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Abstract

Reactive melt infiltration based on alloy design is proposed in the present work for preparing HfC-based coating on C/C composite
substrate. A 5S0Hf10Zr40Si alloy ingot was prepared and infiltrated into a C/C preform at temperatures much lower than the melting
point of the alloy to obtain the HfC-based coating. An obvious layered microstructure of the coating was formed. The carbonization
reactions occurring between Hf and carbon of the surface layer of the C/C composite is the primary reason for the reactive melt
infiltration process to proceed at relative low temperatures. Acetylene flame test showed that the HfC-based coating protected the C/C
composite from serious oxidation.
© 2012 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction

Ultrahigh temperature materials (UHTMs) capable of
prolonged operation in oxidizing environments at tem-
peratures above 2000 °C are required for future space
systems [1]. Carbon/carbon (C/C) composite is one of the
most widely studied and developed UHTMs due to its
excellent properties such as low density, high specific
strength, high thermal conductivity, and high resistance
to thermal shock [2]. Nevertheless, C/C composites begin
to oxidize over 400 °C in oxidizing environments and
cannot meet the requirements any more at ultrahigh
temperatures [3]. To improve the oxidation resistance of
C/C composites, preparing protective coating on the sur-
face of C/C composites is the most promising method [4,5].
Carbide coatings for protecting C/C composite from
oxidation and ablation have been widely studied [6-8].
Hafnium (Hf) is a strong carbide forming element. Due to
the very high melting points of HfC and HfO, and the
relative low evaporation rate of HfO, [9], the HfC-based
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coating is a very promising candidate for protecting C/C
composites from oxidation and ablation.

Reactive melt infiltration (RMI) is an effective method
to introduce refractory carbide compounds into C/C pre-
form. Infiltrated metal melt reacts with the already existing
carbon in the C/C preform to form the ceramic matrix.
The driving force for infiltration is capillarity. RMI is of
short fabrication period and low cost and is generally used
to prepare carbon fiber reinforced ceramic matrix compo-
site [10-12]. According to the characteristics of RMI
process, it is believed that RMI is also suitable for
preparing carbide coating on C/C substrates by controlling
the infiltration depth of melts, which has not yet been
reported anywhere up to now. In this paper, RMI based
on alloy design is used to prepare HfC-based coatings of
different thicknesses on C/C composite substrates. Due to
the high melting point of pure hafnium (2233 °C), RMI for
preparing HfC coating should be conducted above
2300 °C, which is not easy and will do harm to the
mechanical properties of carbon fibers. Alloy design can
be applied to decrease the processing temperature of RMI
and to introduce more effective components for anti-
oxidation. By RMI based on alloy design, the HfC-based
thick coating can be obtained very quickly and at a relative
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low temperature, which is also beneficial for cost

reduction.

2. Experimental

A 50Hf10Zr40Si alloy ingot was designed, prepared and
smashed into small pieces. Alloy design will be discussed
later in this paper. A porous C/C composite preform and
the alloy pieces were put into a graphite crucible, which
was then placed in a carbon tube furnace with a vacuum
degree of 10™2 Pa and heated up to 1600 °C, 1700 °C and
1900 °C, correspondingly, holding for 30 min, followed by
furnace cooling (Fig. 1a). After the completion of reactive
melt infiltration (RMI) process (Fig. 1b), the sample
covered by HfC-based coating were obtained. The sample
was examined by X-ray diffraction (XRD), field emission
scanning electron microscopy (FESEM), and energy dis-
persive spectroscopy (EDS) to determine its phase compo-
sition, constituent and microstructure. Acetylene flame was
applied to test the anti-oxidation performance of the C/C
composite with HfC-based coating. The temperature of the
sample being tested was around 1800 °C. The test lasted
for 10 min.

3. Alloy design and preparation

Alloy design is a key step during the RMI process for
preparing HfC-based coating. The composition of Hf alloy
is designed as follows. Multiphase ultrahigh ceramics
possess high resistance to oxidation and ablation. It is
reasonable to design the Hf alloy based on the relative
mature ultrahigh temperature ceramic system. Multiphase
ceramic HfB,(ZrB,)-20%SiC-20%TaSi, prepared by hot
pressed sintering kept undamaged at 1627 °C for a long
duration [13]. The anti-ablation property of the ceramic
comes from the anti-oxidation property of oxides of
different metals. Oxides of alloy elements play different
roles during the ablation process. HfO,, with the melting

b
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Fig. 1. (a) The alloy ingot were placed surrounding the C/C composite, which was heated up to 1600-1900 °C, holding for 30 min, followed by furnace
cooling; (b) details of the RMI process—PyC means pyrolytic carbon and Cy means carbon fiber.
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Fig. 2. The 10 at%Zr longitudinal section of the Hf-Zr-Si ternary phase
diagram (at% calculated using Pandat™).
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Fig. 3. XRD analysis result of the SOHf10Zr40Si alloy.

point of 2810 °C, is the main ultrahigh temperature phase
and can bear scouring of high temperature gas flow. ZrO,,
with the melting point of 2700 °C, is also an important
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ultrahigh temperature phase. Solid solution of unlimited
mutual solubility between ZrO, and HfO, can be formed.
Si0,, with the melting point of 1728 °C, converts to melt of
certain viscosity at high temperatures. The melt of SiO,
possesses good infiltrating performance, very low oxygen
permeability and can spread out and form an intact silicate
film on the surface of the matrix. This film will heal cracks
formed due to thermal mismatch and pores generates as
gas escapes. It was decided that the elements of the
designed alloy included Hf, Zr and Si with a mole ratio
of 50:10:40. The Hf content was not less than 50 at%
because the HfC-based coating was expected to be applied
in higher temperature environment. The silicon content
should not be too high, because SiO, evaporates seriously
at ultrahigh temperature, which should be avoided. Zirco-
nium was added into the alloy to form ZrC during RMI,
also decreasing the melting point of the alloy.

The 10 at%Zr longitudinal section of the Hf-Zr—Si ternary
phase diagram is shown in Fig. 2, which was calculated using
phase diagram calculating software Pandat®™. At room tem-
perature, the SOHf10Zr40Si alloy of equilibrium state consists
mainly of linear compound (Hf,Zr);Si, and (Hf,Zr),Si phases.
The melting point of the alloy is 2440 °C. The XRD analysis
result (Fig. 3) shows that the alloy consists of the (Hf,Zr),Si
phase and (Hf,Zr)sSi; phase. The high-temperature phase
(Hf,Zr)sSiz results from non-equilibrium solidification.

Preform

Fig. 4. The appearance of the RMI sample. The melting alloy flew to the
side face, covering the whole surface of the composite.

4. Results

It is generally believed that the temperature must be higher
than 2500 °C for the RMI process to proceed because the melt
point of the alloy is 2440 °C. However, in the present work, at
the process temperature of only 1600-1900 °C, the RMI
process definitely occurred, which is discussed as follows.

The sample was taken out of the furnace after heat
preservation at 1900 °C for 30 min (Fig. 4). Part of the
alloy ingot adjacent to the surface of the C/C composite
underwent melting. The melted alloy flew to the side face
from the top of the sample and covered the whole surface
of the composite, leaving a piece of unmelted alloy on top
of the composite, which also indicated that the melting
point of the alloy was higher than 1900 °C. Similar
phenomenon was also observed for the 1600 °C and
1700 °C experiments. The cross sections of the samples
were observed under SEM (Fig. 5). A white dense coating
was found on the surface of each sample and was variable

P
Fig. 6. Microstructures of the RMI sample under SEM: (a) backscattered
electron image; and (b) fracture morphology.

Fig. 5. Cross-section of the samples after RMI process of (a) 1600 °C, (b) 1700 °C and (c) 1900 °C.
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in thickness. The average coating thicknesses of the 1600 °C
and 1700 °C sample are around 100 um and 150 pum,
respectively, while it is near 500 um for the 1900 °C sample.
The infiltration rates of the melt are different at different
temperatures.

An obvious characteristic of the RMI coating structure is
shown both in the backscattered electron image (Fig. 6a) and
in the fracture micrograph (Fig. 6b), i.e., there are three layers
distributing successively in the filled-up holes from the
pyrolytic carbon interface toward the central part of the holes.
In the first layer (marked by “1” in Fig. 6a), white particles
(®: 1-5 um) distribute in a dark matrix close to the pyrolytic
carbon (PyC) interface. The second layer (marked by “2”) is
continuous smooth dark substance. The third layer (marked
by “3”) consists of close packing white grains (size: 5-20 pm)
with a small quantity of dark inclusions distributing at grain
boundary areas. EDS analysis of a typical area (Fig. 7)
combined with the known possible reactions of the system
indicates that the dispersed white fine particle is HfC or ZrC,
the medium size and large size white particles are either HfC
or ZrC, and the dark substance is SiC. XRD analysis indicates
that the RMI composite is composed of HfC, ZrC and SiC
(Fig. 8). No dissociative component was found.

After 10 min ablation, a relative compact film was formed
on the surface of the sample (Fig. 9), protecting the sample
from further ablation. Micro-morphology of the film is
shown in Fig. 10. The film is compact and uniform, few
cracks can be seen and micro-crack does not extend because
the film tends to convert to glass phase during testing. XRD
analysis result (Fig. 10) shows that the phase of the film is
mainly monoclinic linear compound (Hf,Zr)O,.

5. Discussions
5.1. Mechanism of preparation of the HfC-based coating
Consider 1900 °C sample as an example. The RMI

process occurred at temperatures below the melting point
of the alloy. It is supposed that some instantaneous liquid
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generated and infiltrated into the composite. This phenom-
enon could be due to carbonization reactions occurring
between the alloy and the carbon in the surface layer of
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Fig. 8. XRD analysis result of the RMI sample.

Fig. 9. The composite sample after the acetylene flame test for 10 min.
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Fig. 7. EDS analysis results of a typical area of the three-layer structure.
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Fig. 10. Micro-morphology of the film on the surface of the sample after ablation: (a) low magnification; and (b) high magnification.

Table 1
The most possible reactions with their Gibbs free energy between Hf,>Si or
Hf5Si; and carbon at 1900 °C.

No. Reaction equation AG (J/mol)
1 Hf5Si(s)+2C(s) = 2H{C(s) + Si —204,624

Hf5Si3(s)+3 C(s) = 3 HfSix(s) +JHIC(s) — 585,342
3 HIfSi(s)+ C(s) = HfC(s) +Si —55,024

the composite. Because of the very strong carbide-forming
ability of Hf, none but the Hf component took part in the
carbonization reactions at the beginning, leading to a phase
composition change of the alloy at the interface. Instanta-
neous liquid phase generated from the phase transformation,
infiltrated into the C/C composite and reacted with the
pyrolytic carbon (PyC), thus the HfC-based coating was
obtained. More detailed calculation and analysis are as
follows.

The Gibbs free energies of all possible reactions between
the initial alloy and carbon were calculated. The initial
phases of the alloy are (Hf,Zr),Si and (Hf,Zr)sSi5. It is
reasonable to simplify the reactants of the carbonization
reactions to be just Hf,Si and HfsSi;. The most possible
reactions between these two phases and carbon in the
surface layer of the composite (Reaction 1 and 2) at
1900 °C are listed in Table 1. HfC is the product of both
Reaction 1 and 2, which generates in the form of small
particle. The product of Reaction 1, silicon, is liquid at the
processing temperature. The HfC particles will move inside
the C/C preform, together with liquid Si infiltrating into
the composite. The product of Reaction 2, HfSi,, decom-
poses to 24 at% Hf (liquid) and HfSi (solid) at tempera-
tures above 1553 °C. If enough carbon is supplied, HfSi
will continue to react with carbon in terms of Reaction 3 in
Table 1, product of which is HfC and liquid Si. Therefore,
due to the carbonization reactions occurring in the surface
layer of the composite, liquid phase, including liquid Si
and liquid 24 at%Hf-Si, is generated and infiltrates into
the composite, where plenty of PyC is supplied. At first,
the Hf component reacts with C and HfC is generated, not
distinguished with the small HfC particles generated from
Reaction 1 and 2. As the Hf component exhausts, SiC

Table 2
Free energies of formation of various carbides at 1900 °C [14].

Carbide A B AG®=A+BT (KJ mol™ )
HfC ~230,100 7.53 -213.74

ZrC ~196,650 9.20 ~176.66

SiC ~122,600 37.03 —42.134

Table 3

Possible reactions during the ablation process of the C/C composite
coated by HfC-based ceramics.

No. Reaction equations

HfC(s)+30,(g) = HfO,(s)+ CO(g)
HfO,(s) = HfO,(1)

HfO, (1) = HfOx(g)

ZrC(s) +%Oz(g) =Zr0(s)+CO(g)
Z105(s) = ZrOs(1)

ZrO,(1) = ZrOx(g)

C(s)+101(2) =CO(g)
CO(g)+10,(g) = COx(g)
SiC(s)+30:(g) = SiOx(s)+CO(g)
SiO;(s) = SiOx (1)

Si0, (1) = SiOx(g)

— O O 0 NN AW —

—_ =

starts to form. The HfC and SiC phase forms quickly in
the surface layer of the composite, locating on the way of
the infiltrating process and expending, which prevents the
melt to continue to infiltrate. Simultaneously, the HfC-
based coating with thickness of about 500 pm is obtained.
This process is described in Fig. 12. It is suggested that by
altering the processing temperature and alloy constituent,
coatings of different thickness can be prepared, which will
be further investigated in future work.

It is remarkable that the Zr and Si components of the
alloy do not take part in the surface carbonization
reaction, which is due to the different carbide-forming
ability of the components of the alloy. Hf, Zr and Si are all
strong carbide forming elements, however, Hf is most easy
to form carbide, because the free energy of HfC is the
lowest, much lower than that of SiC (Table 2). This is vital
for the liquid infiltration process to proceed, because if all
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the components react synchronously with carbon in the
surface area, only the carbide product and initial alloy will
exist on the interface without any liquid phase generating,
thus the RMI will not be realized and there is no chance to
obtain the thick HfC-based coating.

5.2. The anti-ablation mechanism of the coated sample

The sample exhibits excellent oxidation-resistant and
ablation-resistant properties because of the behavior of various
oxides formed during the ablation. The surface layer of the
sample is composed of HfC, SiC, ZrC and C, whose evolution
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Fig. 11. XRD analysis result of the film on the surface of the sample after
ablation.
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during ablation is shown as the reaction equations in Table 3.
SiO,, HfO, and ZrO, generate from the oxidation of HfC,
ZrC and SiC. No SiO, was found in the surface layer of the
tested sample (Fig. 11). At 1800 °C, SiO, evaporated signifi-
cantly. A large amount of heat was taken away with the melt
and evaporation of SiO,. The stable (Hf,Zr)O, phase generates
as a barrier layer of oxygen on the surface of the sample and
protects the sample from further ablation.

Fig. 13 shows the micro-morphology below the surface
film of the tested sample (top view). A poriferous skeleton
was formed (Fig. 13a). Unconsolidated material of light
gray accumulated discontinuously at the upper part of the
skeleton (Area A in Fig. 13b), which was composed of Hf,
Zr and O. Below it, a dark gray smooth layer formed as
the main part of the skeleton (Area B in Fig. 13b), which
was mainly composed of Si, Zr and O. It is supposed that
the main phases of the skeleton are oxides of Hf and Zr,
SiO, and minor ZrSiO4, which needs further observation.

6. Conclusions

HfC-based thick coating has been prepared by reactive
melt infiltration (RMI) based on alloy design on a C/C
composite substrate. The S50Hf10Zr40Si alloy was
designed, prepared and used for the RMI. The primary
reason for the RMI process to proceed at temperatures
much lower than the alloy melting point is that the Hf

G d
Liquid Si
N HfC
- )
24at%Hf SiC

(liquid)

SiC

Fig. 12. Sketch of the RMI process: (a) the C/C preform and the alloy for RMI are both heated; (b) the carbonization reactions occur at the surface area
of the preform, generating liquid phase and HfC and HfSi particles; (c) the liquid phase infiltrates into the holes in the preform together with the HfC
particles, and the HfSi phase transforms to HfC; (d) as the Hf component exhausts and HfC particles coarsen, SiC starts to form as a continuous matrix.
The HfC and SiC phases locate on the way of the infiltrating process and expend, preventing the melt to continue to infiltrate.

Fig. 13. Micro-morphology below the surface film of the tested sample (top view): (a) a poriferous skeleton was formed; and (b) magnified image of the

rectangle area in (a).
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component has a very strong carbide-forming ability, and
the carbonization reactions occur between Hf and carbon
of the surface layer of the C/C composite. Different
products formed at different stages of the carbonization
reactions and generation of the liquid phases result in the
formation of the special layered RMI microstructure. After
10 min ablation, a relative compact film was formed on the
surface of the sample, protecting the sample from further
serious ablation. The sample exhibits a relative high
resistance to oxidation because of the behavior of various
oxides formed during the ablation.
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