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The effect of Si3N4, Ta5Si3, and TaSi2 additions on the oxida-
tion behavior of ZrB2 was characterized at 12001–15001C and
compared with both ZrB2 and ZrB2/SiC. Significantly improved
oxidation resistance of all Si-containing compositions relative to
ZrB2 was a result of the formation of a protective layer of
borosilicate glass during exposure to the oxidizing environment.
Oxidation resistance of the Si3N4-modified ceramics increased
with increasing Si3N4 content and was further improved by the
addition of Cr and Ta diborides. Chromium and tantalum oxides
induced phase separation in the borosilicate glass, which lead to
an increase in liquidus temperature and viscosity and to a
decrease in oxygen diffusivity and of boria evaporation from
the glass. All tantalum silicide-containing compositions demon-
strated phase separation in the borosilicate glass and higher
oxidation resistance than pure ZrB2, with the effect increasing
with temperature. The most oxidation-resistant ceramics con-
tained 15 vol% Ta5Si3, 30 vol% TaSi2, 35 vol% Si3N4, or 20
vol% Si3N4 with 10 mol% CrB2. These materials exceeded the
oxidation resistance of the ZrB2/SiC ceramics below 13001–
14001C. However, the ZrB2/SiC ceramics showed slightly
superior oxidation resistance at 15001C.

I. Introduction

THE unique combination of properties (high melting temper-
ature, high hardness and strength, good oxidation resis-

tance, and high thermal conductivity) makes ceramics based on
ZrB2 and HfB2 promising candidates for high-temperature
applications1–7 such as hypersonic vehicle aerosurfaces (leading
edges and nosecaps), which require oxidation resistance at tem-
peratures above 20001C.

The good oxidation resistance of pure Zr and Hf diborides is
a result of the formation of an oxidation product consisting of
ZrO2 (HfO2) and B2O3. Below 12001C liquid boria fills all of the
porosity in the fine-grained oxides, providing oxidation protec-
tion. However, above 12001C the diborides oxidize rapidly as a
result of the evaporation of the protective B2O3 from the oxide
scale. It should be noted that a fraction of boria (about 15 vol%)
remains within the oxide scale at temperatures up to 15001C
because of the high surface tension of the porous, fine-grained
ZrO2 layer.

8 The presence of liquid boria explains the superior
oxidation resistance of these borides compared with the corre-
sponding carbides and nitrides, which form single-phase, porous
ZrO2 scales as a result of the formation of gaseous oxidation
products.

In general, the oxidation behavior of non-oxide ceramics
largely depends on the chemical composition and properties of
the oxidation products and on the combination of physical and
chemical processes taking place on the surface exposed to oxy-
gen-containing atmosphere. Modification of the chemical com-

position of the oxide layer, leading to decreased inward diffusion
of oxygen, is an effective way of controlling oxidation resistance
of nonoxide ceramics. This modification can be accomplished by
changing the bulk composition of ceramics.

Numerous studies dedicated to the improvement of the oxi-
dation resistance of ZrB2 and HfB2

2,5,6,9–15 resulted in the selec-
tion of ceramics with 20–30 vol% SiC as optimal, preferred
compositions. The SiC-containing ZrB2 ceramics showed rela-
tively high oxidation resistance up to 15001C as a result of the
formation of the protective surface layer of borosilicate glass.
Compared with liquid B2O3, the borosilicate glass has higher
melting temperature, higher viscosity, and lower oxygen diff-
usivity, thus providing much more effective oxidation protec-
tion. Theoretical aspects of the oxidation behavior of the
zirconium boride-based materials have been reported earlier.1

The increase in the oxidation resistance of ZrB2/25 vol% SiC
ceramics was accomplished by the addition of CrB2, TiB2, TaB2,
NbB2, and VB2 (as substitution for ZrB2),

16 despite the fact that
the oxidation resistance of all the modifying diborides (alone) is
much worse than that of the ZrB2 and HfB2.

17,18 This improve-
ment in the oxidation resistance was related to the presence of
transition metal oxides (as a result of the oxidation of the cor-
responding diborides) in the borosilicate glass inducing its phase
separation (immiscibility). Both increased liquidus temperatures
and viscosities, which are characteristic features of immiscible
glasses, and are beneficial for decreasing oxygen diffusivity and
suppressing boria evaporation from the glass.

The effectiveness of oxides in enhancing immiscibility increas-
es with increasing metallic element cation field strength, z/r,2

where z is the valence and r is the ionic radius.19–22 Because the
cation field strengths of Ti, Nb, Ta, Mo, Cr, and V are higher
than that of Zr, these elements are effective in promoting phase
separation of the ZrO2-containing borosilicate glass.

Studies on the effect of alternative sources of Si (instead of
SiC), such as Si3N4 and silicides, on the oxidation behavior of
ZrB2 ceramics are not systematic and are sometimes contradic-
tory. Bellosi and Monteverde23 reported an increase in the
oxidation resistance of ZrB2 ceramics at 13501 and 16001C
with the addition of 5 vol% Si3N4. During hot pressing at
17001C, Si3N4 decomposed with the formation of BN, ZrO2 and a
B–N–O–Zr–Si glassy phase. Unlike the previous data, Sato
et al.24 did not observe any chemical interaction between
Si3N4 fibers and the ZrB2 matrix after hot pressing at 14001C.

The effect of the disilicides of Ta, Nb, W, Mo, and Zr, as well
as of Zr5Si3 on the oxidation resistance of ZrB2 was studied by
Shaffer.25,26 In these studies, ZrB2 ceramics containing 5–15
mol% MoSi2 showed superior oxidation performance at both
14001 and 19501C. Shaffer also suggested the addition of ZrB2/
5–50 mol% TaSi2 mixture as oxidation-protective coatings for
Mo, borides, and carbides. An increase in the oxidation resis-
tance of ZrB2 up to 12001C with the addition of ZrSi2 was
reported by Lavrenko et al.27 The authors also found solid sol-
ubility between the components after pressureless sintering in
vacuum (no sintering temperature was given). Panasyuk
et al.28 reported an improvement in oxidation resistance of
ZrB2 with the addition of 15–50 wt% CrSi2. The experiments
were conducted at 6001–12001C and 740 torr (98.6 kPa) oxygen
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pressure for 120 min. The improvement in oxidation resistance
was attributed to the formation of protective ZrSiO4.

Pastor and Meyer29 evaluated the oxidation resistance of
ZrB2 with additions of MSi2 or M5Si3, where M is a transition
metal Zr, Ta, Cr, Mo, or W. The authors observed significant
interactions or solid solubility in the systems of ZrB2 with Zr,
Cr, and Mo silicides and very little or no interactions in the
systems with Ta and W silicides. After oxidation testing for up
to 100 h at 12001 and 14001C, the ZrB2/15 wt% CrSi2 compo-
sition was the most oxidation resistant. Opila et al.30 reported
that the addition of 20 vol% TaSi2 to ZrB2/20 vol% SiC
improved the oxidation resistance of the material at 16271C in
air. The improved behavior was attributed to the presence of Ta,
not to the increase in Si content as a result of the introduction of
the second Si-containing component. The processing, chemical
interactions, and properties of ceramics in the whole ZrB2/Ta5
Si3 system were reported by Talmy et al.31

The purpose of the present work is to characterize the oxi-
dation behavior of ZrB2 modified with Si3N4, Ta5Si3, and TaSi2
as sources of Si and to compare the results with the oxidation
behavior of SiC-containing ZrB2. The introduction of Ta silic-
ides was of particular interest because it simultaneously modifies
the oxidation layer with SiO2 to form borosilicate glass and with
Ta2O5 to induce glass immiscibility for potential further
improvement in oxidation resistance.

The experimental compositions ZrB2/5, 20, and 35 vol%
Si3N4, ZrB2/8, 15, and 31 vol% Ta5Si3, and ZrB2/10, 20, and
30 vol% TaSi2 were selected to keep the B2O3/SiO2 ratio in the
surface borosilicate glass between 1.5 and 3, assuming that ZrB2

and Si-containing additives are totally oxidized. (This ratio in
the ZrB2/25 vol% SiC composition is 2.) According to the SiO2–
B2O3 phase diagram,32 the melting temperature of borosilicate
glass of these compositions would be about 6001–7001C. It
should be noted that SiO2 content in glass and glass melting
temperatures will gradually increase as B2O3 evaporates with
increasing oxidation temperature and/or time.

II. Experimental Procedure

The starting borides and silicides (�325 mesh and 99.5% purity)
were purchased from Cerac Inc. (Milwaukee, WI). Silicon nit-
ride (LC12, particle size 0.6 mm) was purchased fromHC Starck,
Inc. (Newton, MA). The powders were mixed with a mortar and
pestle in acetone. The mixing procedure was repeated three
times with intermediate drying. The materials were densified by
hot pressing (Model 912G, Thermal Technology Inc., Santa
Rosa, CA) in a graphite mold in He atmosphere. The hot-press-
ing conditions will be given in the sections corresponding to the
specific systems.

The samples were heated to the maximum temperature with a
ramp rate of 401C/min under a pressure of 5 MPa, and the full
pressure was applied when the desired densification temperature
was reached. The hot-pressed samples were characterized by
density and open porosity (Archimedes principle), phase com-
position (X-ray diffraction (XRD), Siemens Theta/Theta, Mod-
el D 500, Bruker AXS, Madison, WI), and microstructure
(SEM, Model ISI ABT SR-50A, Withington, Manchester,
UK). Energy-dispersive spectroscopy (EDS) was also used to
identify the elemental composition of phases. The boron content
data were inconclusive and are not reported in the paper.

The oxidation behavior was characterized by measuring mass
changes of the bars (average size about 3 mm� 4 mm� 5 mm
and surface area about 1.0 cm2) during furnace heating in air at
10001–15001C for 2 h. The bars were supported by their ends on
alumina semirings for maximum contact with the atmosphere.
The mass with and without the semi-rings was recorded to allow
posttest mass measurements in the event that the glassy oxida-
tion product reacted with the alumina. The mass change results
were an average from three to five samples. Air quenching of the
samples after furnace heating was conducted to retain the high-
temperature condition of the surface layer for room temperature

X-ray and microscopic evaluations. XRD and SEM/EDS were
used to characterize the phase composition and microstructure
of the surface and cross-section of the samples after oxidation.

III. Results and Discussion

(1) ZrB2–Si3N4 Ceramics

The ZrB2 ceramics containing 5–35 vol% Si3N4 were prepared
by hot pressing mixtures of the end-member powders at 1850 1C
and 20 MPa in He for 1 h. Unlike SiC, which is chemically
compatible with ZrB2,

33 Si3N4 was decomposed during hot
pressing. The XRD analysis showed the presence of BN,
ZrSi2, and ZrN in addition to the residual ZrB2. The coexis-
tence of ZrSi2 and ZrB2 observed in the present research con-
firms the Brukl phase equilibria data,34 but contradicts the solid
solubility data reported by Lavrenko et al.27 and Kieffer and
Benesovsky.35

The relative densities of the ceramics were not determined
because of the unknown quantitative phase composition of the
final materials. However, the samples did not have any open
porosity. The microstructure of materials containing up to 20
vol% Si3N4 in the starting mixtures consists of coarse crystals
surrounded by a fine-grained phase (Fig. 1). The EDS analysis
showed only Zr in the coarse crystals (presumably ZrB2) and Zr,
Si, and N in the fine-grained phase (ZrB2, BN, ZrSi2, and ZrN
reaction products). The sizes of both ZrB2 and fine-phase crys-
tals decrease with increasing Si3N4 content, and ceramics con-
taining 35 vol% Si3N4 had a uniform fine-grained structure.

The oxidation resistance of the Si3N4-containing ceramics
during furnace heating increased (butmass gain decreased) with
increasing Si3N4 (Fig. 2). The lower mass gain for pure ZrB2

compared with the sample containing 5 vol% Si3N4 is due to the
significant evaporation of B2O3 from pure ZrB2 above 12001C,
decreasing the total weight gain from the formation of ZrO2 and
B2O3 during oxidation. The significantly larger mass gain mea-
sured for the 5 vol% Si3N4-containing sample in comparison with
that for pure ZrB2 resulted from the lower evaporation of B2O3

from borosilicate glass formed on the surface of this sample.
The smaller thickness of the oxidation layer for the 5 vol%

Si3N4-containing sample (140 mm) compared with that for pure
ZrB2 (160 mm) after 2 h oxidation at 13001C affirms improved
oxidation resistance of ZrB2 with the addition of even small
amounts of Si3N4. The data on the formation of the surface
glass and improvement in the oxidation resistance of ZrB2 by
the addition of 5 vol% Si3N4 support the results reported by
Bellosi and Monteverde.23 The thickness of the oxidized layer
for the ZrB2/20 vol% Si3N4 ceramics tested at 13001C was 60
mm. Only ZrO2 was identified on the surface of all oxidized
Si3N4-containing samples.

By analogy with ZrB2/SiC materials, CrB2 and TaB2 were
added to the ZrB2/Si3N4 ceramics to induce phase separation in

Fig. 1. SEM of ZrB2/20 vol% Si3N4 ceramics hot-pressed at 18501C
and 20 MPa for 1 h.
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the surface glass during the oxidation test. The additives were
introduced as a 10 mol% substitution for ZrB2 with constant 20
vol% Si3N4. No significant changes in the microstructure were
observed for the modified ceramics compared with the baseline
material. As previously discussed, Si3N4 reacted with ZrB2 dur-
ing hot pressing with the formation of BN, ZrSi2, and ZrN,
which were localized in the fine-grained areas. By EDS analysis,
the modifying elements were detected only in the fine-grained
phase. The dissolution of CrB2 and TaB2 in ZrB2 was deter-
mined by XRD. The ZrB2 peaks were shifted to higher angles,
indicating the contraction of the ZrB2 lattice as a result of the
incorporation of CrB2 and TaB2, which have smaller lattice
constants than ZrB2.

The oxidation behavior of the modified compositions togeth-
er with that of ZrB2 with 20 vol% Si3N4 and ZrB2 with 25 vol%
SiC ceramics is shown in Fig. 3. The modifying diborides
increased the oxidation resistance of the baseline ceramics.
The mass gain of the ceramics containing TaB2 and CrB2 was
26 and 34 g/m2, respectively, compared with 49 g/m2 for the
baseline composition after 2 h oxidation at 13001C. Higher ox-
idation resistance of these ceramics at temperatures below
14001C compared with that of ZrB2/SiC ceramics can be attrib-
uted to the oxidation rate difference between ZrSi2 (the Si source
in these ceramics) and SiC. It is known that SiC does not oxidize
appreciably at these lower temperatures to participate in the
formation of borosilicate glass.16 However, ZrSi2 oxidizes more
readily and enhances the low-temperature formation of
the protective borosilicate glass. Lavrenko’s observation27 of
the formation of a vitreous borosilicate film after oxidation
of the ZrB2/50 wt% ZrSi2 material at 7001–8501C is consistent
with the present results.

The presence of Ta and Cr oxides, which induce phase sep-
aration in the glass, further improves glass-protective capabili-
ties. The effect of the additives was very similar at temperatures
below 14001C. Above 14001C the best oxidation resistance was
shown by the CrB2-containing material.

Extensive phase separation (mostly ‘‘cabbage’’-like configu-
rations) was observed on the surface of all the modified samples
after oxidation tests. Figure 4 shows the SEMmicrograph of the
surface of the CrB2-containing sample after oxidation at 13001C
for 2 h. The overall XRD of the surface of this sample identified
ZrO2, Cr2O3, and CrO2. The presence of Cr in the Cr41 oxida-
tion state having a high cation field strength (1322 compared
with 793 nm�2 for Cr31) contributed significantly to the phase
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Fig. 2. Mass changes during furnace oxidation (2 h) of ZrB2/Si3N4

ceramics at 12001–15001C.
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Fig. 3. Mass changes during furnace oxidation (2 h) of ZrB2/20 vol%
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Fig. 4. SEM of the surface of ZrB2/20vol% Si3N4/10 mol% CrB2 ceramics after oxidation at 13001C for 2 h.
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separation in the glass and, subsequently, to the improvement in
its oxidation protection capability, which is especially pro-
nounced at temperatures below 14001C. The EDS analysis of
this sample showed a significant concentration of Zr in the top
area of the ‘‘cabbage’’ (17.5 at.% compared with 1.9 at.% in the
glassy area) and the presence of Cr only in the glass.

(2) ZrB2–Ta5Si3 Ceramics

ZrB2 ceramics modified with 8, 15, and 31 vol% (2, 4, and 10
mol%) Ta5Si3 were prepared by hot pressing starting mixtures
at 1900 1C and 20 MPa for 30 min in a graphite mold and He
atmosphere. The XRD analysis revealed significant interaction
between ZrB2 and Ta5Si3 during hot pressing. The polymor-
phism of Ta5Si3, as well as the chemical interactions and solid
solubility in the entire ZrB2–Ta5Si3 system, is described else-
where.31 The phase compositions of the ceramics containing 2,
4, and 10 mol% are summarized in Table I.

The ceramics containing 2 and 4 mol% Ta5Si3 consisted of
stoichiometric ZrB2 and ZrB2-based solid solution with a con-
traction of the ZrB2 unit cell. The unit cell volume of ZrB2

decreased linearly from 30.70 to 29.89 Å3 as Ta5Si3 content in-
creased from 0 to 4 mol%. Based on the insolubility of Si and
ZrSix in ZrB2 reported in the literature34,36 and the contraction
observed in the ZrB2 lattice, it was deduced that Ta entered the
ZrB2 cell, causing the contraction (the atomic radii of Zr and Ta
are 1.60 and 1.46 Å, respectively).

The samples containing 10 mol% Ta5Si3 also showed the pres-
ence of ZrB2 and ZrB2-based solid solution. However, the solid-
solution unit cell volume only slightly changed with an increase in
Ta5Si3 content from 4 to 10 mol%. This indicated that the sol-
ubility limit of Ta in the ZrB2 lattice, with the present reactant
ratios, was achieved in the material containing about 4 mol%
Ta5Si3. The simultaneous presence of ZrB2 and ZrB2-based solid
solutions is probably the result of insufficient time (30 min) dur-
ing hot pressing to completely homogenize the composition.

Additionally, the samples with 10 mol% Ta5Si3 contained
substantial amounts of two new phases: TaB and a Ta5Si3-based
hexagonal (D88) solid solution with considerable expansion of
the silicide cell volume from 252.77 Å3 (for pure hexagonal
Ta5Si3) to 273.83 Å3 for the solid solution formed in the mate-
rial, as determined by XRD. The possible reaction between the
components could be presented as a hypothetical equation:

Ta5Si3 þ ZrB2 ! ðZr;TaÞB2 þ TaBþ ðTa;ZrÞ5Si3B

This reaction involved the decomposition of some fraction of
the ZrB2, which provided B for the formation of TaB, as well as
Zr and B for the formation of the D88-based solid solution. Both
the interstitial incorporation of B and the substitution of Ta with
Zr resulted in significant D88 lattice expansion. It is also note-
worthy that the TaB lattice parameters corresponded to the sto-
ichiometric composition, indicating no dissolution of Zr in TaB.

The observed chemical interaction and solid solubility be-
tween Ta5Si3 and ZrB2 contradict the only existing literature
data,29 which reports that very little or no interaction is observed
even after heating at 22001C and 10�2 torr (1.33 Pa) for 1 h. This
dramatic discrepancy in these two studies is not easy to resolve.

The bulk densities of the samples were 6.61, 7.18, and 8.27
g/cm3 for ceramics containing 8, 15, and 31 vol% Ta5Si3,
respectively, with close-to-zero open porosity. (The relative den-
sities of the ceramics were not determined because of the un-
known quantitative phase composition of the final ceramics.)
Evidently, a decrease in the hot pressing temperature of the
Ta5Si3-containing materials compared with pure ZrB2 (22001C)
can be related to chemical interactions and solid solubility be-
tween the components.

The microstructure of the hot-pressed ZrB2/15 vol% Ta5Si3
sample (Fig. 5) is composed of large crystals (average size about
5–10 mm) containing predominantly Zr (by EDS) surrounded by

Table I. Phase Composition of ZrB2/Ta5Si3 Ceramics After
Hot Pressing at 19001C for 30 min

Ta5Si3 (tetragonal) content in

ZrB2/Ta5Si3 starting mixtures Phases determined by XRD

Mol% Vol% ZrB2 ZrB2 (ss) TaB

Ta5Si3 (D88
hexagonal) (ss)

0 0 x
2 8 x x
4 15 x x
10 31 x x x x

XRD, X-ray diffraction.

10 µm

Fig. 5. SEM of ZrB2/15 vol%/Ta5Si3 ceramics HP at 19001C.
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fine-grained crystals (about 1 mm) consisting of both Zr and Ta,
which is an indication that fine ZrB2 particles preferentially par-
ticipated in the chemical interactions between the components.
The location of Si was difficult to identify because of the over-
lapping of Ta and Si peaks, but it can be assumed that it was
localized in the fine-grained phase.

Figure 6 shows the mass gain for ZrB2–Ta5Si3 ceramics dur-
ing 2 h oxidation at 11001–14001C. Materials containing Ta5Si3
exhibited increased oxidation resistance, which is further sup-
ported by measurements of the thickness of the oxidized layer
after oxidation at 14001C. The thickness of the oxidized layer
was 115 mm for ceramics containing 15 vol% Ta5Si3 compared
with 300 mm for pure ZrB2. The presence of ZrO2 and
TaZr2.75O8 was determined by XRD on the surface of the
oxidized samples. No crystalline silicon- or boron-containing
compounds were identified with certainty.

A periodic pattern of glassy and crystalline areas on the
oxidized surface of the ceramics containing 8 vol% Ta5Si3
(Fig. 7) implies glass phase separation, which was induced by
the presence of Ta51. In spite of the overlapping of major Ta
and Si peaks, EDS analysis of the surface leads to the conclusion
that the glassy area contains a very small amount of Zr and

practically no Ta (from the size of the ‘‘far’’, �8 keV, Ta peak),
while the crystallized area contains Ta and a significant amount
of Zr. The strong peak belonging to both Si and Ta in the EDS
scan of the glassy area can be therefore associated predomi-
nantly with Si, and the peak from the crystallized area of the
scan is from a combination of both elements.

Thus, the improved oxidation resistance of the Ta5Si3-con-
taining compositions compared with pure ZrB2 is due to the
formation of an immiscible borosilicate glass during oxidation.
The test results of this study did not match the results of Pastor
and Meyer,29 who did not observe any improvement in the
oxidation resistance of ZrB2 by the addition of 15 wt% Ta5Si3
(the composition corresponds to 8 vol% Ta5Si3 in the present
study) after oxidation in air at 12001C for 100 h.

In spite of the improvement in oxidation resistance of ZrB2

with the addition of up to 31 vol% Ta5Si3, ZrB2 ceramics con-
taining 25 vol% SiC have superior oxidation resistance at tem-
peratures above 13001C, as shown in Fig. 6. The enhanced
oxidation resistance of Ta5Si3-containing ceramics below
13001C can be attributed to the insufficient oxidation of SiC
at these temperatures to form a continuous, protective borosil-
icate glass, while significant oxidation of Ta5Si3 occurred below
11001C.31

(3) ZrB2–TaSi2 Ceramics

ZrB2 ceramics containing 10, 20, and 30 vol% (approximately 7,
15, and 23 mol%, respectively) TaSi2 were prepared by hot
pressing at 20001C and 20 MPa for 20 min in a He atmosphere.
The bulk densities of the samples were 5.63, 6.44, and 6.73
g/cm3, respectively. The XRD patterns of the ceramics showed
solid solubility in the system (Fig. 8). The ceramics containing 10
vol% TaSi2 did not show the diffraction peaks of TaSi2. As the
amount of TaSi2 increased to 20 and 30 vol%, the TaSi2 peaks
became evident and increased in intensity with increasing TaSi2
concentration. The peaks were shifted to the left from the
position of the stoichiometric TaSi2, indicating lattice expan-
sion. The diffraction peaks of ZrB2 were shifted to the right of
the expected positions, indicating lattice contraction. The pres-
ence of the shoulder corresponding to the position of the stoic-
hiometric ZrB2 at 2y5 41.61, on the left of the shifted ZrB2 peak
on the pattern of the material containing 20 and 30 vol% TaSi2,
probably indicates insufficient processing time to homogenize
the phase composition. The calculated unit cell volume
decreased for ZrB2 from 30.70 to 30.02 Å3 and increased for
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Fig. 6. Mass changes during furnace oxidation (2 h) of ZrB2 ceramics
containing 0, 8, 15, and 31 vol% Ta5Si3 at 11001–14001C.

Fig. 7. SEM/EDS of the surface of ZrB2/8 vol% Ta5Si3 ceramics after oxidation at 13001C for 2 h.
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TaSi2 from 130.19 to 132.67 Å3 in the ceramics containing 20 vol%
(15 mol%) TaSi2, confirming the formation of solid solutions.

The solid solubility in the system was not expected and was
not previously reported in the literature. The crystal structures
of both ZrB2 and TaSi2 are hexagonal but belong to different
space groups (ZrB2 is AlB2-type (P6/mmm) and TaSi2 is CrSi2-
type (P6222)). Based on the results of Brukl’s research,34 which
excluded solubility of silicon or silicides in ZrB2, one way to
interpret the formation of solid solutions between ZrB2 and
TaSi2 is to consider that only the transition metals mutually dis-
solve, leaving the boride and silicide lattices intact. With atomic
radii of Zr and Ta being 0.160 and 0.146 nm, respectively, the
incorporation of Ta into the ZrB2 crystal lattice and Zr into the
TaSi2 crystal lattice had to result in the observed contraction of
the ZrB2 and expansion of the TaSi2 crystal lattices.

A mutual solubility of ZrB2 and TaSi2 is supported by the
results of SEM/EDS studies, which showed that the majority of
the crystals had a core–shell structure with the core being ZrB2

and the shell containing both Ta and Zr (illustrated on Fig. 9)
for ceramics with 30 vol% TaSi2. It can be assumed that the
simultaneous presence (Fig. 8) of the shifted ZrB2 peaks and the
stoichiometric ZrB2 peak reflects the core/shell structure of the
material. It is expected that an increase in holding time during
hot pressing would complete the formation of the solid solutions
and eliminate the core–shell structure of the crystals.

The oxidation resistance of ZrB2–TaSi2 ceramics increased
with increasing TaSi2 content (Fig. 10). Samples containing 10
vol% TaSi2 showed higher mass gain than pure ZrB2 at all tem-
peratures. This behavior was also observed for the ZrB2/5 vol%
Si3N4 ceramics and was due to the significant evaporation of
B2O3 from pure ZrB2 above 12001C, decreasing the total weight
gain from the formation of ZrO2 and B2O3 during oxidation.
The ceramics containing 20 and 30 vol% TaSi2 exhibit signifi-
cantly less mass gain than ZrB2 up to 14001C. The matching
values of the mass gain for ZrB2 and ceramics with 30 vol%
TaSi2 at 15001C are again the result of extensive evaporation of
B2O3 from ZrB2 at this temperature. This is supported by the
thickness of the oxidized layer for ceramics containing 30 vol%
TaSi2 after oxidation at 14001 and 15001C (50 and 60 mm com-
pared with 300 and 600 mm for pure ZrB2, respectively). A small
increase in the thickness of the oxidized layer for the TaSi2-con-
taining material between 14001 and 15001C together with 5–10
times higher thickness for pure ZrB2 at these temperatures are
additional and conclusive indications of the protective capabil-
ities of Ta2O5-containing borosilicate glass. The SEM/EDS of
the oxidized surfaces of all the ZrB2–TaSi2 samples showed glass
immiscibility (similar to that for the ZrB2–Ta5Si3 ceramics) with
a Zr-containing glassy phase and the crystalline phase contain-
ing mostly Zr with a small amount of Ta. The XRD of the
oxidized surface of the samples showed the presence of ZrO2

and TaZr2.75O8. No Si- and B-containing crystalline phases were
identified.

Figure 11 shows the behavior of the most oxidation-resistant
compositions from each series of Si-containing additives char-
acterized in this research together with oxidation data previously
reported for ZrB2/25 vol% SiC modified with 10 mol% TaB2.

16

An inset presents a magnified picture corresponding to the mass
gains at 12001–14001C. All the compositions exhibited improved
oxidation resistance at 12001 and 13001C compared with the
ZrB2-SiC ceramics. The improved oxidation resistance persists
with some of the compositions approaching 14001C, with the
best performance shown by the ZrB2/SiC/TaB2 material. As
discussed above, the lower oxidation resistance of the SiC-con-
taining ceramics below 13001–14001C compared with all other
materials can be attributed to the insufficient oxidation of SiC at
these temperatures to form a continuous protective borosilicate
glass, while the significant oxidation of ZrSi2, Ta5Si3, and TaSi2
occurred at much lower temperatures. The presence of transi-
tion-metal oxides in the borosilicate glass, inducing immiscibil-
ity, additionally increased glass-protective capability. The
diminishing effect of these oxides at temperatures above

Fig. 8. X-ray diffraction of ZrB2/10, 20, and 30 vol% TaSi2 ceramics
HP at 20001C for 20 min.

Fig. 9. SEM/EDS of ZrB2/30 vol% TaSi2 ceramics HP at 20001C for 20 min, BS image.
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14001C and the increase in oxidation rates could be related to a
decrease in glass viscosity, which leads to the reduction of
immiscibility effects and an increase in oxygen diffusivity
through the glass layer.

IV. Summary

Silicon carbide is conventionally used to improve the mechanical
properties and oxidation resistance of ZrB2 ceramics. The effect
of SiC on the oxidation resistance of ZrB2 is due to the forma-
tion of protective surface borosilicate glass, which enhances
oxidation protection by acting as a barrier to the inward diffu-
sion of oxygen. The effect of Si3N4, Ta5Si3, and TaSi2 (as sourc-
es of Si instead of SiC) on the phase composition,
microstructure, and oxidation behavior of ZrB2 ceramics was
characterized. Silicon nitride decomposed during the processing
of ZrB2–Si3N4 compositions, and the final ceramics contained
ZrB2, BN, ZrSi2, and ZrN. Oxidation resistance of Si3N4-mod-
ified ceramics increased with increasing Si3N4 content and was
further improved by the addition of Cr and Ta diborides due to
phase separation of the surface glass. The ZrB2/Ta5Si3 materials
exhibited complex chemical interactions and solid solubility
between the components during hot pressing. Limited solid
solubility was also observed between ZrB2 and TaSi2. Both Ta
silicides significantly improved oxidation resistance of pure ZrB2

ceramics, with the best performance exhibited by ZrB2 contain-
ing 15 vol% Ta5Si3 and 30 vol% TaSi2. The effect is attributed
to the pronounced immiscibility in the surface glass formed
during the oxidation tests. All studied compositions exhibited
improved oxidation resistance below 14001C compared with
ZrB2/SiC. At 15001C, the SiC-modified ZrB2 composition

performed best, but was only slightly better than the
ZrB2/SiC/TaB2 and ZrB2/Si3N4/CrB2 ceramics.
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