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Abstract

ZrB2–20vol%SiC ultra high temperature ceramic (UHTC) was prepared by hot-pressing. Ablation tests of the flat-face models were
conducted under ground simulated atmospheric re-entry conditions using arc-jet testing with heat fluxes of 1.7 MW/m2 and 5.4 MW/m2

under subsonic conditions, respectively. There was little weight or configuration change after ablation at a heat flux of 1.7 MW/m2. How-
ever, ZrB2–SiC composite underwent severe ablation and whose surface temperatures exceeded 2300 �C at a heat flux of 5.4 MW/m2.
Sharp-shape leading edge models were ablated under supersonic conditions with the stagnation pressure and Mach number of
1.2 atm and 2.7 M, respectively, and sharp-shaped leading edge C/SiC models were also ablated under the same condition for compar-
ison. ZrB2–SiC composite exhibited an excellent thermal-oxidative and configurational stability in the simulated re-entry environment
compared with C/SiC material. Results indicate that ZrB2–SiC ultra high temperature ceramics are the potential candidates for leading
edges. The temperature limit for UHTC is controlled by the softening and degradation of the formed oxide scale.
� 2008 Elsevier Ltd. All rights reserved.
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1. Introduction

Ultra high temperature ceramics (UHTC) include some
refractory metal diborides that were historically studied
and developed since the 1960s and early 1970s [1–3]. Inter-
est in UHTC has increased significantly in recent years
because of the drive to produce thermal protection systems
(TPS) and other components for hypersonic aerospace
vehicles [4–8].

In contrast to traditional blunt capsules or Shuttle-type
vehicles, characterized by poor gliding capabilities, the
future use of UHTC opens new prospects for the develop-
ment of space planes with slender fuselage noses and sharp
wing leading edges. Vehicles with sharp leading edges and/
or sharp noses have lower drag and higher lift to drag
ratios (L/D) than blunt-nosed vehicles, but they also have
0266-3538/$ - see front matter � 2008 Elsevier Ltd. All rights reserved.
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to endure higher surface temperatures [9–12]. The lower
drag should improve ascent performance, while the higher
lift to drag produces a greater range for abort and re-entry
trajectories. Improved range provides operational safety
benefits for the system. Sharp leading edges have not been
used for reusable vehicles in the past because materials able
to repeatedly withstand the higher entry and abort temper-
atures were not available. Recent developments in the use
of UHTC have given renewed hope to the eventual realiza-
tion of sharp leading edge vehicles [13–15].

However, report on the ablation behavior of ZrB2–SiC
under simulated atmospheric re-entry conditions is limited
and their surface temperatures are always less than
2000 �C. In this study, ZrB2–20vol%SiC ultra high temper-
ature ceramic was prepared by hot-pressing. The flat-face
models together with sharp-shaped leading edge models
were tested using an arc-jet facility under different condi-
tions, and sharp-shaped leading edge C/SiC models were
also ablated under the same condition for comparison.
The purpose of this study is to investigate the ablation
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behavior of the ZrB2–SiC composite and the ablation
mechanism is also discussed.

2. Experimental procedure

The samples used here for oxidation testing were fabri-
cated from commercial ZrB2 (Northwest Institute for
Non-ferrous Metal Research, China) and SiC (Weifang
Kaihua Micro-powder Co., Ltd., China) powders. The
ZrB2 and SiC powders had the same purity of 99.5%, with
mean particle size of 5 lm and 2 lm, respectively. The
powder mixture of ZrB2 + 20vol% SiC was ball-milled in
ethanol for 8 h using hard milling media and dried in a
rotating evaporator. Milled powder was then uniaxially
hot pressed in a boron nitride coated graphite die at
2000 �C for 60 min under vacuum and 30 MPa of applied
pressure. The heating schedule has been described in detail
elsewhere [16]. Bulk density and theoretical density were
evaluated using the Archimedes method and the rule-of-
mixture, respectively.

ZrB2–SiC models with a cylindrical shape were cut from
the billet, and then exposed to sustained enthalpy flows
using an arc-jet facility with an average total enthalpy in
the order of 10–30 MJ/kg. The facility is equipped with a
60 KW plasma torch which has a diameter of 30 mm of
the exit nozzle that can be operated in air with a stagnation
pressure of 0.03–0.5 atm. The dimension of the model is
U20 � 30 for the high heat flux under subsonic conditions
and that of U30 � 30 for the low heat flux. The ablation
time for these models is 600 s. The heat fluxes were mea-
sured using flat-faced Gardon-type calorie meter and the
measured fluxes for two flat-face models were 1.7 and
5.4 MW/m2, respectively. The sharp leading edge models
(Fig. 1) were also cut from the billet and then tested under
supersonic conditions using an arc-heated wind tunnel that
is operated in air. The size of the exit nozzle of the wind
tunnel is 64 mm � 32 mm and the temperature of the
supersonic flow was controlled in the temperature range
of 1440–1450 �C. The stagnation pressure and Mach num-
ber of the supersonic flow at the exit nozzle were 1.2 atm
and 2.7 M, respectively. The average total enthalpy is in
the order of 2–4 MJ/kg.

The experiments were carried out with a two-colour
Raytek pyrometer (RAYMR1SCSF, USA) which covers
R=3.5mm
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Fig. 1. Sharp-shape ZrB2–SiC model used for arc-jet testing, curvature
radius R = 3.5 mm.
a temperature range of 1000–3000 �C. X-ray diffraction
(Rigaku, Dmax-rb) and scanning electron microscopy/
energy dispersive spectroscopy (FEI Sirion, Holand) were
used to characterize the phase composition and the micro-
structure of the surface and the cross-section of the samples
after testing.

3. Results and discussion

3.1. Microstructure of the hot-pressed composite

The bulk density of the sintered ZrB2–SiC billets was
5.41 g/cm3, which corresponds to a relative density higher
than 98%. Fig. 2 shows a scanning electron micrograph
of the polished surface of the ZrB2–SiC composite. The
microstructure of the composite is regular, in which the
mean grain size is about 6 lm and the residual porosity is
very scarce as shown in Fig. 2. The grain size of this mate-
rial was estimated from the fracture surface of the compos-
ite (not shown). The SiC particulates, which represent the
majority of the dark features in Fig. 2, are homogeneously
dispersed in the ZrB2 matrix and no agglomeration was
detected. Exaggerated grain growth of ZrB2 was restricted
due to the existence of SiC particles. In addition, the intro-
duction of SiC substantially enhanced densification of ZrB2

during hot-pressing. ZrO2 and B2O3 were assumed as the
main oxygen carriers upon the surfaces of ZrB2. Such a
contamination by oxygen promotes vapor phase transport
at temperatures below which mass transfer mechanisms
like boundary/volume diffusion, which are much more
effective than vapor phase for densification, start taking
place; the anticipated coarsening decreases the driving
force for densification at higher temperatures [17]. Densifi-
cation of SiC-containing ZrB2 powder mixtures initiates at
lower temperatures compared with pure ZrB2 as reactions
with SiC are deemed to remove the oxide coatings, separat-
ing ZrB2 particles from mutual contact.
Fig. 2. SEM of the polished surfaces of the ZrB2–SiC ultra high
temperature ceramics.



Table 1
Summary of arc-jet sample characteristics, conditions and measured surface temperatures

Model
(#)

Dimension
(mm)

Heat flux
(MW/m2)

Weight change
(%)

DThickness
(mm)

Oxide scale (lm) Ablation time
(s)

Surface temperature
(�C)

1 U30 � 30 1.7 0.00 0.00 25 600 1640–1660
2 U20 � 30 5.4 15.75 2.98 390 600 2150–2330
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3.2. Microstructure changes and ablation properties of the

composite

Characteristics of the two flat-face models after arc-jet
testing are shown in Table 1. At a heat flux of 1.7 MW/
m2, no measurable weight change was observed, and steady
state surface temperature was �1650 �C as shown in Fig. 3.
However, at a heat flux of 5.4 MW/m2, there was severe
oxidation and ablation after arc-jet testing and the maxi-
mum surface temperatures exceeded 2300 �C. A total
weight loss of 15.75% was measured and the corresponding
change in thickness was about 3 mm.

Fig. 4 shows the ZrB2–SiC flat-face model before (a),
during (b) and after (c) the ablation test under the heat flux
of 1.7 MW/m2. There was little change in the visual
appearance of the surface and no appreciable structural
Fig. 4. Flat-face ZrB2–SiC model before (a), during (b) and

0 100 200 300 400 500 600
800

1000

1200

1400

1600

1800

2000

2200

2400

Q=5.4MW/m2

Q=1.7MW/m2

(2)

(1)T 
(°

C
) 

Ablation time (s)

Fig. 3. Temperature curves vs. time during arc-jet testing of the flat-face
ZrB2–SiC models under the different heat fluxes.
change was detected. The surface micrograph shows the
formation of bubbles (Fig. 5), which can be closely related
to the release of gaseous oxidation by-products (i.e. CO
and B2O3). The formation of bubbles may imply that the
diffusion of the formed gaseous phases through the oxide
layer is slower than that of O2. In fact, during the initial
exposure to such harsh convectively heating conditions,
SiO, B2O3 and other highly volatile boron sub-oxides,
which tend to evolve outside, most likely coalesced in bub-
bles inside the external forming glass [6]. Shear forces asso-
ciated to the hot stream facilitated the bursting of bubbles
and, for prolonged exposure, the smoothing of the outer-
most glassy coating. However, the surface was covered by
a continuous glassy layer. The formation of an external sil-
ica based glassy layer is very effective in limiting the inward
diffusion of oxygen into the inner bulk, thus enhancing the
after (c) ablation test under a heat flux of 1.7 MW/m2.

Fig. 5. SEM micrograph of the ablated flat-face ZrB2–SiC model under a
heat flux of 1.7 MW/m2.



Fig. 6. Cross-sectional micrographs of the ablated flat-face ZrB2–SiC
model under a heat flux of 1.7 MW/m2.

Fig. 8. SEM micrograph of the ablated flat-face ZrB2–SiC model under a
heat flux of 5.4 MW/m2.
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resistance to oxidation. The cross-section of the ZrB2–SiC
models after arc-jet testing at a heat flux of 1.7 MW/m2

is shown in Fig. 6. Beneath the external glass layer, there
was a subsurface layer about 25 lm thick containing zirco-
nia. No SiC depletion layer was detected in the present
case. In fact, during the exposure to such harsh heating,
the models were subjected to mechanical loading besides
oxidation. Silica alone cannot develop into a continuous
glassy layer, and will be scoured away by gas flow due to
the existence of the large shear forces during ablation pro-
cess. The ZrO2 appears to form a porous skeleton that does
not enhance the oxidation protection, but it may provide
mechanical integrity and strength to the liquid glass (i.e. sil-
icate). Moreover, the ZrO2 skeleton can provide a frame-
work for the glass to be retained against the strong gas
flow. The ablation rate is originally controlled by the chem-
ical reaction of the surface ZrB2 and SiC, and then by the
oxygen diffusion through the glass layer and some porous
regions and the evaporation of the glass. Therefore, most
of the silica glass was retained during the ablation process
and it was distributed in the zirconia grain boundary and
the surface, which provides increased inhibition of the
inward access of oxygen.
Fig. 7. Flat-face ZrB2–SiC model during (a) and after (b
The macrographs of the specimen during and after the
ablation test for 600 s at the heat flux of 5.4 MW/m2 are
shown in Fig. 7. A large amount of the molten oxidation
product was blown away during the ablation process,
resulting in a high erosion rate and marked change in the
configuration (Fig. 7). The surface of the ablated sample
was not smooth and exhibited a mechanical scour as a
result of the airflow. Shear forces associated with the hot
stream facilitated the erosion of the outermost glass coat-
ing. It should be noted that the edge of the ablated surface
exhibited a higher erosion rate compared with the central
region. This phenomenon can be explained by the higher
heat flux and shear force at the edge compared with those
at the center. Moreover, the high heat flux will result in a
high temperature at the surface of the sample. Apparently,
the high temperature decreases the viscosity of glass and
accelerates the chemical reaction, leading to the increased
oxidation and ablation rates. Fig. 8 is a micrograph of
the ablated surface, which shows the formation of large
holes with a diameter of �30 lm. The surface was covered
by a limited amount of discontinuous silica glass. Under
this ablation condition, the SiO2 layer formed on the
and c) ablation test under a heat flux of 5.4 MW/m2.



Table 2
Summary of arc-jet sample characteristics, conditions and measured
surface temperatures

Model
(#)

Pressure
(MPa)

Mach
number
(M)

Weight
change
(%)

Ablation
time (s)

Surface
temperature
(�C)

3 1.26 2.7 0.03 200 1445–1451
4 1.26 2.7 8.3 100 1443–1450
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surface shows a very low viscosity and a significant evapo-
ration rate due to the extreme high ablation temperature
(>2300 �C), which leads to the intense degradation of the
protective effect.

The cross-section of the models after arc-jet testing at
the heat flux of 5.4 MW/m2 provided insight into micro-
structure details of great interest (Fig. 9). Three distinct
layers were detected, which is different from reported lay-
ered structure in previous studies [18–20]. The outermost
layer (350 lm thick) was rather compact except for a few
large pores. However, this layer was not adhered to an
oxide sub-scale. Compositional analysis by EDS showed
that the oxide was mainly composed of Zr, O and a little
Si. ZrO2 coalesced together by recrystallization under the
present condition. Some silica glass was embedded within
the compact ZrO2. The formation of this layer effectively
inhibited inward transport of oxygen. Passive oxidation
protection is provided by the continuous compact ZrO2

layer that effectively prevents direct exposure of the
ZrB2–SiC composite to air in this temperature region.
Fig. 9. Cross-sectional morphologies of the ablated flat-fa
Underlying this layer was a porous layer, which is a transi-
tional region between the SiC-depleted layer and external
oxide layer. The creation of such an inner porous layer
was most likely caused by the oxidation of ZrB2 since the
formed ZrO2 cannot adhere to the virgin matrix at high
temperature. Obviously, cracking and spalling tend to
occur in this region due to the weak bonding and CTEs
mismatch between the oxide scale and unaltered ZrB2

matrix. Underneath, a layer partly depleted of SiC
(25 lm thick) was formed. The formation of SiC depletion
ce ZrB2–SiC model under a heat flux of 5.4 MW/m2.



Fig. 10. Photographs of the ZrB2–SiC sharp leading edge model at different testing times.
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Fig. 11. Temperature curves vs. time during arc-jet testing of the sharp
leading edge models.
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layer was caused by the active oxidation of SiC, which rep-
resents a well-known phenomenon in SiC and SiC-contain-
ing zirconium diboride-based materials [13,18–20].
Fig. 12. Photographs of the C/SiC sharp lead
The ablation conditions for sharp leading edge models
at the supersonic flow arc-heated wind tunnel are listed in
Table 2. Fig. 10 shows the macrographs of the ZrB2–SiC
(model 3) sharp leading edge model at different testing
times. The surface temperature increased drastically in a
very short time when the samples were exposed to the
arc-heated wind tunnel (Fig. 11). Specifically, the surface
temperature rose dramatically to 1350 �C, in mere 3 s,
and then rose gradually, until reached a steady temperature
of �1450 �C. As a result of the large temperature gradient,
a high thermal stress occured. However, no cracks were
observed on the sample. This fact suggests that the com-
posite exhibits excellent thermal shock resistance. There
was a marked change in the color distribution of the model
in the initial 40 s, which then reached a steady state at 60 s,
indicating that the temperature distribution on the surface
of the model achieved a steady state after 60 s of heating. A
similar trend was observed in the C/SiC composite (model
4) (Fig. 12). But the time to reach steady state of 40 s was
less than that for model 3. The shorter time to reach steady
state is probably due to its low thermal conductivity com-
ing edge model at different testing times.



Fig. 13. Photographs of the sharp leading edge models before ((a) and (c)) and after ((b) and (d)) ablation testing. (a) and (b): ZrB2–SiC, (c) and
(d): C/SiC.

Fig. 14. Vapor pressure vs. temperature for the above oxides, calculated
at ambient pressure.
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pared with ZrB2–SiC. No configurational change during
and after arc-jet testing was detected for model 3 as shown
in Figs. 10 and 13b. This is quite beneficial to practical
flight performances. For model 4, C/SiC composite began
to severely ablate at 60 s and structural shape was remark-
ably destroyed as the ablation proceeded. The weight
change was up to 8.3% after arc-jet testing while it was only
0.03% for model 3. Moreover, the structural shape was sig-
nificant ablated as shown in Fig. 13d. High oxidation resis-
tance coupled with configurational stability of the present
UHTC when subjected to supersonic flow and heat fluxes
typical of a re-entry environment make it a good candidate
for use in aerospace applications, especially for sharp-
shaped structures like wing leading edges and nose caps.

3.3. Ablation mechanism

During atmospheric re-entry, space vehicle will undergo
severe aerothermodynamic heating resulting in high tem-
perature on the outer surfaces of the materials. There were
severe reactions between the reactive gases and the ZrB2–
SiC composite. In the present case, the main expected reac-
tions during the oxidation process are as follows:

ZrB2ðsÞ þ
5

2
O2ðgÞ ! ZrO2ðsÞ þ B2O3ðlÞ ð1Þ

B2O3ðlÞ ! B2O3ðgÞ ð2Þ

SiCðsÞ þ 3

2
O2ðgÞ ! SiO2ðlÞ þ COðgÞ ð3Þ

SiCðsÞ þO2ðgÞ ! SiOðgÞ þ COðgÞ ð4Þ
SiCðsÞ þ 2SiO2ðlÞ ! 3SiOðgÞ þ COðgÞ ð5Þ
SiO2ðlÞ ! SiO2ðgÞ ð6Þ
In fact, B2O3 has an unusually low melting point
(450 �C) and a high vapor pressure (Fig. 14). Therefore,
at high temperature, B2O3 vaporizes quickly. The rapid
volatilization of B2O3 results in increased oxidation of
ZrB2 since ZrO2 is not a highly protective oxide. The intro-
duction of SiC remarkably improves the oxidation resis-
tance of the ZrB2 material above 1200 �C due to the
formation of silica glass (Reaction (3) which is more vis-
cous, having a higher melting temperature and a lower
vapor pressure, and more resistant to oxygen diffusion
[18–20]. The significant improvement in oxidation resis-
tance of ZrB2 based UHTC below 2000 �C has been
achieved by the incorporation of SiC due to the formation
of a silica glass layer with low oxygen permeability, which
provides an efficacious protective oxidation barrier. Apart
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from aerothermal loads, the materials are also subjected to
large aerodynamic loads during hypersonic flight. There-
fore, the mechanical loads should be taken into account,
as well as oxidation, during practical operations. ZrO2 pro-
vides an oxide framework without blown away by the gas
flow leading to the configurational stability of the material.
The combination of ZrO2 and SiO2 is responsible for con-
figurational stability coupled with high oxidation resistance
of the present UHTC when subjected to simulated atmo-
spheric re-entry conditions. However, the efficiency of
SiC significantly decreased at higher temperatures, espe-
cially above 2200 �C, because of the active oxidation
(Reactions (4) and (5) and rapid evaporation (Reaction
(6)) due to high vapor pressure (Fig. 14). Moreover, the
existence of the large amount of silica will significantly
lower the melting point of ZrO2–SiO2, which causes a
strength loss of the formed oxide scale resulting in spalla-
tion or peeling under aerodynamic loads.

Apparently, the present UHTC cannot maintain the
passivating protective capability at extremely high temper-
atures (i.e. >2300 �C) since the formed oxide scale is not
stable under the aerothermodynamic loads. The tempera-
ture limit for SiC reinforced ZrB2 based UHTC is mostly
dependent on the softening and degradation of ZrO2 based
oxide scale, which is also controlled by SiC content since
the melting point of the ZrO2 based oxide scale is closely
connected with SiO2 content. When the shear forces exceed
the strength of the formed oxide framework, the oxides
peel off or dislodge from the specimens resulting in
increased oxidation and degradation of configuration,
which in turn affect the performance and safety of the vehi-
cles. The softening and degradation of oxide scale resulted
from increased temperatures is a major issue of the UHTC
for use in extreme environments like those associated with
hypersonic flight, atmospheric re-entry and rocket propul-
sion. In this respect, the content of the low melting point
oxides can be reduced to improve the upper limit of the ser-
vice temperatures. High SiC content is beneficial for the
performance of the UHTC at low temperatures, whereas
low SiC content is favorable for the use of the UHTC at
high temperatures. Therefore, the compositions of rein-
forced phases (i.e. SiC) should be optimized according to
the practical service environment, with damage within
acceptable limits.

The coherence between oxide scale and unaltered mate-
rial is another critical issue. As can be seen from Fig. 9,
many defects like pores existed in the inner material which
may lead to the rupture of the whole oxide scale. The
extent of the damage under these conditions is to be consid-
ered unacceptable for the foreseen demands of reliability
and re-usability at extremely high temperatures (i.e. above
2300 �C).

4. Conclusions

An ultra high temperature dense ZrB2–SiC ceramic was
produced by hot-pressing. ZrB2–SiC models were exposed
to ground simulated atmospheric re-entry conditions using
arc-jet testing with heat fluxes of 1.7 MW/m2 and 5.4 MW/
m2, respectively. For temperatures in the order of 1600–
1700 �C, the material was able to endure the heating condi-
tions, thanks to the formation of an external multiphase
oxide scale. However, for temperatures in the order of
2300 �C, evident oxidation and ablation occured and the
material was unable to offer a valuable resistance to the
applied aerothermal load. ZrB2–SiC ultra high temperature
ceramics also exhibited an excellent thermal-oxidative and
configurational stability under supersonic conditions com-
pared with the C/SiC material, which suggests they are
potential candidates for leading edges. Results indicate that
ZrB2–SiC can maintain the high oxidation resistance cou-
pled with configurational stability at temperatures lower
than that point which results in significant softening and
degradation of the oxide scale, and that point will be the
temperature limit for UHTC.
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