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A B S T R A C T

A ZrB2/Si-C-N composite was prepared by pyrolysis of a ZrB2-powder containing polysilazane (Ceraset® PSZ 20)
at maximum temperatures of 1200 °C, 1300 °C, 1400 °C, and 1500 °C in flowing pure Ar- and Ar/N2-atmospheres.
In combination with thermogravimetry, mass spectrometry, XRD and SEM the chemical compatibility of the
ZrB2-additive, limiting the high-temperature application, was investigated. Additionally, phase stabilities and
intrinsic high-temperature reactions between the ZrB2-additive and the Si-C-N ceramic components (Si3N4, SiC
and C) were modeled using the CALPHAD method. The first reaction was found to occur 113 °C above the Si-C-N-
internal decomposition reaction. Thermodynamic conditions for the formation as well as the avoidance of
ZrCxNy were derived with respect to temperature and atmosphere (pN2). Out of this, a formation mechanism of
ZrCxNy was proposed consisting of a solid-gas reaction during pyrolysis of the ZrB2/Si-C-N composite forming
ZrN followed by the uptake of graphite from the Si-C-N ceramic.

1. Introduction

Due to their excellent high temperature stability, low density and
thermal shock resistance, SiC based ceramic matrix composites (CMCs)
are promising structural materials for high temperature applications in
aerospace re entry vehicles and hot sections of turbines for aviation and
electrical power generation, respectively. SiC fiber reinforced SiCN
matrix composites (SiCf/SiCNm) can be manufactured via the polymer
infiltration and pyrolysis (PIP) process. A fiber preform is infiltrated
with a liquid preceramic polymer (polysilazane) which is subsequently
transformed into a solid, amorphous Si C N ceramic by thermal curing
and pyrolysis. The composition of carbon rich Si C N ceramics with a
Si/C ration of< 1, such as PSZ 20, is within the three phase field
SiC+ Si3N4+C if crystallization would occur [1 3]. The application
temperature is thereby limited by the internal phase reactions:

At 1484 °C: + = + ↑Si N C SiC N3 3 23 4 2
And at 1841 °C: = + ↑Si N Si N3 2l3 4 2

By addition of fillers, improved properties of the material can be
achieved. It was also demonstrated that reactive active fillers, which
undergo a volume expansion, can be used to improve porosity and di
mensional change of the ceramic matrix [4 6]. She et al. [7] showed
that the volume increase due to the nitriding reaction of ZrB2 to form
ZrN is capable to heal surface defects and reduce the amount of surface
connected pores. Therefore, a targeted conditioning of ZrB2/Si C N

composites in N2 after manufacturing could be conducted to promote
self healing. Furthermore a protective effect of boron containing com
ponents on the oxidation behavior of SiC based ceramics by formation
of a boro silicate glass (eutectic temperature 440 °C [8]) was demon
strated for BN fiber coatings [9], bulk ZrB2 SiC (and HfB2 SiC) ultra
high temperature ceramics (UHTC) [10,11] and boron containing Si B
C N precursor ceramics [12]. Besides these polyborosilazanes, were
boron is chemically bonded in the precursor polymer chain [13,14], the
use of a ZrB2 filler in Si C N polymer precursors could be a cost effec
tive way to introduce boron into the ceramic matrix. While most of the
work on ZrB2 SiC focuses on the synthesis [15] and oxidation resistance
[16,17] of these materials, only few studies were carried out on the
high temperature stability of ZrB2/Si C N composites [18].

The focus of this work was to investigate the fundamental hetero
geneous reactions in the ZrB2/Si C N basis material, however without
the influence of an oxidizing atmosphere. Therefore, interactions of
ZrB2 with thermodynamic stable phases in the PSZ 20 derived Si C N
matrix were modelled with a specifically developed CALPHAD dataset.
Out of this, the high temperature stability of a ZrB2/Si C N composite
was derived. Furthermore, the formation mechanism of ZrCxNy was
discussed on the basis of thermodynamic equilibrium calculations.
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2. Experimental

The ceramic matrix of the ZrB2/Si C N composite was prepared
from the pre ceramic polymer Ceraset® Polysilazane 20 (PSZ 20) by
Clariant SE, Germany. ZrB2 powder from H.C. Starck (97% purity,
average particle size 3.2 μm) was added and homogenized by thorough
stirring. The obtained slurry with a ZrB2 content of 12 23wt.% was
pyrolyzed in flowing pure Ar (Ar 6.0, 99.9999% purity) or Ar/N2 at
mospheres (N2 6.0, 99.9999% purity, pN2= 0.5 bar) using a Netzsch
STA 449 F3 Jupiter equipped with alumina crucibles. To ensure proper
outgassing and crosslinking of the polymer, samples were gradually
heated to 300 °C in several steps. Samples were then heated with 5 °C/
min from 300 °C to the final pyrolysis temperature of 1200 °C, 1300 °C,
1400 °C or 1500 °C, held for 5 h at these temperatures and cooled down
to room temperature with 20 °C/min.

Isothermal nitriding kinetics of pure ZrB2 powders were in
vestigated in flowing Ar/N2 (pN2= 0.5 bar). In order to avoid unin
tended oxidation of the samples by oxygen impurities the STA was
equipped with a Zr oxygen getter. Resulting oxygen partial pressures
were below 2·10−13 ppm. The mass conversion degree α was calculated
using Eq. (3):
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with wi, w0 and wf denoting the intermediate, initial and final sample
mass for complete reaction.

The Johnson Mehl Avrami Kolmogorow (JMAK) Eq. (4) [19 21]:

= − − ∙α t exp k t( ) 1 ( ( ) )n (4)

was used to determine the reaction rate constant k and the Avrami
exponent n of the nitriding reaction.

The ZrB2/Si C N composite, resulting from this procedure, was in
vestigated by SEM (Philips XL 30 S FEG). Phase analysis was carried out
using a Seifert PAD II powder diffractometer in Bragg Brentano geo
metry with monochromatic Cu Kα radiation (λ =0.15418 nm). To this
end, samples were ground in an agate mortar.

3. Thermodynamic modelling

The CALPHAD (CALculation of PHAse Diagram) method [22] was
used to compute phase equilibria in the multicomponent Zr Si B C N
system. Thermodynamic data for the pure elements were taken from the
SGTE Unary database PURE v5.1 [23]. Binary systems Si C [24], Si N
[8], Si B [8], B C [8], B N [8], Zr Si [25], Zr N [26], Zr B [25], and Zr C
[27] were accepted from literature. The ternary systems B C N, B C Si
and B N Si were adopted from Kasper [8]. Additionally, the ternary
systems Zr Si C [28] and Zr B C [29] were considered. In order to ob
tain compatibility of the thermodynamic liquid phase description, using
by different models in literature, the liquid phase was modeled by a
partially ionic sublattice model. Therefore the interaction parameters of
the liquid phase were reoptimized for the binary systems Zr N and Zr C
(see Table 1). The resulting binary phase diagrams are depicted in

Fig. 1. Gas species were added from the SGTE substance database SSUB
v4.1 [23]. Since there are no ternary or higher order compounds, it was
possible to extrapolate from these unary, binary and ternary phase
diagram data to the quinary Zr Si B C N system using the CALPHAD
method. The obtained dataset was used to perform equilibrium calcu
lations and compute property diagrams employing the Thermo Calc
[30] software.

Zirconium carbide and nitride are both crystallizing in the cubic
NaCl type structure with the space group Fm3̄m (No. 225). Both are
sub stoichiometric (ZrC1 x and ZrN1 x) with 0.64 < x < 0.5 and
0.38 < x < 0.5, respectively. According to that, ZrC1 x and ZrN1 x are
described by a face centered cubic model with two sublattices in
CALPHAD [27,26]. The first sublattice is occupied by zirconium while
the second sublattice can contain the elements carbon and nitrogen as
well as vacancies (Va) which are accommodating the sub stoichiometry
of the phases or boron as solution element. The site occupancy of the
second sublattice thereby accounts for the formation of solid solutions,
for instance C in ZrN1 x. ZrB2 has a hexagonal crystal structure with the
space group P6/mmm (No. 191) and is modelled as a stoichiometric
phase according to [25].

Calculations were performed as a closed system with a constant
substance amount of n= 1mol and a self developing gas volume at a
constant gas pressure of p=105 Pa. Argon was used as inert gas to
generate a stable gas phase at any temperature during calculation. For
calculation of the phase fraction diagrams, a composition of 49 at.%
ZrB2, 1 at.% Ar and 50 at.% of C, SiC or Si3N4 was assumed as starting
composition.

4. Results

4.1. Thermodynamic calculations

Thermodynamic equilibrium calculations were performed to vali
date the compatibility of the ZrB2 additive with the Si C N ceramic
components C, SiC and Si3N4, assuming crystallization, and to clarify if
reactions take place which lower the maximum application temperature
of the Si C N ceramic. Phase fraction diagrams for reactions of me
chanical powder mixtures of ZrB2+C and ZrB2+SiC as a function of the
temperature are shown in Fig. 2. The phase fractions of ZrB2 and C as
well as ZrB2 and SiC are both constant up to melt formation at tem
peratures above 2250 °C. This result is indicating that ZrB2 is chemi
cally inert with the Si C N components C as well as SiC.

For the mechanical powder mixture ZrB2+Si3N4 several reactions
are evident from the phase fraction diagram and the associated gas
phase composition in Fig. 3:

° + = + +ZrB Si N ZrN BN L Si Zr B N1597 C: 2 ( _ , , , )2 3 4 (5)

° + = + ↑ZrN BN ZrB N1912 C: 2 3/22 2 (6)

The first reaction to occur is between ZrB2 and Si3N4 at 1597 °C. ZrN
and BN are formed and a melt, consisting mainly of Si and minor
amounts of Zr, B and N (see Fig. 3c). At 1912 °C ZrN and BN are reacting
under formation of ZrB2 and N2, which is released to the gas phase (see
Fig. 3b). In addition, under excess of Si3N4 compared to ZrB2, the re
maining Si3N4 is thermally decomposed to liquid Si and N2 at 1818 °C.
Due to the chemical composition of the melt, which is formed in re
action (5), the decomposition temperature is 23 °C lower compared to
Si3N4 alone.

The Zr B N system
The stability of ZrB2 strongly depends on the activity of nitrogen in

the atmosphere, denoted here as the nitrogen partial pressure (pN2) of
the atmosphere and can be derived from the pN2 T diagram in Fig. 4. As
the formation of other gas species is negligible, the partial pN2 is equal
to the total pressure. Solid phases in equilibrium, with N2 as the gas
phase, are indicated. The line corresponds to the univariant three phase
equilibrium ZrB2+ZrN+BN whereas the areas below and above

Table 1
Reoptimized interaction parameters of the liquid phase for the binary systems
Zr-C and Zr-N. The thermodynamic coefficients for the solid phase descriptions
of these systems can be found in literature [26,27].

Ionic Liquid
(B+3,Si+4,Zr+4)P(C,N,SiN4/3,Va)Q

L0(Ionic Liquid, Zr+4 : C, Va) = 310,825.555+17.8033498·T
L1(Ionic Liquid, Zr+4 : C, Va) = +39,539.7481
L2(Ionic Liquid, Zr+4 : C, Va) = +50000
L0(Ionic Liquid, Zr+4 : N, Va) = 249,605.669 - 65.2089004·T
L1(Ionic Liquid, Zr+4 : N, Va) = +152,559.417 - 48.3959946·T
298.15 K 6000 K
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correspond to the divariant single phase equilibrium ZrB2 and the two
phase equilibrium ZrN+BN, respectively. Thus, ZrB2 is stable at high
temperature and low pN2. Upon crossing the line, the nitriding reaction
ZrB2+3/2N2=ZrN+2BN takes place. In pure nitrogen at ambient
pressure (pN2= 1 bar), the nitriding reaction takes place above 1918 °C.
Lower nitrogen partial pressures result in an extension of the ZrB2

stability field to lower temperatures of 1842 °C and 1686 °C at
pN2= 0.5 bar and 0.1 bar, respectively.

The Zr C N system
To understand the interaction of ZrN with graphite as a component

of the PSZ 20 derived ceramics, the phase fraction diagram, site occu
pancies of the resulting ZrCxNy phase and the composition of the as
sociated gas phase were calculated.

The phase fraction diagram showing the reaction of ZrN with gra
phite as a function of the carbon activity at 1200 °C, 1300 °C, 1400 °C,
and 1500 °C is depicted in Fig. 5. With increasing carbon activity,
carbon is occupying the second sublattice of the ZrN phase forming
ZrCxNy. As a result, the site fraction of N is decreasing (see Fig. 5b) and
N2 is released to the atmosphere (see Fig. 5c). Therefore the relative
phase fraction of ZrCxNy is decreasing while the relative amount of the
gas phase is increasing (see Fig. 5a). The solubility of C in ZrCxNy is
thereby increasing with temperature.

The phase fraction diagram of ZrCxNy in thermodynamic equili
brium with graphite is shown in Fig. 6a. Starting from approximately
900 °C, the phase fraction of graphite is decreasing while the amount of
gas is increasing. The site occupancy of the second sublattice of ZrCxNy,

shown in Fig. 6b, is thereby shifted from N rich at low temperatures to
C rich at high temperatures with a point of inversion at 1699 °C. Va
cancies are formed at the highest temperatures. Fig. 6c reveals the re
lease of N2 into the gas phase during this process.

4.2. Experimental investigations

The thermogravimetric analysis of the preparation process starting
from ZrB2 containing PSZ 20 slurry to the ZrB2/Si C N composite is
shown in Fig. 7. For better comparability, the mass change of the ZrB2

containing samples was normalized to their PSZ 20 content. Results for
pure PSZ 20 [3] are shown for comparison. During the first stage, the
liquid polysilazane PSZ 20 is crosslinked by stepwise heating to 300 °C.
In this process the evaporation of oligomers as well as the formation of
bonds between different polymer chains under release of gaseous, hy
drogen containing molecules (H2, CH4,…) are resulting in the observed
mass loss. In the second stage, the actual pyrolysis process is taking
place: the crosslinked PSZ 20 is transformed into the solid Si C N
ceramic. The mass loss observed during pyrolysis accounts for the re
lease of hydrogen, which is an intrinsic part of the polymer chain in
form of hydrogen containing gas species. In stage 3 a holding time of
5 h at final temperatures of 1200 °C, 1300 °C, 1400 °C and 1500 °C was
applied to ensure a complete transformation and to allow reactions
within the Si C N matrix or with the ZrB2 additive to take place.

Samples which were heat treated up to 1200 °C and 1300 °C in Ar
show a constant mass above approx. 900 °C. An additional mass loss is

Fig. 1. Calculated phase diagrams of the binary systems a) Zr-N and b) Zr-C.

Fig. 2. Temperature dependence of the phase fractions of the initial couples a) ZrB2+C and b) ZrB2+SiC.
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observed for samples which were heat treated up to 1400 and 1500 °C.
Experiments in Ar/N2 atmosphere resulted in a considerably smaller
mass loss at 1400 °C and 1500 °C compared to pure Ar. ZrB2 containing
samples show in addition a higher scattering due to spallation of sample
parts.

The ZrB2 particles are homogeneously distributed in the resulting
ZrB2/Si C N composite as depicted in Fig. 8. Cracks are resulting from
shrinkage during pyrolysis of the preceramic polymer PSZ 20. The Si C
N matrix is very homogeneous for samples heat treated up to 1400 °C in
Ar/N2 atmosphere and at 1200 °C and 1300 °C in pure Ar. However,
heat treatment at 1500 °C, and partly at 1400 °C in Ar, results in a de
gradation reaction and a porous appearance of the Si C N matrix.

Fig. 9 shows XRD patterns of the obtained ZrB2/Si C N ceramics.
Reflections of ZrB2 are present at all temperatures and in both atmo
spheres. Crystallization of β SiC from the Si C N matrix is observed
after pyrolysis and heat treatment at 1400 °C and 1500 °C in Ar. At
lower temperatures in Ar and at all temperatures in Ar/N2 atmosphere
the Si C N matrix is X ray amorphous. ZrCxNy formation is observed
after preparation at 1300 °C, 1400 °C and 1500 °C in Ar/N2. In pure Ar
atmosphere ZrCxNy formation primarily occurs at 1400 °C. At all other
temperatures, especially 1500 °C ZrCxNy formation is much less pro
nounced compared to pyrolysis in Ar/N2. The peak positions of ZrC and
ZrN are indicated for comparison. Additionally, silicon is formed at
1500 °C in pure Ar and α Si3N4 in Ar/N2 at 1300 °C, 1400 °C and
1500 °C. The crystallization of PSZ 20, depending on the nitrogen
partial pressure, was investigated in an earlier work [3].

XRD patterns of ZrB2 powder isothermally annealed at 1200 °C,
1300 °C, 1400 °C and 1500 °C in an Ar/N2 atmosphere are shown in
Fig. 10. Besides the reflections of the ZrB2 powder, the evolution of ZrN
reflections is observed with increasing annealing temperature. To a
very small extent, cubic ZrO2 is present independent from temperature.
Unindexed tiny reflections in Figs. 9 and 10 correspond to Kβ reflections
of the high intensity ZrB2 peaks.

The mass conversion degree during isothermal nitriding of pure
ZrB2 powders is shown in Fig. 11a. Isothermal nitriding at 1200 °C,
1300 °C, and 1400 °C results in linear nitriding kinetics. Parameters are
summarized in Table 2. An apparent activation energy of the nitriding
process of 154 kJ/mol is obtained from the Arrhenius plot of the linear
reaction constant kl (Fig. 11b). However, nitriding at 1500 °C follows a
more complex process and was therefore not considered for kinetic
evaluation.

5. Discussion

Modeling of the individual high temperature reactions between the
ZrB2 additive and the Si C N matrix components (ZrB2+C, ZrB2+SiC,
ZrB2+Si3N4) revealed the primary occurrence of interactions for
ZrB2+Si3N4 at 1597 °C. The reaction ZrB2+Si3N4=ZrN+2BN+L oc
curs 113 °C above the internal matrix reaction (1). Therefore, the re
levant application temperature of this Si C N matrix system is not

Fig. 3. Temperature dependence of the a) phase fractions and b) composition of
the associated gas phase and c) composition of the liquid phase for the initial
couple ZrB2+Si3N4.

Fig. 4. Phase equilibria in the Zr-B-N system as a function of pN2 and tem-
perature.
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reduced. Guo et al. [31,32] also observe the reaction of ZrB2 and Si3N4

in Ar only from 1600 °C. ZrSi2 which was observed in that study might
by formed by solidification of the Si and Zr containing melt. The ma
trix components SiC and C do not show interactions with the ZrB2 ad
ditive up to melt formation above 2286 °C and 2262 °C, respectively.
This is in good accordance with the work by Kaufman [33] who cal
culated eutectic temperatures of 2207 °C and 2390 °C 2427 °C for ZrB2

SiC and ZrB2 C, respectively. In addition, Nasiri et al. [34] found no
interaction in ZrB2 SiC Csf composites up to the highest experimentally
investigated temperature of 2150 °C. Calculating with the thermo
dynamic stable crystalline components of the amorphous Si C N matrix
is valid, as detailed earlier studies have demonstrated the presence of
structural units (CSi4, SiNxCy (x= 2.3; x+ y=4), SiN4 and sp2 hy
bridized carbon) of the thermodynamically stable crystalline phases
SiC, Si3N4 and C already within the amorphous structure of Si C N
ceramics [35 38].

The formation mechanism of the ZrCxNy solid solution from the
ZrB2/Si C N composite is discussed below. A primary reaction of the
ZrB2 additive with free graphite from the Si C N matrix can be excluded
from the CALPHAD modelling and was also excluded experimentally by
Brewer et al. [39]. It can also be excluded that ZrB2 is reacting with
Si3N4 from the Si C N matrix as this reaction is only expected at higher
temperatures. Instead, more pronounced ZrCxNy formation in Ar/N2

compared to pure Ar (Fig. 9) and ZrN formation during isothermal ni
triding experiments of pure ZrB2 indicate an initial solid gas reaction of
ZrB2 and N2.

CALPHAD modelling of the phase stability fields (Fig. 4) showed
that ZrB2 is stable at high temperatures and low pN2 and forms ZrN at
“low” temperatures and high pN2, respectively. With decreasing pN2 the
stability range of ZrB2 is extended to lower temperatures. This accounts
for the presence of ZrCxNy formation in Ar/N2 atmosphere. Pyrolysis in
Ar atmosphere (see Fig. 9a) results in a significant reduction of ZrCxNy

formation, especially at the highest temperature of 1500 °C. The only
exception is at 1400 °C in Ar where ZrCxNy is also formed. Combined
TG MS investigations of PSZ 20 pyrolysis and high temperature

stability have shown that reaction (1) is shifted to lower temperatures
under these conditions and occurs already at 1400 °C [3]. The N2 re
lease and the related mass loss (Fig. 12a) are spread over a long time
period of at least 5 h. In contrast to that, reaction (1) proceeds abruptly
at 1500 °C (Fig. 12b), indicated by the mass loss and related N2 release.
The N2 starvation condition at 1500 °C in pure Ar even leads to the
formation of silicon in the ZrB2/Si C N composite (see Fig. 9a).
Therefore, the broad N2 release range is likely to account for the ob
served ZrCxNy formation at 1400 C in Ar. An evaluation of the nitrogen
release as a result of the carbothermic reaction (1) gives 0.01mol of N2

per Gramm of (liquid) PSZ 20. Therefore, the amount of released ni
trogen is sufficient to nitride the whole ZrB2 that is contained in the
ZrB2/Si C N composite according to the reaction ZrB2+3/2N2=ZrN
+2BN.

This is in good accordance with experimental work by Brewer et al.
[39] (Ti , Zr , W , Cr borides in N2) and Kiessling et al. [40] (Cr , Fe ,
W borides in ammonia) who found borides being stable only at the
highest temperatures while nitrides are formed at lower temperatures.
Brewer et al. found ZrB2 stable at 1547 °C in 0.5 atm N2 while modelling
(Fig. 4) predicts the reaction ZrB2+3/2N2=ZrN+2BN below 1842 °C
under these conditions. This shows that real reaction processes at solid
gas interfaces can be determined by their local gaseous environment,
such as transport of gaseous educts and products through the gaseous
boundary layer, and thus local conditions can be different from global
thermodynamic equilibrium.

The progress of the nitriding reaction of ZrB2 was also confirmed
through nitriding of ZrB2 powder in Ar/N2 with pN2=0.5 bar (Fig. 10).
The reaction thereby follows linear kinetics at temperatures of 1200 °C,
1300 °C and 1400 °C with an apparent activation energy of about
154 kJ/mol. Due to the limited number of experiments in a limited
investigated temperature range this value should be considered as an
indicative value lying between nitriding of Si (114 kJ/mol [41]) and Ti
(202 kJ/mol [42]) or TiSi2 (245 594 kJ/mol [43]) powders. Deviation
from the linear time dependence at 1500 °C must be a result of the
superimposition of the nitriding reaction with volatilization effects.

Fig. 5. Calculated a) phase fraction b) site occupancy and c) gas composition for ZrCxNy as a function of the carbon activity at 1200 °C, 1300 °C, 1400 °C and 1500 °C.

Fig. 6. Calculated a) phase fraction b) site occupancy and c) gas composition for ZrCxNy and graphite as a function of temperature.
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This behavior was reproduced in repeated experiments; however, the
origin is not clear as no additional phases are found in the XRD analysis
(see Fig. 10). Possibly a reaction with the alumina crucible is resulting
in the formation of boron oxides which are highly volatile at the highest
temperature.

Then ZrCxNy is formed by dissolution of C from the Si C N matrix in
the ZrN. Due to their same crystal structure and similar lattice constants

the system ZrC ZrN exhibits a complete solid solubility [44 47]. Ac
cording to work by Bill et al. [35 37] on similar precursor systems, the
carbon in the amorphous Si C N ceramic is present in form of CSi4 as
well as mixed SiNxCy units (x= 2.3; x+ y=4), and sp2 hybridized
carbon. Therefore, the effective activity of carbon in Si C N is not

Fig. 7. Thermogravimetric experiments with ZrB2-filled PSZ 20 in flowing a) Ar
and b) Ar/N2 (pN2=0.5 bar). Results for pure PSZ 20 [3] are shown for com-
parison.

Fig. 8. Microstructure of ZrB2/Si-C-N ceramics obtained by pyrolysis of ZrB2-filled PSZ 20 up to maximum temperatures of 1200 °C–1500 °C in flowing Ar and Ar/N2-
atmosphere.

Fig. 9. XRD patterns of ZrB2/Si-C-N ceramics obtained by pyrolysis in a) Ar and
b) in Ar/N2 up to maximum temperatures of 1200 °C, 1300 °C, 1400 °C and
1500 °C.

I.J. Markel, et al.



known. However, Fig. 5 shows the tendency of carbon solubility in
ZrCxNy as a function of the carbon activity. With decreasing carbon
activity, also the carbon content is decreasing. Moreover, the carbon
solubility is increasing with the temperature. Fig. 6 shows in addition
that the carbon solubility in ZrN is depending on temperature. Below
900 °C ZrN and carbon are chemically inert, coexisting in thermo
dynamic equilibrium. For example at 1000 °C ZrCxNy with 1 at.% N is

formed by dissolution of carbon as can be seen from the site occupancy
(Fig. 6b) under the release of N2 (Fig. 6c). This carbon dissolution

Fig. 10. XRD patterns of ZrB2-powder annealed for 25 h at 1200 °C, 1300 °C,
1400 °C and 1500 °C in flowing Ar/N2 (pN2= 0.5 bar).

Fig. 11. Obtained a) mass conversion degree α and b) Arrhenius plot of the
linear reaction constants of ZrB2 powder samples.

Table 2
Avrami exponent n and linear reaction constant kl for isothermal nitriding of
ZrB2 powders at pN2=0.5 bar.

Temperature [°C] n kl R2

1200 0.88 1.37·10 7 0.996
1300 0.98 5.63·10 7 0.999
1400 1.01 5.99·10 7 0.994

Fig. 12. Thermogravimetric experiment with PSZ 20 heated up to the final
pyrolysis temperature of a) 1400 °C and b) 1500 °C in flowing Ar (100ml/min).
The related release of N2 is indicated [3].

Fig. 13. Lattice parameter of ZrCxNy as a function of the composition [49,50].
The measured lattice parameter is indicated.

I.J. Markel, et al.



increases significantly with higher temperatures (Fig. 13).
The obtained ZrCxNy exhibits a lattice parameter of 4.64 Å. As the

lattice parameter in the system ZrC ZrN obeys Vegard’s law [45,48,49]
this corresponds to a carbon fraction of C/(C+N)=0.56 according to
data by Lengauer et al. [49]. In contrast to the composition, a potential
sub stoichiometry has a much smaller effect on the lattice parameter
[50]. This is in good accordance with work by Sun et al. [18] on a ZrB2/
Si C N composite observing the crystallization of ZrCxNy with
Zr:C:N= 2:1:1 after annealing above the carbothermic reaction tem
perature 1500 °C in Ar. However no annealing duration is given.

Sun et al. [18] moreover see a stabilizing effect of ZrB2 on the
carbothermic reaction of the Si C N matrix. We cannot confirm this
observation. By normalizing the thermogravimetric experiments during
pyrolysis of the ZrB2/PSZ 20 mixture to the PSZ 20 content we only see
a higher scattering compared to pure PSZ 20. Crack formation due to
shrinkage during pyrolysis seems to be enhanced as a result of the
coefficient of thermal expansion (CTE) mismatch between ZrB2

(α=6.6 8.4·10−6 K 1 [51,52]) and Si C N (α=3.1 3.5·10−6 K 1 [53]).
According to Aigner et al. [54] the CTE of ZrCxNy is in the same range
as ZrB2 (7.8·10−6 K 1 for C/(C+N)=0.56). However, the CTE mis
match should be overcome by selecting an appropriate amount and
homogeneous distribution of the ZrB2 particles in the composite.

6. Conclusions

Through targeted application of CALPHAD modelling, the solid
state reactions between ZrB2 particles and the components of the Si C N
ceramic matrix were identified. The first reaction to occur upon heating
(1597 °C: ZrB2+Si3N4=ZrN+2BN+L(Si,Zr,B,N)) is 113 °C above the
application limiting carbothermic reaction temperature (1484 °C:
Si3N4+3C=3SiC+2N2) of the Si C N matrix. Therefore, no critical
reactions occur in the ZrB2/Si C N composite, reducing its maximum
application temperature compared to the pure Si C N ceramic.

The formation mechanism of ZrCxNy was identified combining
CALPHAD modelling with key experiments: nitriding of ZrB2 and pyr
olysis of ZrB2/PSZ 20 mixtures in Ar/N2 atmosphere. First ZrN is
formed from the nitriding reaction of ZrB2 with the Ar/N2 atmosphere.
Then, as soon as ZrN is present, graphite from the Si C N matrix is
solved in ZrN forming the ZrCxNy solid solution. Hence ZrCxNy forma
tion can be avoided by selection of appropriate pyrolysis conditions
during preparation of the ZrB2/Si C N composite outside the thermo
dynamic stability range of ZrN, e.g. at low pN2 (pure Ar) and moderate
temperature below 1400 °C. The potential benefit of the ZrB2 addition
on the high temperature oxidation resistance of the CMC is to be in
vestigated.
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