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A B S T R A C T

Development of materials highly resistant to harsh conditions (including ultra-high temperature) has been a
crucial issue for the development of next-generation hyper velocity vehicles. HfC-SiC ceramics have been at-
tractive as suitable candidates for these applications owing to their extraordinarily high melting temperatures.
Here, HfC-SiC ceramics with ultra-fine grains, prepared via reactive spark plasma sintering, were tested under an
oxyacetylene torch flame for relatively long exposure times (5–30min). The oxidation behaviors of the samples
were carefully characterized by microstructural analysis. Although porous structures were formed due to the
generation and escape of gas phases, the mixture of oxidized species composed of HfO2 granules and melted SiO2

phase, acted as an excellent barrier under the condition of severe high-temperature oxidation.

1. Introduction

Increasing interest in re-entry hypersonic vehicles and weapons has
driven demand for materials that might be used for leading-edge, nose-
tip, and propulsion-system components. The buffer materials for these
applications are exposed to extreme environments including aero-
dynamic heating introduced by continuous friction at the interface
between the material and the atmosphere. To protect the main body of
projectiles, these protecting materials must withstand the severe
thermal shock and oxidation that occur at ultra-high temperatures
(> 2000 °C) [1,2]

Among many kinds of protecting materials that survive these severe
conditions, Hf-based ceramics such as HfB2 and HfC are among the most
promising candidates. HfC ceramics are also known as materials that
are durable at very high temperature, along with other carbide ceramics
including TaC and ZrC [3]. In addition, the oxide scales (e.g., HfO2 or
HfO2-x) that form as a result of the oxidation of HfC ceramics, have a
very high melting temperature, over 2500 °C [3,4]. This high melting
temperature of these oxidized scales enables the underlying materials to
survive even in ambient (oxidizing) atmosphere. Despite the merits of
HfC ceramics, they are also known to have both a low sinterability due
to their high melting temperature and gas evolution problem when it is

oxidized [5–8]. Therefore, it is important that many researchers have
found that addition of SiC to form HfC-SiC ceramics maximizes their
thermal resistance by enhancing their sinterability [9,10]. The added
SiC can also support oxidation resistance by forming SiO2 scale at lower
temperature under oxidizing conditions [11,12]. For these reasons, the
HfC-SiC ceramics have been investigated as various forms of composite
structure, such as the inter-layered structure of HfC-SiC with BN or
graphite, the multilayer coating for C-C composites, and infiltrated HfC
into a C-C matrix; to avoid fracture due to the low thermal shock re-
sistance of HfC-SiC ceramics [13–16].

It is also very important to determine the durability of such mate-
rials before making actual vehicles because a great deal of time and
expense will be needed to make the final hypersonic vehicles.
Therefore, evaluation of these materials must precede actual applica-
tions. High-temperature testing using an oxyacetylene torch is one of
the most frequently used methods, and has the merits of simplicity, low
cost, and sufficiently high temperature (~ 3000 °C) with respect to the
oxygen to acetylene gas ratio [13–32]. There have been a few reports
from studies to investigate the high-temperature oxidation behavior of
other UHTCs under the severe exposure to oxyacetylene flame for up to
40min [18] Here, we discuss the oxidation behaviors of nano-grained
HfC-SiC ceramics under this harsh condition using a newly designed
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oxyacetylene torch testing system. The time-dependent change in the
oxidation scale and ablation rate, and the corresponding micro-
structural aspects were carefully provided to explain the oxidation be-
havior of fine-grained HfC-SiC ceramics prepared via reactive spark
plasma sintering.

2. Experimental section

2.1. Preparation of HfC-SiC composite ceramics

HfC nanopowder (particle size: 100 – 200 nm), HfSi2 (particle size:
1–2 µm; Alfa Aesar, MA, USA) and carbon black powders (surface area:
50–80m2/g, purity: 99.5%; Alfa Aesar, MA, USA) were used as starting
materials to prepare dense ceramics. The HfC nanopowder and the
HfSi2 – C mixture were mixed with the weight ratio of 6:4 by high-
energy ball-milling for 2 h in dry condition using a shaker mill (Spex
D8000, Spex CertiPrep, Metuchen, NJ) with tungsten carbide balls and
jars to yield the well homogenized HfC-34 vol% SiC ceramics. The jars
were sealed in a glove box under N2 gas to suppress oxygen con-
tamination. The mixtures were granulated using a 150 mesh; then
loaded into a graphite mold in the glove box. The mixed powders were
sintered using reactive spark plasma sintering (SPS) (Dr. Sinter 2020,
Sumitomo Coal Mining Co., Tokyo, Japan) at 1900 °C with a uniaxial
pressure of 40MPa for 10min in vacuum (~20 Pa). HfC-SiC
(Φ18×6mm2) ceramics were obtained by in situ reaction between
HfSi2 and carbon during the sintering process.

2.2. Oxyacetylene torch testing and characterization

To investigate the oxidation resistance of the prepared sample, the
oxyacetylene torch set-up, which included a temperature monitoring
system, a sample holder, mass flow controllers, and a sample stage was
custom-built (Fig. 1a). Most of the test procedures (except torch ignition
and distance adjustment) were controlled via computer to maintain
reproducible test conditions. As-prepared HfC-SiC composite ceramics
were polished before the high-temperature oxidation test to minimize
the effect from a rough surface. The samples were joined to graphite
holders and placed perpendicular to the oxyacetylene torch tip. The
distance between the torch tip and the sample surface was 40mm in all
cases to minimize the heat deterioration of the nozzle tip during the
tests. After adjusting the distance, the sample stage was retracted to
avoid premature heating by the torch flame. When the desired torch
flame was ready (O2 to C2H2 gas ratio of 1.3: O2 = 0.216 l/s; C2H2

= 0.167 l/s), the sample stage was advanced to the test position at a
speed of 30mm/s. After the test, we put the torch flame out and kept
the tested sample at the test position to let it cool naturally. The heat
flux delivered to the surface of the samples was measured using a heat
flux gauge (TG1000, Vatell Corp., Christiansburg, VA). The gauge was
introduced into the flame, a maximum voltage could be read, and the
measurement is repeated three times. The heat flux of the steady oxy-
acetylene torch was about 800W/cm2. This value is similar to the heat
flux of the oxyacetylene torch flame reported in the literatures [24,25].
The test conditions included the distance between the samples and the
nozzle, the gas flux, and the fuel to oxygen ratio. Fig. 1b includes
photographs taken during the oxidation test. The surface temperature
of the sample was monitored using a 2-color pyrometer (Pyrospot DSR
10NV, DIAS Infrared GmbH, Dresden, Germany) and recorded in real
time in the computer. The spectral range of the pyrometer is 0.7 –
1.1 µm. The inset of Fig. 1b shows the in situ monitoring images ob-
tained by the 2-color pyrometer during the test. The visual changes that
occurred during oxyacetylene torch testing could be observed using this
in situ monitoring system. To observe the oxidation behavior, samples
were prepared and tested for 5, 10, 20, and 30min.

After the high-temperature oxidation test, the samples were
mounted in resin and sectioned at the center of the spot exposed to the
torch flame. The cross-sections of the polished samples were

characterized using an optical microscope (OM; Dino-Lite Pro AM-
413ZT, AnMo Electronics Corp., Taiwan) and a field-emission scanning
electron microscope (FESEM; Model XL30, Philips, The Netherlands) to
measure the thicknesses of the residual matrix layer and the surface
oxidation layer, respectively.

The crystal structure of the oxidized surfaces was analyzed by X-ray
diffractometer (XRD; Rigaku D/Max-RB (12 kW), Tokyo, Japan) with
CuKα radiation (λ=1.5148 Å) operating at 40 kV and 200mA, with
step size of 0.01° at 2° min−1 in a 2θ range from 20° to 70°.

3. Results and discussion

The crystal structures of the as-sintered and as-tested samples pre-
sented in Fig. 2 clearly show the surface oxidation of the HfC-SiC
ceramics. The as-sintered sample mainly had a hafnium carbide phase
with a small amount of silicon carbide phase. Successful in situ reaction
of carbon with the added HfSi2 occurred during SPS sintering without
leaving unreacted species. The surface crystal structures of the oxida-
tion-test samples had HfO2 phase resulting from the oxidation reaction
of HfC. There were no other distinguishable phases such as a crystal-
lized forms of SiO2 or HfSiO4 (hafnon phase) which could be caused by
the solid solution of HfO2 and SiO2 [16].

The sample surface was oxidized under the oxyacetylene flame and
a clearly defined spot remained on the sample surface exposed to the
intense flame. Fig. 3 shows the as-prepared sample and the as-tested
samples. The as-prepared sample has the relative density of 100% with
average grain size of 0.48 µm for HfC and 0.39 µm for SiC grains re-
spectively. The sample also shows excellent mechanical properties

Fig. 1. (a) Scheme for the newly designed oxyacetylene torch set-up, (b) Photographs
taken during the actual oxidation test and in situ monitoring images (inset) captured from
the recorded video files via a 2-color pyrometer system.
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owing to its well-densified microstructure with nano-size grains. The
detail information about the prepared HfC-SiC ceramics can be found in
the previous study made by L. Feng et al. [10] The as-tested samples
were fractured into several pieces by thermal shock during rapid
cooling after the test. Fig. 4 shows the surface temperature profile of the
prepared HfC-SiC ceramic exposed to the oxyacetylene torch flame for
30min. The sample heated up immediately after the sample was ex-
posed to the flame. The surface temperature reached ~2500℃ in a few
minutes, and gradually increased to 2800℃ as a function of time. The
ratio of radiance received by the 2-color pyrometer is independent of
target size and of the position of the target within pyrometer field of
view. It means that even if the central area of the specimen shone
evenly, there might be a temperature gradient. If some of the spots
reached a temperature of 2800℃ in the field of view of a 2-color py-
rometer, they would have been measured at 2800℃ even if there were
areas that did not reach 2800℃. We believe that the calibration of the
2-color pyrometer is reliable because reasonable results were obtained
when testing other ultra-high temperature specimens such as tungsten-
rhenium alloy [33]. After the sample was exposed to severe tempera-
ture change, the cracks and faint crater traces were observed in the

surface layer with color change from dark grey to white.
Fig. 5a shows the SEM images of the tested samples with different

testing time varying from 5 to 30min. Surface-oxidized layers formed
after the test. The thickness of the uneven and crusted layers increased
with testing time. Crater-like morphology appeared in the oxidized
layers of the samples tested for 20 and 30min. The dark regions within
the oxidized surface layers are voids, and some of the voids were filled
with resin during the specimen mounting process. It is thought that the
porous oxidized layers originated from severe gas evolution that oc-
curred under the test conditions. The evolved gas phases were accu-
mulated and exhausted through the oxide scale leaving voids during
cooling. The void areas were excluded when the thickness of the oxi-
dized layers was measured. Loss of the oxidized species could have
occurred during long exposure to the flame, considering previous stu-
dies in which the oxidation behaviors of UHTCs were investigated using
an oxyacetylene torch. The change in the thickness of the residual
matrix also had to be analyzed to confirm whether it went along with
the trend of change in the oxidation thickness. To measure the residual
matrix thickness, several SEM images were taken for a sample and used
together to confirm the thickness of residual thickness. This is because
the normal SEM has a small field of view. To minimize the incon-
venience and to promote the accuracy of measurement, an optical mi-
croscope was used because it has a larger field of view than that of the
SEM. Fig. 5b shows the images captured using the optical microscope.
From these images, the oxide scale can be more easily observed owing
to their definite color difference. Likewise, the residual matrix appears
distinct, and this helps to measure the thickness of the matrix phase.
The persistence rate (or recession rate) was calculated from the

Fig. 2. Crystal structures of the as-sintered HfC-SiC sample and the surface oxide layers
formed on the tested sample under the flame of an oxyacetylene torch.

Fig. 3. SEM image of the as-prepared HfC-SiC ceramic and the photographs of as-tested samples exposed to oxyacetylene torch flame for different exposure times.

Fig. 4. The recorded surface temperature profile of the HfC-SiC sample during oxidation
test (heating) for 30min.

Y.-H. Seong et al. Ceramics International 44 (2018) 8505–8513

8507



difference between the original thicknesses of the samples (t0) and the
residual thickness (t1) after the test, using the simple equation (t0 − t1)/
t0 * 100.

The information obtained about the oxidation behavior of the HfC-
SiC samples is summarized in Fig. 6. The variation of the oxidation
thickness with the heating time (Fig. 6a) shows a parabolic trend. This
reduction in the oxidation rate can also be confirmed from the change
in residual thickness shown in the inset of Fig. 6b. The thickness of the
observed oxidation layer and the recession rate after 30min exposure,
were comparable to the values reported from oxidation tests of different
kinds of UHTCs under oxyacetylene torches as shown in Table 1
[13,18,28,31]. This suggests that the oxidation of HfC-SiC under the
oxyacetylene torch flame follows reaction diffusion-controlled kinetics
[18]. In the low magnification SEM images (Fig. 5a), the surface layer
seems porous. From the higher magnification SEM images (Figs. 7 and
8), however, it can be noticed that the surface layer of tested samples is
partially densely composed of HfO2 granules and SiO2 liquid phase
acted as a protective barrier to prevent oxygen diffusion into the HfC-
SiC matrix. The parabolic trend in the oxidation behavior generally
occurred when the diffusion of oxygen was slowed down due to the
presence of the dense surface oxidized layer. The linear ablation rate

(Fig. 6b) calculated by dividing the thickness of the residual surface
oxidation layers by the heating time could be reduced owing to the
presence of this protective surface layer.

Surface and cross-sectional SEM images were used to analyze the
oxidation behavior of the HfC-SiC ceramics. Fig. 7 shows the surface
morphology of the sample tested for 20min. Among all the tested
samples, the oxidation layer of the sample tested for 20min was chosen
because the oxidation rate declined at this time, and because the sample
had features that appeared during both immediate and late periods of
the test. There was a common characteristic that the surfaces of the
oxidized crusts were porous in all the samples tested. Overall, the
samples had rough surface morphology with two distinguishable
phases. The main phase (dark) was smooth and wavy without any no-
ticeable boundaries. The other phase (bright) had pebble-like granules a
few microns wide. The EDS elemental analysis revealed that the dark
area (spot 1) was composed of Si and O, which means that SiO2 phase
was formed the during oxidation test. The SiO2 liquid phase was con-
solidated in amorphous phase due to the rapid cooling (quenching)
after the test. This could be the reason that the crystallized SiO2 phases
were not identified in the XRD patterns. On the other hand, the bright
granules (spot 2) consisted of Hf and O, which implies that these

Fig. 5. The cross-sectional SEM images (a) and OM images (b) of the test samples exposed for different times.
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granules are HfO2 phase. The size of the HfO2 granules was larger than
the average grain size of the as-sintered HfC-SiC sample (~400 nm).
The instantaneous oxidation of the HfC grains caused the formation of
HfO2 granules, and the HfO2 granules grew while floating around in the
melted SiO2 matrix under high temperature. It is also possible that the
gaseous phases that occurred during the oxidation test flowed through
during this liquid phase. The evacuation of the generated gaseous
phases from underneath the surface oxidation layer during the oxida-
tion test, and the influx of oxygen from the surface to the matrix passed
through the liquid phase and the bubble-like craters can be seen as
evidence of this [15]. Oxygen diffuses through the HfO2 grain
boundary, liquid SiO2, or the path (pore, crack) created by the de-
gradation of the sample during the ablation test. The SiC of the matrix
reacts with diffused oxygen and is oxidized to SiO2, then melted at high
temperature, and viscous flow to the surface by capillary force and
volume expansion [11,12]. SiO2 which was moved to the surface is
exposed to high temperature and gas velocity, and is vaporized or blew
away from the surface of sample. This process repeated during the test.

As a result of observing the cross-sectional microstructure of the surface
layer (Fig. 8(a), region 1), it was found that liquid SiO2 was distributed
directly below the surface in most regions. The solid phase HfO2 in the
form of spherical particles (Fig. 7(a)) and molten HfO2 that formed a
large neck (Fig. 7(b)) were also found from the microstructures of
surface.

The cross-sectional SEM images (Fig. 8a) of the tested sample were
carefully scrutinized to analyze changes in the aspect of the oxidation
layer with respect to the depth from the surface. The dark areas shown
at the top, and in the pores of the oxidation layer, are polymer resin that
filled in during the mounting process. The oxidation layer was sub-
divided and magnified into three definite regions from the surface to
the matrix (near surface, middle, and near matrix). Considering the
images taken in secondary electron mode, the brighter region is com-
posed of heavier elements. Taking into account of the contrast and the
EDS analysis obtained from the surface images, the bright granules and
the dark phase are HfO2 and SiO2 phases, respectively. Based on above
results, it is apparent that the bright and fine HfO2 granules are dis-
tributed within SiO2 in Region 1, which is located near the surface.
Some of the SiO2 phase is also consolidated and cracked in some parts
of Region 1. In Region 2, which is located between the surface and the
matrix, the SiO2 phase is mostly located in the upper part (near the
surface) and is less evident in the bottom part (near the matrix). In-
stead, most of the bottom part is HfO2 with micro-pores. The slightly
darker layer in Region 3 is an interlayer located between the matrix
layer and delaminated surface layer. The presence of an interlayer is
more noticeable in the optical image of the slightly polished surface.
When the white surface was removed by polishing, the black-colored
interlayer was exposed between the surface oxide and the matrix as
shown in Fig. 8b. Based on the EDS results obtained from two different
spots (1 and 2) in the BSE image in Fig. 8b, the interlayer consists of Hf,
C, and O without Si, although a slight contrast difference is present in
the image. The flux of the melted SiO2 phase from near matrix to
outermost layer of the oxidized surface caused the depletion of Si ele-
ments from the interlayer. This is similar to the previous study of the
oxidation behavior of ZrB2-SiC composite. The SiC depleted region can
be presented in the low pO2 atmospheric condition due to the eva-
poration of SiO [34,35]. The evolved SiO gas phase might be evacuated
through the melted oxide phases and fully oxidized SiO2 melted phases
were dispersed along HfO2 grain boundary and filled the crater of
surface layer (region 1 from Fig. 8(a)) to form flow/diffusion-blocking
barrier. The existence of partially oxidized hafnium phase is similar to
the results from previously reported research for the oxidation behavior
of HfC ceramic exposed to a CO2 laser source [36,37].

The oxidation process induced by the oxyacetylene flame is con-
sidered to include various thermos-chemical, physical, and mechanical
behaviors due to the very high temperature and pressure resulting from
the velocity of the combusting gases. Diverse oxidation behaviors at the
surface of each sample would be involved during oxyacetylene testing.
The reactions possible during the ablation test under the oxyacetylene
torch flame are presented below (Eq. (1)–(8)). Although more complex
reactions relevant to the presence of oxidants such as H2O and CO2

(which would increase the oxidation rate) could also be involved, only
the oxidation reactions involving oxygen gas were given for simplicity

Fig. 6. (a) The surface oxidized layer thickness as a function of testing time measured
from the cross-sectional SEM images (b) The calculated linear ablation rate obtained by
dividing the thickness of the surface oxidation layers by the test time, and the inset shows
the thickness of the residual matrix.

Table 1
Comparison of ablation or oxidation properties of UHTC materials.

Materials Distance between the nozzle
and sample(mm)

C2H2 flux
(l/s)

O2 flux (l/
s)

Max. testing T.
(°C)

Max. testing
time(s)

Linear reaction
thickness(μm)

Linear reaction rate
(μm/s)

Ref.

C/C-HfC-SiC 10 0.31 0.42 2580 120 312 2.60 [13]
ZrC coated C/C 10 0.31 0.42 2800 240 62 0.26 [28]
ZrB2−15 vol%SiC 10 0.31 0.42 2400 100 310 3.10 [31]
ZrB2−30vol%SiC 10 0.31 0.42 2400 100 30 0.30 [31]
ZrB2−20vol%SiC – 0.26 0.53 2200 2400 840 0.35 [18]
HfC−34vol%SiC 40 0.17 0.22 2800 1800 264 0.14 This study
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[18].

SiC (s) + O2 (g) → SiO2 (l) + CO2 (g) (1)

SiC (s) + 3/2 O2 (g) → SiO2 (l) + CO (g) (2)

SiC (s) + O2 (g) → SiO (g) + CO (g) (3)

SiO2 (l) → SiO2 (g) (4)

SiO2 (l) → SiO (g) + 1/2 O2 (g) (5)

HfC (s) + O2 (g) → HfO2 (s) + CO2 (g) (6)

HfC (s) + O2 (g) → HfO2 (s) + CO (g) (7)

HfO2 (s) → HfO2 (l) (8)

The sequential changes of the HfC-SiC ceramics during the high
temperature oxidation test were summarized in Fig. 9 for better un-
derstanding of their probable aspects. It is reasonably expected that
some of the oxidation reactions above, such as Eqs. 1–3, 6, and 7 occur

instantaneously (immediately) when the oxyacetylene torch flame
reaches the surface of the samples. These oxidation reactions include
the generation of gas phases. The gases are released through the liquid
phases at the surface. Considering the boiling point of SiO2 based on the
observed temperature profile, the evaporation of SiO2 (Eq. (3)) would
not have severely occurred during the test. The melted (liquid) SiO2

phase, which formed near the matrix, flowed both outward and into the
pores through the channels between HfO2 granules by capillary force.
This could be seen as evidence that the amount of SiO2 phase varied
with respect to the depth of oxidation from the surface. The oxidation of
the HfC-SiC matrix underneath the surface oxidized layer would mainly
occur through the instantaneously formed gas evacuation channels in
the melted SiO2 phase. This is because there would be no boundary
owing to the presence of melted phases during the oxyacetylene testing.
The channels for both evacuation and gas inflow through the oxidation
layer would be lengthened by the presence of the HfO2 granules in the
SiO2 melted phases acting as a flow-blocking barrier. Although the
surface oxidation layer is degraded, the combination of melted SiO2

phase and HfO2 granules would adhere well to each other, and they

Fig. 7. (a) The surface SEM images after the oxidation test for 20min and the EDS analysis at the two spots distinguished (spot 1- darkened area, spot 2 - brighter area). (b) The SEM
images of the HfO2 melted phases in the deficient SiO2 region.
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enhance the rigidity of the surface oxidized layer without flowing
through the surface or spalling, which could cause severe ablation be-
haviors. The HfC-SiC composite can persist in spite of such severe test
conditions owing to the existence of this well supported surface layer.

4. Conclusions

The high temperature oxidation behaviors of HfC-SiC ceramics
prepared via reactive spark plasma sintering were investigated under

Fig. 8. (a) Magnified cross-sectional SEM images of the HfC-SiC sample tested for 20min (b) OM image, back-scattered SEM image, and subsequent EDS analysis to confirm the presence
of an interlayer between the surface oxidized layer and matrix, and to identify the elements of its composition.
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exposure to the flame of an oxyacetylene torch for up to 30min. The
oxidation rate was determined based on the thicknesses of the oxidized
surface layer and the residual matrix. The tested ceramics showed su-
perior resistance to oxidation, compared to previously reported UHTCs
materials. The composite structures of the HfO2 micro-granules and
melted SiO2 phases have crucial roles in the delay of gas flowing from
the surface to the interior matrix. An oxygen-deficient hafnium oxide
layer was observed near the matrix. The presence of the hafnium oxide
layer supports the high temperature oxidation behavior of HfC-SiC
ceramics, and follows diffusion-controlled kinetics. This HfC-SiC
ceramic is expected to be beneficial as an impregnation material for
various kinds of composite matrices such as C-C or C-SiC fiber matrix to
improve the ablation and oxidation resistance and to prevent the matrix
from the extreme environmental conditions.
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