunnel of ablative atmosphere and decrease the
ablation inside the composites. In this ablation period, the
content of AI20Si is little and less latent heat of Al20Si
fusion can be used to resist ablation. Therefore, linear
ablation rate of Al20Si/graphite ablated for 30 s dramati-
cally increases to 2.07 x 1072 mm/s. Ablation of AI20Si/
graphite in this period mainly consists of oxidation and

thermal mechanical erosion of graphite. Thermal protective
effect in this period is mainly caused by the molten Al;SiCy
covered on the ablation surface and the stuffing of Al;SiCy
into graphite pores.

With ablation time increasing to 60 s, some ablation pits
appear in central zone. SEM morphology of ablation pits
bottom is shown in Fig. 4¢. It can be seen that the morphology
is much rougher than that ablated for 30 s, though the phase
constitution is the same. Rough morphology increases aero-
dynamic heat and changes the distribution of heat flux on
ablation surface. Small eddy currents are then formed, which
lead to the formation of ablation pits and accelerate ablation.
Thermal mechanical erosion turns to be more serious and
becomes the main reason of ablation. Thus linear ablation rate
of Al20Si/graphite ablated for 60 s significantly increases to
4.27 x 10~ 2 mm/s. Thermal protective effect still comes from
the molten Al4SiC4 covered on the ablation surface and the
stuffing of Al4SiC, into graphite pores, which is the same with
that of ablation time for 30s.

4. Conclusions

AI20Si was added into porous graphite by squeeze casting
infiltration to improve the ablation properties of graphite.
After the addition of Al20Si, linear ablation rates decrease
nearly by one order of magnitude. As ablation mechanism
changes from thermal chemical erosion to thermal mechanical
erosion with ablation processing, linear ablation rate of
Al20Si/graphite significantly increases with ablating time.

At the beginning of ablation process, ablation of Al20Si/
graphite is mainly caused by thermal chemical erosion, such
as the melting and oxidation of AI20Si and the oxidation of
porous graphite. Thermal protective effect mainly comes
from the melting of Al20Si, the formation of Al,O3 and the
stuffing of Al4C; into graphite pores. With ablation time
increasing, less latent heat of AI20Si fusion can be used. Thus
the ablation resistance decreases. Thermal mechanical ero-
sion of graphite turns to be the main reason of ablation.
Thermal protective effect is then mainly caused by the molten
Al4SiCy4 covered on the ablation surface and the stuffing of
Al4SiCy4 into graphite pores.
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