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bstract

ifferent stoichiometries of zirconium oxycarbide (ZrCxOy) powders were synthesised by carboreduction to approach the role of the chemical
omposition on the densification behaviour during spark plasma sintering and on the mechanical properties. Chemical analyses were performed using
omplementary methods to determine the actual stoichiometry and homogeneity of powders. Evolution of relative density during SPS treatment

nd microstructure observations by SEM showed that oxygen and vacancy contents would enhance the densification kinetics by promoting the
attice diffusion of limiting species. A study of mechanical properties of SPS sintered specimens has highlighted their significant dependence on
he oxycarbide stoichiometry, especially at high temperature.

 2011 Elsevier Ltd. All rights reserved.
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.  Introduction

The transition metal carbides (e.g.  ZrC and TiC) show
romising thermomechanical properties at high temperature
uch as elastic properties, creep and corrosion resistance.1 Con-
equently, these refractory materials could be used as structural
aterial for furnace elements or as plasma arc electrodes. More-

ver, ZrC-based materials are also candidates as fuels shielding
aterials for future nuclear reactors.2 However, due to the high
elting temperature of the carbides, their sintering requires high

pplied load and temperature3 and/or the use of sintering aids.4–6

s a consequence, nonconventional sintering methods, such as
park plasma sintering (SPS), can be used in order to reach full
ense samples.5,7,8 Indeed, this method allows enhancing the
ensification kinetics and, consequently, decreases the sintering

9
ime. Finally, the SPS method would lead to finer microstruc-
ures than those reached by hot-pressing method and thus better
echanical properties.

∗ Corresponding author. Tel.: +33 5 87 50 23 70.
E-mail address: mathieu.gendre@unilim.fr (M. Gendre).
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The most common route to synthesize zirconium carbide con-
ists in carburizing the zirconium oxide (ZrO2) according to the
ollowing equation:

rO2(s) +  3C(s) →  ZrC(s) +  2CO(g) (1)

However, this method can lead to the presence of residual
xygen in the carbide lattice, resulting in the stabilization of a
irconium oxycarbide composition ZrCxOy. Both structural and
inetic factors can explain the presence of this oxycarbide phase
fter carboreduction. First, it is well known that the zirconium
arbide ZrCx could admit a wide range of non-stoichiometry (x)
n carbon. In particular, (x) coefficient may range between 0.6
nd 0.98.10–13 As a consequence, oxygen atoms could occupy

 carbon vacancy or replace carbon atoms to form an oxycar-
ide phase ZrCxOy.14–16 Therefore, residual free carbon is an
mpurity usually detected after reaction (1) because of a non-
omogeneous reaction or because of the non-stoichiometry of
he zirconium carbide phase.11–16
The aim of this work is twofold: (i) to synthesize zirco-
ium oxycarbide powders with controlled stoichiometry (i.e.
arbon and oxygen contents) and microstructure (i.e.  micro-
ized grains); (ii) to study the influence of the stoichiometry on

dx.doi.org/10.1016/j.jeurceramsoc.2011.05.037
mailto:mathieu.gendre@unilim.fr
dx.doi.org/10.1016/j.jeurceramsoc.2011.05.037
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he densification behaviour of oxycarbide compacts during spark
lasma sintering and, finally, on their mechanical properties.

. Experimental  procedure

.1.  Synthesis  of  oxycarbide  powders

The carboreduction route17 has been employed to synthesise
irconium oxycarbide powders from commercially available
arbon (amorphous carbon black, 99.25%, Prolabo, France) and
irconia powders (monoclinic, 99.5%, Alfa Aesar, Germany).
he theoretical equation (1) has been modified to reach the
esired theoretical stoichiometry of oxycarbide, with x  = C/Zr
nd y  = O/Zr:

rO2(s) +  (2 +  x −  y)C(s) →  ZrCxOy(s) +  (2 −  y)CO(g) (2)

Then, the sum of the two ratios x = C/Zr and y = O/Zr has been
xed to be equal to 1. In a first approach, that means no carbon
acancy remains in the zirconium oxycarbide lattice which is
ompletely saturated. Under this hypothesis, the reaction of the
irconia carboreduction can be expressed as follows:

rO2(s) +  (1 +  2x)C(s) →  ZrCxO1−x(s) +  (1 +  x)CO(g) (3)

The coefficient x  (x  = C/Zr, 1 − x = O/Zr) has been fixed to
each different zirconium oxycarbide stoichiometries. Seven
alues for x (respectively 1 −  x) have been retained: 1.00 (0.00),
.95 (0.05), 0.90 (0.10), 0.80 (0.20), 0.70 (0.30), 0.60 (0.40) and
.50 (0.50).

Carbon and zirconia initial powders were mixed in previously
xed stoichiometric proportions using a low speed planetary ball
ill. The blending sequence was composed of 5 pulses of 1 min

t 200 rpm interrupted by pauses of 2 min to prevent heating.
ach mixture was then treated at 2023 K for 8 h in a graphite

urnace (V.A.S. furnace, Suresnes, France) under flowing argon
30 L h−1). Finally, powders were sieved in dry way (40 �m)
o remove the partially unreacted zirconia agglomerates present
fter thermal treatment and whose average size largely exceeds
0 �m. It must be noticed that this residual content of zirco-
ia agglomerates remains inferior to 0.2 wt.% as reported in a
revious study.18

.2.  Spark  plasma  sintering  of  powders

SPS treatments (SPS-2080, Syntec Inc., Kanagawa, Japan)
ave been performed thanks to the PNF2 platform (University of
oulouse, France). These attempts were achieved under vacuum,
sing a 20 mm diameter graphite die lined with graphite paper
Papyex®, Carbone Lorraine, Genevilliers, France). The heat-
ng rate was fixed to 100 K/min up to the targeted temperature.
he latter temperature was corrected according to the proce-
ure reported in a previous work.19 Finally, in order to get the
nstantaneous value of the relative density of samples, the actual

isplacement variation of the pistons have been corrected for
ach thermal cycle, taking into account the thermal expansion
f graphite parts.

b
t
d
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.3.  Characterization  of  samples

The global analysis of oxygen and carbon content was
chieved by elemental chemical analysis using combustion anal-
sers: EMGA 600W (Horiba, Kyoto, Japan) for carbon and
MIA 221V (Horiba, Kyoto, Japan) for oxygen. Each appa-

atus uses the quantification of the CO2(g) released by IR
easurements after combustion of the powdered sample. These
easurements were performed in an alumina or a graphite

rucible for the carbon and oxygen analyse, respectively. The
alibration is achieved by steel standards containing well known
arbon and oxygen contents.

In addition, the chemical composition of samples were locally
nalysed at the grain scale by electron microprobe (CAMECA
X 100, Gennevilliers, France) using a ZrO2 standard and with

 probe operating at 10 kV and 20 nA.
The oxycarbide powders were analysed by X-ray diffraction

D5000, Siemens AG, Munich, Germany) for angle (2θ) ranging
etween 20◦ and 120◦ (step: 0.03◦, step time: 1.1 s) to iden-
ify the crystallized phases. From the XRD patterns, the lattice
arameters were refined by Rietveld method.

Transmission electron microscopy (TEM) characterizations
ere carried out with a JEOL 2010 microscope (JEOL, Tokyo,

apan) operating at 200 kV to observe the morphology of
ynthesized oxycarbide powders. The specific areas of these
owders were measured using the B.E.T. method (ASAP 2000,
icromeritics, Verneuil, France).
Concerning the SPS sintered samples, their final densities

ere determined by using the Archimedes method. Dynamic
anoindentation measurements (Young’s modulus, Berkovich
ardness) were made on mirror polished samples using a XP
iamond nanoindenter (MTS Nano Instruments, Santa Clara,
SA) with oscillations of 45 Hz and of 2 nm amplitude. Appar-

nt elastic constants (Young’s modulus, shear modulus) have
een determined by ultrasonic method using 10 MHz transduc-
ors working in reflexion mode (WC37-10 and SW37-10, Ultran,
tate College, USA) on 5 mm thick samples. Finally, compres-
ive creep tests have been carried out on fully dense samples
sing an INSTRON 8562 apparatus (INSTRON France SAS,
lancourt) equipped with silicon carbide pistons. Those experi-
ents were performed at 1873 K under a vertical applied stress

f 100 MPa and using flowing argon. In order to subtract the
isplacement of the two pistons, a LVDT displacement captor
as been used to determine the exact instantaneous strain of the
ample. Before being positioned in the assembly, the oxycarbide
amples (3 mm ×  3 mm ×  8 mm) have been “mirror” polished
nd their edges have been chamfered in order to prevent cracking
uring the test.

. Results  and  discussion

.1.  Chemical  composition
Before studying the sintering behaviour of zirconium oxycar-
ide (ZrCxOy), it becomes critical to first characterize properly
he chemical composition of the synthesized (Section 2.1) pow-
ers: oxygen content, structural and free carbon content.
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The most common way to characterize the x  = O/Zr and
 = C/Zr ratios of a ZrCxOy composition consists in determining
he lattice parameter of the oxycarbide phase by X-ray diffrac-
ion (XRD). Indeed, zirconium carbide ZrCx exhibits a rock salt
tructure (Fm-3m  space group) in which the oxygen could either
e incorporated in the remaining vacant octahedral sites or be
artly substituted to carbon. Then, the zirconium oxycarbide
hase ZrCxOy adopts the same structure as zirconium carbide
rCx; but, the lattice parameter of the ZrCxOy phase is signif-

cantly modified by the incorporation of oxygen in the ZrCx

attice.10

The XRD patterns of the synthesized powders (Fig. 1a)
xhibit two groups. First, the four theoretical stoichiometries
bove C/Zr ≥  0.80 (ZrC0.80O0.20, ZrC0.90O0.10, ZrC0.95O0.05
nd ZrC1.00) are quite similar since all diffraction peaks of
hose powders represent a single-phased XRD pattern that can
e indexed with the usual zirconium carbide data file (e.g.  Fm-
m, JCPDS 00-035-0784); and so did not reveal the presence
f residual zirconia in none of the samples. Conversely, the
hree other stoichiometries below C/Zr ≤  0.70 (i.e.  ZrC0.70O0.30,
rC0.60O0.40 and ZrC0.50O0.50) display some zirconia peaks in
ddition of those of ZrCxOy despite the fact that the reaction is
ompleted. This proves that below C/Zr = 0.80, in the condition
f temperature and atmosphere studied here, the zirconium oxy-
arbide phase is not reachable as a single phase, but imply two
hases in thermodynamical equilibrium: ZrCxOy and ZrO2.

Consequently, those specific synthesized powders (i.e.
/Zr < 0.80) will not be used in the continuation of the present

tudy as the incorporation of an oxide would lead to the complete
oss of specific refractory properties of zirconium (oxy)carbide.

The DRX patterns of the four studied stoichiometries (with
/Zr ≥  0.80) show a split of the K�1 and K�2 peaks which is
bserved since the low 2θ  angles (Fig. 1b solely on two com-
ositions for a better visualization). Such a splitting attests of
he high chemical homogeneity of powders.20 This property of
igh homogeneous chemical composition of the starting pow-
ers is a crucial parameter in the elaboration of monoliths in
rder to achieve high mechanical properties non-affected by the
resence of chemical defects.

From Table 1, it also appears that the lattice parameter of sam-
les decreases when increasing oxygen content. This is related
o the displacement of the diffraction peaks toward the high
iffraction angles (Fig. 1c) due to the progressive replacement
f oxygen by carbon atoms in the zirconium carbide crystal
attice,10,21 the radius of oxygen (RO = 0.66 Å) being inferior to
hat of carbon (RC = 0.76 Å).

TEM observations of the different zirconium oxycarbide
owders with C/Zr ≤  0.95 (i.e.  ZrC0.80O0.20, ZrC0.90O0.10 and
rC0.95O0.05) did not reveal the presence of free carbon

Fig. 2a–c). That means the actual carbon content in these oxy-
arbide phases (C/Zr ≤  0.95) should not be too far in comparison
ith the theoretical stoichiometries. Conversely, TEM observa-

ion (Fig. 2d) of the powder with the highest starting carbon

ontent ZrC1.00 (theoretical composition) illustrates the pres-
nce of residual particles of amorphous free carbon (circled in
hite). These micrographs reveal also that the mean grain size
f synthesized powders remains similar (≈0.5 �m) whatever the Ta
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ig. 1. (a) X-ray diffraction patterns from 20 to 120 of synthesized powders w
7◦ (reflexion 220) for ZrC0.80O0.20 and ZrC1.00. (c) Focus of diffraction peaks
nd ZrC1.00.

arget composition. Consequently, the difference encountered
etween the values of specific area for powders with C/Zr ≤  0.95
≈1.15 m2 g−1) and ZrC1.00 (1.40 m2 g−1) confirms the pres-
nce of free carbon in the ZrC1.00 powder. Indeed, free carbon
isplays higher specific area (>30 m2 g−1) which could signifi-
antly modify the specific area of the carboreduction products.

To define accurately the chemical composition of the ZrCxOy

hase, the powdered samples have been analysed globally by
lemental analysis and locally by electron microprobe. The main
esults have been reported in Table 1. The zirconium content has
een estimated both from oxygen and carbon contents and by

onsidering the mass conservation for a ZrCxOy composition.

XRD and TEM experiments have shown that no residual
irconia reactant was present within all the final powders. Con-

b
c

ferent theoretical compositions. (b) Focus of diffraction peaks between 54 and
en 116◦ and 119◦ (reflexion 511) for ZrC0.80O0.20, ZrC0.90O0.10, ZrC0.95O0.05

equently, it can be supposed that the measured oxygen content
eported in Table 1 should only be relevant to the oxygen incor-
orated in the zirconium oxycarbide crystal lattice. It is shown
hat a good agreement is observed between the measured oxygen
toichiometry and the theoretical one. From Table 1, it appears
hat the oxygen contents, determined for a theoretical stoichiom-
try of the oxycarbide phase, tend to be similar whatever the
nalytical method used. The fact that the oxygen content is
quivalent at local (i.e.  grain) and global (i.e.  powder) scale
onfirms the chemical homogeneity of the sample previously
uggested by XRD patterns.
From elemental chemical analysis, overall amount of car-
on was determined involving the contribution of both structural
arbon incorporated within the oxycarbide lattice and the even-
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Fig. 2. TEM micrographs of (a) ZrC0.80O0.20, (b) ZrC0.90O0.10, (c) ZrC0.95

ual occurrence of unreacted free carbon. On the one hand, as
reviously demonstrated, when the analysed sum C/Zr + O/Zr
emained inferior to 1 (i.e.  C/Zrtheo ≤  0.95), TEM observations
ttested that no residual free carbon was present. This result
eveals that the carbon content measured by elemental analy-
is strictly corresponds to structural carbon. On the other hand,
n the case of the ZrC1.00 sample, the occurrence of free car-
on (Fig. 2b) would correspond to the carbon content which
ould not be integrated within the oxycarbide lattice. In these

onditions, the sum C/Zr + O/Zr (i.e.  x  + y) would be superior to
 leading to an oxycarbide phase with an overstoichiometric
omposition close to ZrC0.97O0.04. This latter could be cor-
ected as ZrC0.96O0.04* (Table 1) to obtain a saturated lattice
rCxO1−x for the same powder. Consequently, the free carbon
ontent which could be considered as the carbon content in over-
toichiometry (i.e.  1 −  (C/Zr + O/Zr)) should be around 0.2 wt.%
or the ZrC1.00 theoretical composition. This free carbon content
ould correspond to a significant amount of 1 vol.%. Accord-

ng to previous works22, the presence of residual free carbon in
he starting zirconium (oxy)carbide powders should be related
o the appearance of graphite intergranular inclusions after their
PS treatment. These inclusions could lead to a decrease of

he mechanical performances of ZrC-based materials and, more
enerally, of the transition metal carbides by favoring the micro-
racks displacement along the graphite planes.7,22–24

It is thus important to notice that the discrepancy with the
attice saturated stoichiometry (i.e.  O/Zr + C/Zr < 1) seems to
ncrease when increasing the oxygen content. This phenomenon
ust be related to the probable stabilization of lattice carbon
acancies in the oxycarbide crystal as reported in the literature
or others substoichiometric transition metal carbides (MCx with

a
a

i

and (d) ZrC1.00 powders, residual free carbon particle is circled in white.

 < 1).15,25,26 More particular, the crossed substitution of carbon
toms by oxygen in the zirconium carbide lattice could lead to
he stabilization of a higher density of vacancies.

From these observations, it appears that the experimental
rotocol used to synthesise ZrCxOy can lead to a fine powder
ith homogeneous and controlled carbon and oxygen contents.
oreover, these results demonstrated that it would be necessary

o target a minimal oxygen content (e.g.  C/Zr = 0.95) to avoid
ree carbon but keeping a high structural carbon content in the
owders.

Finally, the theoretical stoichiometries of the oxycarbide
hase evidencing no free carbon will be studied in the continua-
ion of this article and will be replaced by their respective actual
toichiometries determined chemical analyses:

ZrC0.95O0.05 →  ZrC0.94O0.05,

ZrC0.90O0.10 →  ZrC0.89O0.07

and ZrC0.80O0.20 →  ZrC0.79O0.13.

.2. Sintering  behaviour

The densification behaviour of three stoichiometries of zirco-
ium oxycarbide (ZrC0.94O0.05, ZrC0.89O0.07 and ZrC0.79O0.13)
as been compared under the same SPS conditions: 100 K/min
p to 2460 K under 50 MPa with a dwell of 5 min. The thermal
ycle is described in detail in Fig. 3. It is important to remind that

ll these powders present a similar average grain size (≈0.5 �m)
nd negligible free carbon content.

Before studying the densification kinetics, it can be noticed
n the Table 1 that electron microprobe analyses do not show
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ny significant evolution of the oxygen content after sintering.
his result attests of the chemical stability of the different stoi-
hiometries of synthesised powders even under a severe thermal
reatment.

Concerning the spark plasma sintering treatment, the den-
ification rate [(1/ρ)(dρ/dt)] as a function of the corrected
emperature is reported in Fig. 4. From this latter, it appears that
he temperature of the shrinkage beginning strongly depends on
he composition of the oxycarbide phase. So, the densification
eems to begin around 1600 K for ZrC0.79O0.13, whereas for the
owest oxygen content oxycarbide (i.e.  ZrC0.94O0.05) the densi-
cation shifts to the higher temperature (i.e.  1700 K). In the same
anner, the densification rate reaches its maximum at 2100 K for
rC0.79O0.13 as opposed to 2300 K for ZrC0.94O0.05. As a con-
equence, the soaking time needed to achieve full dense samples
s shorter for oxycarbide powders containing high oxygen con-
ent (Fig. 5). As an example, the ZrC0.79O0.13 sample is fully
intered from 1 min before the start of the dwell, whereas the
rC0.94O0.05 sample requires a dwell of 5 min at 2460 K to reach

ts theoretical density. SEM observations of specimens treated
 min at 2460 K (Fig. 6a and b) confirm the significant effect

f stoichiometry on the sintering kinetics. Indeed, the average
rain size of sintered ZrC0.79O0.13 (2.5 �m) specimens appears
o be at least two times higher than the one obtained in the

ig. 4. Densification rate as a function of temperature for ZrC0.94O0.05,
rC0.89O0.07 and ZrC0.79O0.13 powders (100 K/min, 2460 K, 50 MPa).
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ig. 5. Relative density as a function of time for ZrC0.94O0.05, ZrC0.89O0.07 and
rC0.79O0.13 powders (100 K/min, 2460 K, 50 MPa).

ame conditions for the ZrC0.94O0.05 sample (1 �m). This more
mportant grain growth observed for the highest oxygen content
ould be explained by considering two main causes: an enhanced
iffusion kinetic and an earlier beginning of the final stage of
intering.

Finally, the increase of the oxygen content in zirconium oxy-
arbide enhances the densification kinetics during isothermal
r non-isothermal SPS treatment. A similar influence has been
eported by Barnier et al.14 during hot-pressing of zirconium
xycarbide powders. This phenomenon could be principally
xplained by two factors. First, the incorporation of oxygen in
he ZrC crystal lattice would weaken the covalent character of the
r–C bounding in favour of the more ionic character of the Zr–O
ounding and would increase the sinterability of this ceramic by
romoting the species mobility during the thermal treatment.

Secondly, from the results obtained during this study, it has
een highlighted that the amount of lattice vacancies increases
ogether with the oxygen content. In the crystal lattice, this
ncrease of the vacancies density would enhance the mass trans-
ort by diffusion of atoms and, consequently, the densification
nd the grain growth processes.

.3. Mechanical  properties

In order to approach the effect of the chemical composition
f zirconium oxycarbide phase on the mechanical properties
t room temperature, ultrasonic measurements and dynamic
anoindentation experiments have been carried out for the two
xtreme compositions of SPS sintered specimens. More particu-
ar, the corresponding compositions and sintering conditions are:
rC0.94O0.05 (5 min at 2460 K under 50 MPa, Øm ≈  4.7 �m) and
rC0.79O0.13 (2 min at 2460 K under 100 MPa, Øm ≈  5.2 �m).
hese sintering conditions have been retained since they provide

ull dense samples with an equivalent average grain size close
o 5 �m.

First, it can be noticed that the ultrasonic measurements
nd nanoindentation experiments could be considered as com-

lementary tests. Indeed, the dynamic nanoindentation method
rovides to the intrinsic mechanical properties of ceramics such
s Young’s modulus or Berkovich hardness. In this latter case,
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Fig. 7 exhibits for each of the two tested compositions
the evolution of strain ε  = (�L/L) = (�L/(L0 −  �L)) during the
Fig. 6. SEM micrographs presenting microstructures of sinter

he using of a nanosized diamond probe rests on the mechanical
esponse of a single grain and thus avoids the influence of grain
oundaries or intergranular inclusions. Conversely, ultrasonic
easurements allow determining the apparent elastic constants

uch as Young’s or shear modulus of the ceramics, and so, taking
ccount of the microstructural features of the sintered samples
porosity, grain size, grain boundaries and intergranular sec-
ndary phases). The main mechanical properties so-obtained
t room temperature are reported in Table 2.

From the dynamic nanoindentation results, it can be noticed
hat the intrinsic properties would deeply depend on the chem-
cal composition of the zirconium oxycarbide. Both Young’s

odulus and Berkovich hardness are enhanced with the struc-
ural carbon amount; and so the ZrC0.94O0.05 compound shows
alues respectively 15% and 35% higher compared to the
rC0.79O0.13 sintered specimen. The same trend is observed
hen the apparent elastic properties are determined by ultrasonic
easurements: ZrC0.94O0.05 sintered sample exhibits values of
oung’s and shear moduli which are 10% higher than the sample
howing higher oxygen content.

Furthermore, the apparent and the intrinsic Young’s moduli
ppear to be very close whatever the chemical composition of
he oxycarbide phase, meaning that the mechanical properties
f SPS sintered samples are rather governed by the structural
roperties of the oxycarbide phase than by their microstruc-
ural features. These analogous values also suggest that the
rain boundaries would be free of any porosity or free carbon
mpurities.

It is thus important to notice that mechanical properties
f the ZrC0.94O0.05 composition are similar and often better
han the values reported for a given ZrC composition in the
iterature.1,7,10,24

This could appear in contradiction with the influence of
xygen content reported in this study. Nevertheless, the actual
omposition of zirconium (oxy)carbide is often neglected or is
ot accurately determined in the previous works. In particu-
ar, when commercial powders are used, the reported oxygen
ontent and the free carbon amount can reach 0.5–1 wt.% and

–1.5 wt.% respectively.1,6,7,10,22 As a matter of fact, the intrin-
ic properties of ZrC0.94O0.05 are similar to the values reported
n literature (e.g.  E  = 464 ±  22 GPa, H  = 25.2 ±  1.4 GPa found

F
s
d

C0.94O0.05 (a) and ZrC0.79O0.13 (b) (2460 K, 2 min, 50 MPa).

y Sciti et al.7 by nanoindentation). In the same way, the present
pparent properties of the ZrC0.94O0.05 specimen are classically
igher than the values reported in literature (i.e.  Young’s mod-
lus values ranging around 390–400 GPa1,10,24), what suggests
he presence of secondary phases in these latter samples.

Nevertheless, even if the prevailing results show a signifi-
ant influence of the chemical composition on the mechanical
roperties of ZrCxOy, the obtained values in the studied range
f stoichiometry (ZrC0.79O0.13 to ZrC0.94O0.05) remains high
nough to consider that the zirconium oxycarbide can be used
s a structural material at room temperature and whatever its
omposition.

However, as mentioned in the introduction, the main advan-
age of zirconium (oxy)carbide is its high refractarity. Thus,
n order to evaluate the effect of the chemical composition of
rCxOy on its mechanical resistance at high temperature, com-
ressive creep tests have been conducted at 1873 K under a
00 MPa vertical applied stress on the same samples as reported
n the previous paragraph. This type of experiment is essential
n order to evaluate the ability of a structural material to resist
ig. 7. Evolution of instantaneous strain as a function of time during compres-
ive creep tests at 1873 K under 100 MPa for ZrC0.94O0.05 and ZrC0.79O0.13

ense samples.



Journal Identification = JECS Article Identification = 8329 Date: July 15, 2011 Time: 3:32 pm

2384 M. Gendre et al. / Journal of the European C

Ta
bl

e 

2
M

ai
n 

m
ec

ha
ni

ca
l p

ro
pe

rt
ie

s 

of

 

Z
rC

0.
94

O
0.

05
an

d 

Z
rC

0.
79

O
0.

13
de

ns
e 

sa
m

pl
es

.

St
oi

ch
io

m
et

ry

 

A
ve

ra
ge

 

gr
ai

n 

si
ze

 

(�
m

) 

Po
ro

si
ty

 

(%
) 

U
ltr

as
on

ic

 

m
ea

su
re

m
en

ts

 

D
yn

am
ic

 

na
no

in
de

nt
at

io
n

A
pp

ar
en

t s
he

ar

 

m
od

ul
us

 

(G
Pa

) 

A
pp

ar
en

t Y
ou

ng
’s

 

m
od

ul
us

 

(G
Pa

) 

In
tr

in
si

c 

Y
ou

ng
’s

 

m
od

ul
us

 

(G
Pa

) 

B
er

ko
vi

ch

 

ha
rd

ne
ss

 

(G
Pa

)

Z
rC

0.
94

O
0.

05
4.

7 

± 

0.
2 

<
1 

17
3 

± 

5 

42
0 

± 

6 

44
1 

± 

10

 

28
.3

 

± 

1.
0

Z
rC

0.
79

O
0.

13
5.

2 

± 

0.
2 

<
1 

15
6 

± 

6 

38
0 

± 

7 

38
3 

± 

13

 

21
.0

 

± 

1.
4

e
r
s
t
o
t
r
(
Z
t
o
F
r
r
T
e
z

o
c
a
i
t
b
t
t
h
p
c

4

m
i
m
h
d
t
t

c
d
a
a
t
i
t
c
t

A

C

eramic Society 31 (2011) 2377–2385

xperiments (with L0 and L  the initial and instantaneous length,
espectively). From these results, after approximately 7 h, the
teady state is achieved for both compositions as shown by
he constant creep rates ε̇  =  dε/dt. According to the values
f creep rate during steady state, the chemical composition of
he oxycarbide seems to have a significant effect on the creep
esistance. Indeed, the ZrC0.94O0.05 sample exhibits a creep rate
ε̇ =  1.11 ×  10−7 s−1) which is twice slower than the one of
rC0.79O0.13 sample (ε̇  =  2.16 ×  10−7 s−1). As a matter of fact,

he creep resistance is drastically weakened by the reduction
f structural carbon content in the oxycarbide stoichiometry.
inally, only the ZrC0.94O0.05 composition could maintain the
efractory properties of zirconium carbide by exhibiting a creep
esistance close that reported for ZrC0.97 by Zubarev et al.27

his highlights the fact that the oxygen content should be nec-
ssarily minimized in the ZrCxOy stoichiometry in order to use
irconium oxycarbide for high temperature applications.

In the same manner that we have explained the improvement
f sintering kinetics (Section 2), this deterioration of mechani-
al properties can be attributed both to the proportion of oxygen
nd vacancies in the oxycarbide ZrCxOy. Indeed, when decreas-
ng the C/Zr ratio, the variation of composition is traduced by
he progressive replacement of strong covalent bonds (Zr–C)
y metallic (Zr–Zr) and ionic (Zr–O) bonds. As a consequence,
he mechanical properties could be altered at room tempera-
ure principally by a weaker average strength of bonds, and at
igh temperature mainly by a lattice diffusion promoted by the
resence of a higher density of vacancies in the ZrC0.79O0.13
omposition.

.  Conclusion

The present study proves the possibility to synthesise
icro-sized zirconium oxycarbide powders with controlled sto-

chiometries and avoiding the presence of impurities. Electron
icroprobe and DRX experiments confirm the high chemical

omogeneity of the synthesised powders. From the stability
omain of ZrCxOy phase, the increase of O/Zr ratio leads to
he stabilization of a significant amount of carbon vacancies in
he zirconium oxycarbide crystal lattice.

Otherwise, the incorporation of oxygen in the zirconium
arbide lattice leads to both a significant enhancement of the
ensification kinetics during spark plasma sintering treatment
nd an important decrease of mechanical properties at room
nd at high temperature; by promoting the formation of fur-
her carbon vacancies and by weakening the initial boundings
n the crystal lattice. Nevertheless, the mechanical properties of
he most refractory synthesized composition ZrC0.94O0.05, allow
onsidering this SPS sintered material as a serious candidate for
hermostructural applications.
cknowledgements
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