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Abstract

Different stoichiometries of zirconium oxycarbide (ZrC,0O,) powders were synthesised by carboreduction to approach the role of the chemical
composition on the densification behaviour during spark plasma sintering and on the mechanical properties. Chemical analyses were performed using
complementary methods to determine the actual stoichiometry and homogeneity of powders. Evolution of relative density during SPS treatment
and microstructure observations by SEM showed that oxygen and vacancy contents would enhance the densification kinetics by promoting the
lattice diffusion of limiting species. A study of mechanical properties of SPS sintered specimens has highlighted their significant dependence on
the oxycarbide stoichiometry, especially at high temperature.
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1. Introduction The most common route to synthesize zirconium carbide con-
sists in carburizing the zirconium oxide (ZrO;) according to the
The transition metal carbides (e.g. ZrC and TiC) show following equation:
promising thermomechanical properties at high temperature
such as elastic properties, creep and corrosion resistance.! Con- ZrOxs) + 3C(s) = ZrCs) + 2COg) 6]
sequently, these refractory materials could be used as structural
material for furnace elements or as plasma arc electrodes. More-

over, ZrC-based materials are also candidates as fuels shielding . . . ..
. ) . zirconium oxycarbide composition ZrC,Oy. Both structural and
materials for future nuclear reactors.” However, due to the high

. . o . . kinetic factors can explain the presence of this oxycarbide phase
melting temperature of the carbides, their sintering requires high . .. . .
. 3 . . 46 after carboreduction. First, it is well known that the zirconium
applied load and temperature” and/or the use of sintering aids. . . . S
. . carbide ZrC, could admit a wide range of non-stoichiometry (x)
As a consequence, nonconventional sintering methods, such as . . .
L . in carbon. In particular, (x) coefficient may range between 0.6
spark plasma sintering (SPS), can be used in order to reach full 10-13
dense samples.>”® Indeed, this method allows enhancing the and 0.98. As a consequence, oxygen atoms could occupy

e e a carbon vacancy or replace carbon atoms to form an oxycar-
densification kinetics and, consequently, decreases the sintering bide phase ZrC. 0. 1416 Therefore. residual free carbon is an
time.” Finally, the SPS method would lead to finer microstruc- P ey ’

. impuri 11 fter reaction (1 f a non-
tures than those reached by hot-pressing method and thus better purity usually de.tected after reaction (1) beca.use. ot ano
. . homogeneous reaction or because of the non-stoichiometry of
mechanical properties.

the zirconium carbide phase.!!-16
The aim of this work is twofold: (i) to synthesize zirco-
nium oxycarbide powders with controlled stoichiometry (i.e.
* Corresponding author. Tel.: +33 5 87 50 23 70. carbon and oxygen contents) and microstructure (i.e. micro-
E-mail address: mathieu.gendre @unilim.fr (M. Gendre). sized grains); (ii) to study the influence of the stoichiometry on

However, this method can lead to the presence of residual
oxygen in the carbide lattice, resulting in the stabilization of a
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the densification behaviour of oxycarbide compacts during spark
plasma sintering and, finally, on their mechanical properties.

2. Experimental procedure
2.1. Synthesis of oxycarbide powders

The carboreduction route!” has been employed to synthesise
zirconium oxycarbide powders from commercially available
carbon (amorphous carbon black, 99.25%, Prolabo, France) and
zirconia powders (monoclinic, 99.5%, Alfa Aesar, Germany).
The theoretical equation (1) has been modified to reach the
desired theoretical stoichiometry of oxycarbide, with x=C/Zr
and y=0/Zr:

ZI‘OQ(S) +2+x— y)C(S) — ZerOy(S) + 12— y)CO(g) 2)

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

ZI‘OZ(S) + 1+ ZX)C(S) — Zerol_x(s) + 1+ X)CO(g) 3)

The coefficient x (x=C/Zr, 1 —x=0/Zr) has been fixed to
reach different zirconium oxycarbide stoichiometries. Seven
values for x (respectively 1 — x) have been retained: 1.00 (0.00),
0.95 (0.05), 0.90 (0.10), 0.80 (0.20), 0.70 (0.30), 0.60 (0.40) and
0.50 (0.50).

Carbon and zirconia initial powders were mixed in previously
fixed stoichiometric proportions using a low speed planetary ball
mill. The blending sequence was composed of 5 pulses of 1 min
at 200 rpm interrupted by pauses of 2 min to prevent heating.
Each mixture was then treated at 2023 K for 8 h in a graphite
furnace (V.A.S. furnace, Suresnes, France) under flowing argon
(30Lh~"). Finally, powders were sieved in dry way (40 wm)
to remove the partially unreacted zirconia agglomerates present
after thermal treatment and whose average size largely exceeds
40 pm. It must be noticed that this residual content of zirco-
nia agglomerates remains inferior to 0.2 wt.% as reported in a
previous study. !

2.2. Spark plasma sintering of powders

SPS treatments (SPS-2080, Syntec Inc., Kanagawa, Japan)
have been performed thanks to the PNF? platform (University of
Toulouse, France). These attempts were achieved under vacuum,
using a 20 mm diameter graphite die lined with graphite paper
(Papyex®, Carbone Lorraine, Genevilliers, France). The heat-
ing rate was fixed to 100 K/min up to the targeted temperature.
The latter temperature was corrected according to the proce-
dure reported in a previous work.'? Finally, in order to get the
instantaneous value of the relative density of samples, the actual
displacement variation of the pistons have been corrected for
each thermal cycle, taking into account the thermal expansion
of graphite parts.

2.3. Characterization of samples

The global analysis of oxygen and carbon content was
achieved by elemental chemical analysis using combustion anal-
ysers: EMGA 600W (Horiba, Kyoto, Japan) for carbon and
EMIA 221V (Horiba, Kyoto, Japan) for oxygen. Each appa-
ratus uses the quantification of the COyy) released by IR
measurements after combustion of the powdered sample. These
measurements were performed in an alumina or a graphite
crucible for the carbon and oxygen analyse, respectively. The
calibration is achieved by steel standards containing well known
carbon and oxygen contents.

In addition, the chemical composition of samples were locally
analysed at the grain scale by electron microprobe (CAMECA
SX 100, Gennevilliers, France) using a ZrO; standard and with
a probe operating at 10kV and 20 nA.

The oxycarbide powders were analysed by X-ray diffraction
(D5000, Siemens AG, Munich, Germany) for angle (26) ranging
between 20° and 120° (step: 0.03°, step time: 1.1s) to iden-
tify the crystallized phases. From the XRD patterns, the lattice
parameters were refined by Rietveld method.

Transmission electron microscopy (TEM) characterizations
were carried out with a JEOL 2010 microscope (JEOL, Tokyo,
Japan) operating at 200kV to observe the morphology of
synthesized oxycarbide powders. The specific areas of these
powders were measured using the B.E.T. method (ASAP 2000,
Micromeritics, Verneuil, France).

Concerning the SPS sintered samples, their final densities
were determined by using the Archimedes method. Dynamic
nanoindentation measurements (Young’s modulus, Berkovich
hardness) were made on mirror polished samples using a XP
diamond nanoindenter (MTS Nano Instruments, Santa Clara,
USA) with oscillations of 45 Hz and of 2 nm amplitude. Appar-
ent elastic constants (Young’s modulus, shear modulus) have
been determined by ultrasonic method using 10 MHz transduc-
tors working in reflexion mode (WC37-10 and SW37-10, Ultran,
State College, USA) on 5 mm thick samples. Finally, compres-
sive creep tests have been carried out on fully dense samples
using an INSTRON 8562 apparatus (INSTRON France SAS,
Elancourt) equipped with silicon carbide pistons. Those experi-
ments were performed at 1873 K under a vertical applied stress
of 100 MPa and using flowing argon. In order to subtract the
displacement of the two pistons, a LVDT displacement captor
has been used to determine the exact instantaneous strain of the
sample. Before being positioned in the assembly, the oxycarbide
samples (3 mm x 3mm x 8§ mm) have been “mirror” polished
and their edges have been chamfered in order to prevent cracking
during the test.

3. Results and discussion
3.1. Chemical composition

Before studying the sintering behaviour of zirconium oxycar-
bide (ZrC,0y), it becomes critical to first characterize properly

the chemical composition of the synthesized (Section 2.1) pow-
ders: oxygen content, structural and free carbon content.
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The most common way to characterize the x=0O/Zr and
y=C/Zr ratios of a ZrC,O, composition consists in determining
the lattice parameter of the oxycarbide phase by X-ray diffrac-
tion (XRD). Indeed, zirconium carbide ZrC, exhibits a rock salt
structure (Fm-3m space group) in which the oxygen could either
be incorporated in the remaining vacant octahedral sites or be
partly substituted to carbon. Then, the zirconium oxycarbide
phase ZrC,O, adopts the same structure as zirconium carbide
ZrCy; but, the lattice parameter of the ZrC,O, phase is signif-
icantly modified by the incorporation of oxygen in the ZrC,
lattice.'0

The XRD patterns of the synthesized powders (Fig. 1a)
exhibit two groups. First, the four theoretical stoichiometries
above C/Zr>0.80 (ZrCpg0o00.20, ZrCp.9000.10, ZrCp9500.05
and ZrCj o) are quite similar since all diffraction peaks of
those powders represent a single-phased XRD pattern that can
be indexed with the usual zirconium carbide data file (e.g. Fm-
3m, JCPDS 00-035-0784); and so did not reveal the presence
of residual zirconia in none of the samples. Conversely, the
three other stoichiometries below C/Zr < 0.70 (i.e. ZrCg7000.30,
ZrCo.6000.40 and ZrCg 5000 50) display some zirconia peaks in
addition of those of ZrC,O, despite the fact that the reaction is
completed. This proves that below C/Zr =0.80, in the condition
of temperature and atmosphere studied here, the zirconium oxy-
carbide phase is not reachable as a single phase, but imply two
phases in thermodynamical equilibrium: ZrC,Oy, and ZrO5.

Consequently, those specific synthesized powders (i.e.
C/Zr <0.80) will not be used in the continuation of the present
study as the incorporation of an oxide would lead to the complete
loss of specific refractory properties of zirconium (oxy)carbide.

The DRX patterns of the four studied stoichiometries (with
C/Zr > 0.80) show a split of the K,; and K, peaks which is
observed since the low 26 angles (Fig. 1b solely on two com-
positions for a better visualization). Such a splitting attests of
the high chemical homogeneity of powders.?” This property of
high homogeneous chemical composition of the starting pow-
ders is a crucial parameter in the elaboration of monoliths in
order to achieve high mechanical properties non-affected by the
presence of chemical defects.

From Table 1, it also appears that the lattice parameter of sam-
ples decreases when increasing oxygen content. This is related
to the displacement of the diffraction peaks toward the high
diffraction angles (Fig. 1c) due to the progressive replacement
of oxygen by carbon atoms in the zirconium carbide crystal
lattice,'%2! the radius of oxygen (Ro=0.66 A) being inferior to
that of carbon (Rc=0.76 A).

TEM observations of the different zirconium oxycarbide
powders with C/Zr <0.95 (i.e. ZrCp 8000.20, ZrCg.9000.10 and
ZrCp.950005) did not reveal the presence of free carbon
(Fig. 2a—c). That means the actual carbon content in these oxy-
carbide phases (C/Zr < 0.95) should not be too far in comparison
with the theoretical stoichiometries. Conversely, TEM observa-
tion (Fig. 2d) of the powder with the highest starting carbon
content ZrCj oo (theoretical composition) illustrates the pres-
ence of residual particles of amorphous free carbon (circled in
white). These micrographs reveal also that the mean grain size
of synthesized powders remains similar (0.5 pm) whatever the

Table 1

Main characteristics and chemical analyses of the different powdered and zirconium oxycarbide specimens.

XRD

BET

Electron microprobe

Elemental analysis (powder)

Theoretical values

Theoretical

stoichiometry

Lattice parameter
(A) (£0.001)

Powder Monolith Specific area

Estimated Cree
(Wt.%)

Calculated Zr Calculated

(Wt.%)

C (wt.%)

O (wt.%) C (Wt.%) Zr (wt.%) O (wt.%)

(m? g7") (£0.05)

stoichiometry

O (wt.%)

O (wt.%)

0.77 £ 0.05 1.40 4.698

0.70 £ 0.03

0.2

ZrC0.9700.04

11.23 £ 0.05 88.08

0.69 £ 0.04

11.63 88.37

0.00

ZrCy 00

ZrCo.9600.04*
ZrC0.9400.05

4.695

1.15
1.15

1.12

0.79 £ 0.04

0.83 £ 0.05

0

10.90 £ 0.03 88.38

0.72 £ 0.05

88.20
88.03
87.69

87.35

11.03
10.43

0.77

ZrC.9500.05

4.688

1.12 + 0.20
2.19 £ 0.31

1.13 + 0.09
2.12 £ 0.35

ZrCo.8900.07

10.37 £ 0.03 88.52

1.11 + 0.07
2.01 £0.10
2.70 £ 0.13

1.54
3.08
4.60
6.10
7.60

ZrCo.9000.10

4.680

0

ZrCo.7900.13

9.24 £ 0.04 88.75
8.47 + 0.05 88.83
7.56 £ 0.10 88.75
6.74 £ 0.04 87.72

9.24
8.05
6.87

5.71

ZrC.8000.20

4.679+ZrOy
4.679+7ZrO,
4.679+ZrOy

ZrCop.7000.30

(=)

3.69 + 0.15
5.54 £ 0.07

87.02
86.69

ZrC.6000.40

ZrCo.5000.50
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Fig. 1. (a) X-ray diffraction patterns from 20° to 120° of synthesized powders with different theoretical compositions. (b) Focus of diffraction peaks between 54° and
57° (reflexion 220) for ZrCy g0Og.20 and ZrCj go. (c) Focus of diffraction peaks between 116° and 119° (reflexion 511) for ZrCp 800O0.20, ZrCo.9000.10, ZrCp.9500.05

and ZI‘CLOQ.

target composition. Consequently, the difference encountered
between the values of specific area for powders with C/Zr < 0.95
(=~1.15m? g’l) and ZrCj oo (1.40 m2 g’l) confirms the pres-
ence of free carbon in the ZrCi o9 powder. Indeed, free carbon
displays higher specific area (>30 m? g~!) which could signifi-
cantly modify the specific area of the carboreduction products.
To define accurately the chemical composition of the ZrC,Oy,
phase, the powdered samples have been analysed globally by
elemental analysis and locally by electron microprobe. The main
results have been reported in Table 1. The zirconium content has
been estimated both from oxygen and carbon contents and by
considering the mass conservation for a ZrC,O, composition.
XRD and TEM experiments have shown that no residual
zirconia reactant was present within all the final powders. Con-

sequently, it can be supposed that the measured oxygen content
reported in Table 1 should only be relevant to the oxygen incor-
porated in the zirconium oxycarbide crystal lattice. It is shown
that a good agreement is observed between the measured oxygen
stoichiometry and the theoretical one. From Table 1, it appears
that the oxygen contents, determined for a theoretical stoichiom-
etry of the oxycarbide phase, tend to be similar whatever the
analytical method used. The fact that the oxygen content is
equivalent at local (i.e. grain) and global (i.e. powder) scale
confirms the chemical homogeneity of the sample previously
suggested by XRD patterns.

From elemental chemical analysis, overall amount of car-
bon was determined involving the contribution of both structural
carbon incorporated within the oxycarbide lattice and the even-
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Fig. 2. TEM micrographs of (a) ZrCp g00O0.20, (b) ZrCp.9000.10, (¢) ZrCp 950005 and (d) ZrCj oo powders, residual free carbon particle is circled in white.

tual occurrence of unreacted free carbon. On the one hand, as
previously demonstrated, when the analysed sum C/Zr + O/Zr
remained inferior to 1 (i.e. C/Zreo < 0.95), TEM observations
attested that no residual free carbon was present. This result
reveals that the carbon content measured by elemental analy-
sis strictly corresponds to structural carbon. On the other hand,
in the case of the ZrCj oo sample, the occurrence of free car-
bon (Fig. 2b) would correspond to the carbon content which
would not be integrated within the oxycarbide lattice. In these
conditions, the sum C/Zr + O/Zr (i.e. x +y) would be superior to
1 leading to an oxycarbide phase with an overstoichiometric
composition close to ZrCgy9700,04. This latter could be cor-
rected as ZrCp9sOp.04* (Table 1) to obtain a saturated lattice
ZrC,0Oj_, for the same powder. Consequently, the free carbon
content which could be considered as the carbon content in over-
stoichiometry (i.e. 1 — (C/Zr + O/Zr)) should be around 0.2 wt.%
for the ZrC o theoretical composition. This free carbon content
would correspond to a significant amount of 1vol.%. Accord-
ing to previous works?2, the presence of residual free carbon in
the starting zirconium (oxy)carbide powders should be related
to the appearance of graphite intergranular inclusions after their
SPS treatment. These inclusions could lead to a decrease of
the mechanical performances of ZrC-based materials and, more
generally, of the transition metal carbides by favoring the micro-
cracks displacement along the graphite planes.”>>2*

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

x<1). 15.25.26 More particular, the crossed substitution of carbon
atoms by oxygen in the zirconium carbide lattice could lead to
the stabilization of a higher density of vacancies.

From these observations, it appears that the experimental
protocol used to synthesise ZrC,Oy can lead to a fine powder
with homogeneous and controlled carbon and oxygen contents.
Moreover, these results demonstrated that it would be necessary
to target a minimal oxygen content (e.g. C/Zr=0.95) to avoid
free carbon but keeping a high structural carbon content in the
powders.

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

ZrC0.9500.05 — ZrCo.9400.05,
ZrC0.9000.10 — ZrCp.8900.07
and ZrCyp g000.20 — ZrCp.7900.13-

3.2. Sintering behaviour

The densification behaviour of three stoichiometries of zirco-
nium oxycarbide (ZrC.9400 .05, Z1rCp 890O0.07 and ZrCp 7900.13)
has been compared under the same SPS conditions: 100 K/min
up to 2460 K under 50 MPa with a dwell of 5 min. The thermal
cycleis described in detail in Fig. 3. It is important to remind that
all these powders present a similar average grain size (~0.5 pm)
and negligible free carbon content.

Before studying the densification kinetics, it can be noticed
in the Table 1 that electron microprobe analyses do not show
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Fig. 3. Schematic representation of temperature and applied stress cycles during
SPS treatment.

any significant evolution of the oxygen content after sintering.
This result attests of the chemical stability of the different stoi-
chiometries of synthesised powders even under a severe thermal
treatment.

Concerning the spark plasma sintering treatment, the den-
sification rate [(1/p)(dp/dt)] as a function of the corrected
temperature is reported in Fig. 4. From this latter, it appears that
the temperature of the shrinkage beginning strongly depends on
the composition of the oxycarbide phase. So, the densification
seems to begin around 1600 K for ZrCy 790013, whereas for the
lowest oxygen content oxycarbide (i.e. ZrCp 9400.05) the densi-
fication shifts to the higher temperature (i.e. 1700 K). In the same
manner, the densification rate reaches its maximum at 2100 K for
Z1Cp.7900.13 as opposed to 2300 K for ZrCp 940g.05. As a con-
sequence, the soaking time needed to achieve full dense samples
is shorter for oxycarbide powders containing high oxygen con-
tent (Fig. 5). As an example, the ZrCy 790013 sample is fully
sintered from 1 min before the start of the dwell, whereas the
Z1Cp 940005 sample requires a dwell of 5 min at 2460 K to reach
its theoretical density. SEM observations of specimens treated
2min at 2460 K (Fig. 6a and b) confirm the significant effect
of stoichiometry on the sintering kinetics. Indeed, the average
grain size of sintered ZrCp790q.13 (2.5 um) specimens appears
to be at least two times higher than the one obtained in the

0.3
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~ ~ZrCo 550007
'-'=‘ 0.2 —ZrCy7900.13 7<
g
]
g
g
£
3 0.1 -
|
g
|
0 T T
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Fig. 4. Densification rate as a function of temperature for ZrCy 940005,
Z1rC 890007 and ZrCp790p.13 powders (100 K/min, 2460 K, 50 MPa).
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Fig. 5. Relative density as a function of time for ZrCp 940005, ZrCp 890007 and
ZrC.7900.13 powders (100 K/min, 2460 K, 50 MPa).

same conditions for the ZrC 940q o5 sample (1 pm). This more
important grain growth observed for the highest oxygen content
could be explained by considering two main causes: an enhanced
diffusion kinetic and an earlier beginning of the final stage of
sintering.

Finally, the increase of the oxygen content in zirconium oxy-
carbide enhances the densification kinetics during isothermal
or non-isothermal SPS treatment. A similar influence has been
reported by Barnier et al.'* during hot-pressing of zirconium
oxycarbide powders. This phenomenon could be principally
explained by two factors. First, the incorporation of oxygen in
the ZrC crystal lattice would weaken the covalent character of the
Zr—C bounding in favour of the more ionic character of the Zr—O
bounding and would increase the sinterability of this ceramic by
promoting the species mobility during the thermal treatment.

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

3.3. Mechanical properties

In order to approach the effect of the chemical composition
of zirconium oxycarbide phase on the mechanical properties
at room temperature, ultrasonic measurements and dynamic
nanoindentation experiments have been carried out for the two
extreme compositions of SPS sintered specimens. More particu-
lar, the corresponding compositions and sintering conditions are:
Z1rC.9400.05 (5 min at 2460 K under 50 MPa, @, ~ 4.7 p.m) and
ZrCp7900.13 (2min at 2460 K under 100 MPa, @, & 5.2 um).
These sintering conditions have been retained since they provide
full dense samples with an equivalent average grain size close
to 5 pm.

First, it can be noticed that the ultrasonic measurements
and nanoindentation experiments could be considered as com-
plementary tests. Indeed, the dynamic nanoindentation method
provides to the intrinsic mechanical properties of ceramics such
as Young’s modulus or Berkovich hardness. In this latter case,
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Fig. 6. SEM micrographs presenting microstructures of sintered ZrC 940,05 (a) and ZrC 7909.13 (b) (2460 K, 2 min, 50 MPa).

the using of a nanosized diamond probe rests on the mechanical
response of a single grain and thus avoids the influence of grain
boundaries or intergranular inclusions. Conversely, ultrasonic
measurements allow determining the apparent elastic constants
such as Young’s or shear modulus of the ceramics, and so, taking
account of the microstructural features of the sintered samples
(porosity, grain size, grain boundaries and intergranular sec-
ondary phases). The main mechanical properties so-obtained
at room temperature are reported in Table 2.

From the dynamic nanoindentation results, it can be noticed
that the intrinsic properties would deeply depend on the chem-
ical composition of the zirconium oxycarbide. Both Young’s
modulus and Berkovich hardness are enhanced with the struc-
tural carbon amount; and so the ZrC 940¢ 95 compound shows
values respectively 15% and 35% higher compared to the
ZrCp7900.13 sintered specimen. The same trend is observed
when the apparent elastic properties are determined by ultrasonic
measurements: ZrCg 940 o5 sintered sample exhibits values of
Young’s and shear moduli which are 10% higher than the sample
showing higher oxygen content.

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

It is thus important to notice that mechanical properties
of the ZrCp.940¢05 composition are similar and often better
than the values reported for a given ZrC composition in the
literature.!-7-1024

This could appear in contradiction with the influence of
oxygen content reported in this study. Nevertheless, the actual
composition of zirconium (oxy)carbide is often neglected or is
not accurately determined in the previous works. In particu-
lar, when commercial powders are used, the reported oxygen
content and the free carbon amount can reach 0.5-1 wt.% and
1-1.5 wt.% respectively.07-10.22 Ag a matter of fact, the intrin-
sic properties of ZrCp 940005 are similar to the values reported
in literature (e.g. E=464 4+ 22 GPa, H=25.2 + 1.4 GPa found

by Sciti et al.” by nanoindentation). In the same way, the present
apparent properties of the ZrCp 94Og o5 specimen are classically
higher than the values reported in literature (i.e. Young’s mod-
ulus values ranging around 390400 GPa'-1024), what suggests
the presence of secondary phases in these latter samples.

Nevertheless, even if the prevailing results show a signifi-
cant influence of the chemical composition on the mechanical
properties of ZrC,O,, the obtained values in the studied range
of stoichiometry (ZrCp7900.13 to ZrCp.9400,05) remains high
enough to consider that the zirconium oxycarbide can be used
as a structural material at room temperature and whatever its
composition.

However, as mentioned in the introduction, the main advan-
tage of zirconium (oxy)carbide is its high refractarity. Thus,
in order to evaluate the effect of the chemical composition of
ZrC,O, on its mechanical resistance at high temperature, com-
pressive creep tests have been conducted at 1873 K under a
100 MPa vertical applied stress on the same samples as reported
in the previous paragraph. This type of experiment is essential
in order to evaluate the ability of a structural material to resist
in severe conditions of use.

Fig. 7 exhibits for each of the two tested compositions
the evolution of strain e =(AL/L)=(AL/(Ly — AL)) during the

0.02
------- £=2.16:107s"
L015 - £
s Zrco.?son.ls_‘__---'
w
£ o001
ﬁ 2 -7 -1
ZrCy9400.05 - = L1Ix107s
0.005
0 T

-

10 15
Time (h)

Fig. 7. Evolution of instantaneous strain as a function of time during compres-
sive creep tests at 1873 K under 100 MPa for ZrCp 940005 and ZrCp 790013
dense samples.
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Table 2

Main mechanical properties of ZrCp 940005 and ZrCp 790,13 dense samples.

Dynamic nanoindentation

Average grain size (pum) Porosity (%) Ultrasonic measurements

Stoichiometry

Berkovich hardness (GPa)

Intrinsic Young’s modulus (GPa)

Apparent Young’s modulus (GPa)

Apparent shear modulus (GPa)

Gendre et al. / Journal of the European Ceramic Society 31 (2011) 2377-2385

283 + 1.0
21.0+ 1.4

441 £ 10
383 £ 13

420 £ 6

173 £5

<1

47 +£02
52+02

ZrCp.9400.05

380 £ 7

156 £ 6

<1

ZrC0.7900.13

experiments (with Ly and L the initial and instantaneous length,
respectively). From these results, after approximately 7h, the
steady state is achieved for both compositions as shown by
the constant creep rates é = de/dt. According to the values
of creep rate during steady state, the chemical composition of
the oxycarbide seems to have a significant effect on the creep
resistance. Indeed, the ZrCp 94Og o5 sample exhibits a creep rate
(=1.11 x 1077 s~y which is twice slower than the one of
Z1rCp7900.13 sample (¢ = 2.16 x 1077 s~1). As a matter of fact,
the creep resistance is drastically weakened by the reduction
of structural carbon content in the oxycarbide stoichiometry.
Finally, only the ZrCp 940095 composition could maintain the
refractory properties of zirconium carbide by exhibiting a creep
resistance close that reported for ZrCpo7 by Zubarev et al.2’
This highlights the fact that the oxygen content should be nec-
essarily minimized in the ZrC,O, stoichiometry in order to use
zirconium oxycarbide for high temperature applications.

In the same manner that we have explained the improvement
of sintering kinetics (Section 2), this deterioration of mechani-
cal properties can be attributed both to the proportion of oxygen
and vacancies in the oxycarbide ZrC «Oy. Indeed, when decreas-
ing the C/Zr ratio, the variation of composition is traduced by
the progressive replacement of strong covalent bonds (Zr—C)
by metallic (Zr-Zr) and ionic (Zr—O) bonds. As a consequence,
the mechanical properties could be altered at room tempera-
ture principally by a weaker average strength of bonds, and at
high temperature mainly by a lattice diffusion promoted by the
presence of a higher density of vacancies in the ZrC( 790 13
composition.

4. Conclusion

The present study proves the possibility to synthesise
micro-sized zirconium oxycarbide powders with controlled sto-
ichiometries and avoiding the presence of impurities. Electron
microprobe and DRX experiments confirm the high chemical
homogeneity of the synthesised powders. From the stability
domain of ZrC,O, phase, the increase of O/Zr ratio leads to
the stabilization of a significant amount of carbon vacancies in
the zirconium oxycarbide crystal lattice.

Otherwise, the incorporation of oxygen in the zirconium
carbide lattice leads to both a significant enhancement of the
densification kinetics during spark plasma sintering treatment
and an important decrease of mechanical properties at room
and at high temperature; by promoting the formation of fur-
ther carbon vacancies and by weakening the initial boundings
in the crystal lattice. Nevertheless, the mechanical properties of
the most refractory synthesized composition ZrCp 94 Og o5, allow
considering this SPS sintered material as a serious candidate for
thermostructural applications.
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