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SUMMARY

Single-phase zirconium oxycarbide and a two-phase material, zirconium
oxycarbide—zirconia, were synthesized by the reaction between zirconium
carbide and zirconia powders at 2000°C under vacuum (4 Pa). ZrC O, has
the same cubic face centered (c.f.c.) crystallographic structure as zirconium
carbide. The insertion of O increases the metal-non-metal bond strength
and causes a decrease of the lattice parameter. ZrCy.4,0,.,6 Witha = 4-66 A
is the composition of zirconium oxycarbide at the phase boundary with free
zirconium dioxide.

The sinterability of these new materials was studied by hot-pressing under
argon. Dense specimens without change of composition were obtained after
hot-pressing. The hot-pressing temperature necessary to reach a relative
density of 0-97 in 1 h was more than 300°C lower (at 1765°C) for zirconium
oxycarbide saturated with oxygen than for zirconium carbide. Likewise, an
increasing amount of ZrQ, in the two-phase materials permitted a decrease
of the hot-pressing temperature: between 0 and 17 mass% of ZrO, the hot-
pressing temperature required decreased by more than 200 to 1550°C.

1. INTRODUCTION

Authors'? who have studied the transition-metal carbides of the fourth,

fifth and sixth groups of the periodic table have noticed the difficulty of

producing these materials without the presence of dissolved oxygen.

Zirconium carbide especially® shows a great affinity for oxygen. Several
291
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investigations have been carried out on the reaction between zirconium
dioxide and carbon,* !° and between zirconium oxide and zirconium
carbide.!!"14 Different authors give a partial phase diagram for the
Zr-O-C system'®~!° with a homogeneity range of the zirconium oxy-
carbide phase. However, these studies led to different or contradictory
results; this can be explained by the different experimental conditions
concerning temperature and atmosphere (argon, vacuum, partial pressure
of carbon monoxide). Certain authors conclude that zirconium oxycarbide
is unstable,'>'3 whereas Ogawa?? affirms that the oxycarbides, i.e. the
carbides containing dissolved oxygen, of the group IV and actinide elements
are so stable that it is hard to obtain the oxygen-free carbides. The most
complete study was carried out by Ouensanga and Dodé¢,!® who give a
phase diagram for the Zr-O-C system at 1555°C.

Until now workers have been interested primarily in the chemical and
thermodynamic aspect of the formation of zirconium oxycarbide. We have
been interested in the preparation of dense specimens in order to study
their properties. Thus, the main aim of this work was the synthesis of
powders of single-phase zirconium oxycarbide, and of two-phase material,
zirconium oxycarbide-zirconia, by reaction between zirconium dioxide
and zirconium carbide at 2000°C under vacuum, and the study of their
sinterability by hot-pressing.

These materials had previously never been studied in a densified form
and their mechanical properties in particular were unknown. Several
possible applications exist: zirconium oxycarbide can be of value as a
material for structural applications at very high temperature, or as a
component in cemented carbides. If toughening of zirconium oxycarbide
by zirconia is induced, the two-phase material could find cutting tool
applications.

2. STUDY OF THE REACTION BETWEEN ZrO, AND ZrC
2.1. Starting materials

Zirconium carbide (ZrC) powder of high purity was supplied by H. C.
Starck (‘vacuum quality’, low Hf content). The amounts of the principal
impurities are in mass%: Fe=0012, O=0-106 and N =0-253. The
formula determined by chemical analysis is ZrC,.q¢5. The BET specific
surface area was 0-5m?g~!. Zirconium dioxide (ZrO,) powder without
stabilizer was supplied by Criceram (UPH V). The specific surface area of
this powder was 6:6 m? g~ 1. X-ray diffraction analysis showed the presence
of both monoclinic and tetragonal zirconium dioxide.
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2.2. Procedure

The reaction was studied at 2000°C under a steady-state vacuum of 4 Pa
(~3 x 1072 torr). Mixtures of ZrO, and ZrC powders with the different
compositions (molar basis) ZrO, + «ZrC, with « =19, 8, 6, 4, 3-25, 25, 2,
were intimately mixed in ethanol using a ‘Turrax’ turbine and dried under
vacuum at 110°C. Cylindrical specimens (diameter = 20 mm, height ~
15 mm) were obtained by uniaxial cold-pressing. Reaction was allowed to
proceed at 2000°C for 4 h: this time was sufficient to reach the thermo-
dynamic equilibrium (longer annealing at 2000°C did not change the
composition) except for the mixture ZrO, + 19ZrC. This material therefore
was re-milled, cold-pressed and heated again at 2000°C for 4 h in order to
achieve complete reaction. After annealing, specimens were crushed in a
steel mortar for X-ray diffraction and chemical analysis.

The main elements zirconium, carbon and oxygen were analysed. Zr
was determined by combustion of the powder at 1000°C in air for 1h.
After oxidation, only zirconium dioxide remains; hence it is possible to
determine the Zr content. To determine the carbon content, the powder
was combusted at 1600°C in a ‘LECO 523’ with the aid of fluxes, and the
amount of carbon monoxide was determined using conductimetry. Oxygen
was assumed to account for the residual mass.

The amount of zirconium dioxide in the two-phase powders (ZrC, O,
Zr0O,) was obtained by quantitative X-ray analysis. After crushing, ZrO,
was entirely monoclinic. For low contents (<10mass%), ZrO, was
determined by extrapolation to the origin of the straight line, I,,;ZrO,/
I,,,ZrC,0,, versus content of added ZrO, in the powder to be analysed,
with

I,,;ZrO,: intensity of the principal diffraction peak (111) of
monoclinic ZrO,

I;,,ZrC.0,: intensity of the principal diffraction peak (111) of ZrC,O,

Monoclinic zirconium dioxide supplied by Magnesium Elektron was used
for additions. For high contents (>10mass%), ZrO, was obtained from
a standard curve plotting 1,,;ZrO,/I,,, ZrC,O, versus content of ZrO,
additions to pure ZrC.O,.

2.3. Theoretical study of the reaction

For starting mixtures rich in zirconium carbide, the reaction can be written
as follows:

ZrO, + aZrC — (1 + 2)ZrC,0, + XCO €8

(to simplify, it is assumed that zirconium carbide is stoichiometric).



294 P. Barnier, F. Thévenot

Considering the reaction equilibrium, the following relations are derived
from (1):

a—X
= 2
X 1+« @
2—-X
y=1+a 3)

X can be determined by measuring the mass loss of the specimen during
reaction (it is supposed that the mass loss is due only to the formation of
carbon monoxide). Consequently, the composition of zirconium oxycarbide
can be calculated by using the composition of the starting mixture and the
measure of the mass loss during reaction.

For the starting mixtures weaker in zirconium carbide, the reaction
becomes

210, + aZrC— (14+a—A)ZrC, O, + AZrO, + XCO 4)

X0 ~ Yo

In this case, the zirconium oxycarbide is saturated with oxygen and is
therefore in thermodynamic equilibrium with the residual zirconium
dioxide. The composition of zirconium oxycarbide at the phase boundary
(4 =0) is given by the following relations from (2) and (3):

_“O—Xo
Yo = [+« (3)
yo == %o (6)
O 1+4a,

where «, is the number of moles of ZrC in the starting mixture to give
pure zirconium oxycarbide saturated with oxygen and X, is the number of
moles of saturated CO formed.

From (5) and (6), the following relation can be written:

1+ a,

Xo— Yo = (7)
Considering the reaction equilibrium (4), the following relation is
derived:

a—2+2A4

1+a—4A4 ®)

X0~ Vo=
From (7) and (8), the number of moles of residual zirconia 4 is given
by the following equation:
o

A=1——
&g



659-v L-SI — - — - ¢t $6:9 (4% £L-98 IS L9-99 [4

099-¥ ¢-8 — — — - 6L 8- 6L-9 6¢-L8 09-¢ eIl 4
199-¢ 8-0 - - - — 81 ov-v Se-L §C-88 LO-S LY-9L St
§99-v yZ-0 ¥9-0 70 L9-0 0 Syt 6L-L 9L-88 L1y 08 14
LL9Y - SI-0 L0 S1-0 yL-0 0 0¢-C 0L-8 00-68 14°R1 1L-68 9
89-¥ I-0 8L-0 01-0 6L-0 0 19-1 §¢-6 ¥1-68 86-C 68-88 8
69t 810-0 L8O L70-0 88-0 0 w0 e-01 97-68 0T-¢ S6 61
(2ouaaaffip
44q) 0 o) iz
v ‘047 O4SSDIN 94 SSDIN 9% SSDWW
\QﬂwkN Jo paipmowo 94 SSDUWL D47 9310w
431oupavd ‘047 pawpnopy  pawpnoppy AZ _ o AL _ | cuoupunuiolp ut sisAjpup % aangxiu
ooy 9% SSON { X o 0 Ava-x JDINUBYD (DI [DIO] /sso ssopy Bunavig 0

2pIqIBIAXQ JO I2)PWERIRg 9ONIET ‘UONORIY BuLIn( JUSWAINSEIN SSOT 1YF1opm
oY) WOl UONB[NO[E) PUE SISA[EUY Uonoelglg Aei-X [ESIWAY)) 01 FuIp1oddy ‘SIoNpold UoNdEdy dy) ut to17-"0"D1Z pue ‘0*Diz jo uomsodwo)
14T1dVL



296 P. Barnier, F. Thévenot

2.4. Results and discussion

According to the composition of the starting mixture, the solid reaction
products, analysed by X-ray diffraction, are only zirconium oxycarbide or
a mixture of zirconium oxycarbide and zirconium dioxide (Table 1). ZrC,O,
has a crystallographic structure which is identical with that of zirconium
carbide: c.f.c. (NaCl type). Carbon and oxygen atoms occupy the octahedral
interstitial vacancies of the metallic lattice. The zirconium dioxide is
entirely in its monoclinic form.

The variation of the lattice parameter of the oxycarbide phase is plotted
as a function of the molar content of zirconium carbide in the starting
mixture (Fig. 1). Two different domains are observed. On the right side of
the figure, we observe a gradual decrease of the lattice parameter with the
diminution of the zirconium carbide concentration of the starting mix-
ture. This corresponds to the monophase domain. The lattice parameter
decreases with the progressive introduction of oxygen in the metallic lattice.
Zirconium oxycarbide is grey-like ZrC, or reddish for specimens rich in
oxygen (x < 0-74 and y > 0-15).

Below a limiting content of zirconium carbide in the starting material, the
lattice parameter of ZrC, O, is constant. Two phases are in thermodynamic
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Fig. 1. Variation of the lattice parameter of zirconium oxycarbide after reaction of
mixtures (ZrO, + aZrC) at 2000°C as a function of the starting molar concentration of
zirconium carbide [o/(1 + &)].
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equilibrium: zirconium oxycarbide saturated with oxygen and zirconium
dioxide.

The chemical composition of the specimens is given in Tablel. The
amounts of O and C calculated from the weight loss using the relations
given above are close to the values obtained by chemical analysis. The
phase boundary of the zirconium oxycarbide is obtained for a starting
mixture of ZrO, + 3-37ZrC (see Fig. 1).
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Fig. 2. Variation of the lattice parameter of zirconium oxycarbide as a function of
(a) carbon and (b) oxygen concentration.

In Fig. 2 the variation of the lattice parameter of ZrC O, is plotted as
a function of the oxygen and carbon content. It can be seen that an
increase of the oxygen content or a decrease of the carbon content leads
to a decrease of the lattice parameter. The composition of zirconium
oxycarbide saturated in oxygen is determined by extrapolation,
ZrCy.¢,0,.26 Using the limit parameter 4-66A found in Fig. 1. It can be
seen that the insertion of oxygen is accompanied by an increase in the
concentration of octahedral vacancies (x +y <1 and decreases when y
increases). To determine the real influence of oxygen, we compared the
variation of the lattice parameter as a function of the occupation of the
octahedral vacancies for the oxycarbide phase and for non-stoichiometric
zirconium carbide according to Ramqvist? (Fig. 3). It can be seen that, in
this interval of concentration of octahedral vacancies, the lattice parameter
of ZrC, is almost constant. The lattice parameter of ZrC,O, is always less
than that of ZrC, and the difference between the two parameters increases
with increasing y. This proves that the Zr-O bond (certainly partially
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Fig. 3. Comparison of the lattice parameter of the oxycarbide phase and of
non-stoichiometric zirconium carbide according to Ramqvist,? as a function of the degree
of occupation of the octahedral vacancies.

=== -Phase diagram according
to OUENSANGA and DODE (19)
at 1555°C

Our results obtained at
2000°C under vacuum{4 Pa)

o ZrCxOy

© Zr Cy Oy=Zr 0

— . —Supposed phase boundary

Zr rO2 [@]

Fig. 4. Results obtained in this study at 2000°C plotted on the Zr-O-C diagram. Diagram
given by Ouensanga and Dodé'® obtained at 1555°C with five domains (I, ‘ZrO,’-C,
Peo >4 x 10 Pa (300 torr); 11, ‘ZrO,’~C-ZrC,0,, Pog =4 x 10* Pa; 111, ZrC,0,-C, Pe, <

4 x 104 Pa; IV, ZrC,0,~ZrO,’, Pc, <4 x 10°Pa; V, ZrC,0,).
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ionic) is stronger than the covalent Zr—C bond, and leads to a contraction
of the lattice.

The results obtained are plotted in a Zr-O-C diagram (Fig. 4). We also
show the results of the work of Ouensanga and Dodé!® obtained at
1555°C. There is good agreement between the two studies. At 2000°C it
is possible to insert more oxygen in the oxycarbide lattice (ZrC,.5,0,.,¢)
than at 1555°C (ZrC,.;30,.,4).- On the other hand, oxycarbides in the
single-phase domain produced by Ouensanga and Dodé at 1555°C under
a pressure of 1-:3mPa (10~ ° torr) (the points are not plotted in Fig. 4) have
compositions close to our results obtained at 2000°C under a pressure of
4Pa (3 x 10~ 2torr). The phase boundary (Zr side) of the zirconium
oxycarbide domain was supposed to be a line between ZrC, 5,5 (phase
boundary of non-stoichiometric zirconium carbide with zirconium accord-
ing to Ramgqvist®) and ZrC,.(,0,.,¢ (phase boundary of zirconium
oxycarbide with zirconium dioxide).

3. HOT-PRESSING OF ZrC O, AND ZrC,0,-ZrO,
3.1. Powder preparation and characterization

After reaction, the specimens were milled in ethanol in a ‘Dangoumau’
mill, using a stainless steel jar and balls, for 4h. The contamination by
iron was removed by washing in concentrated hydrochloric acid at
temperatures between 80°C and boiling point for 0-5 h. The acid, and iron
salts, were removed by rinsing with water, followed by acetone, before
drying. The operation was repeated twice to ensure the complete elimination
of iron. For powders rich in oxygen, a (non-negligible) solution of
zirconium oxycarbide was noticed: washing was carried out at 80°C to
minimize the solution. For composite powders, the zirconium dioxide
content was determined a second time, after washing, by quantitative
X-ray diffraction analysis.

The BET specific surface area was measured for all powders (Table 2)
and showed values between 0-5 and 1m? g~ 1.

The theoretical density of zirconium oxycarbide was calculated from the
chemical analysis and from the determination of the lattice parameter. For
two-phase materials, X-ray diffraction analyses of polished specimens show
that the zirconium dioxide is certainly entirely monoclinic. Hence, the
following relation was used for calculating the theoretical density of the
two-phase material:

de 100
t (100—1)
4, v 4,
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where d is the density of the two-phase material; d; is the density of
monoclinic zirconium dioxide, d, = 556 MgM~3; d, is the density of
zirconium oxycarbide saturated with oxygen, d, =676 Mgm™3; and ¢ is
the mass % of ZrO,.

3.2. Hot-pressing procedure

The hot-press used has already been described in previous papers.?!~23
Graphite dies and punches were used to obtain cylindrical-shaped speci-
mens 20 mm in diameter and 8 to 12 mm in height after hot-pressing. The
hot-pressing results for zirconium carbide are taken from a previous
study.?*

For ZrC,0O, and ZrC,0,-ZrO,, a chemical barrier is necessary to avoid
reaction of the specimen with carbon. The powder is encapsulated in
tantalum foil (thickness = 0-025 mm), and is then embedded in hexagonal
boron nitride. This method has already been used with success to produce
dense boron and boron suboxide.??'?° During hot-pressing, the temperature
was raised linearly with time at 30°C min~! with a low applied pressure
of 8 MPa, under vacuum up to 1000°C and under argon at higher
temperature. At its maximum, the temperature was held for 0-5 to 1 h and
a pressure of 32 MPa was applied (40 MPa for zirconium carbide). Then
the temperature was decreased linearly with time at 30°C min~! without
pressure for ZrC,0O, and at a speed of 10°C min~! in the case of ZrO,-
containing material to avoid the formation of macrocracks during the
martensitic transformation of zirconium dioxide which involves an increase
in volume.

After hot-pressing, the surface of the specimens was polished before
measuring the density and before X-ray examination. The lattice parameter
of ZrC,O, was calculated and compared with the parameter of the initial
powder.

3.3. Results and discussion

The results of the hot-pressing experiments are summarized in Table 2. No
appreciable change of the lattice parameters of the oxycarbide was observed
in the single-phase domain. This proves that the chemical composition of
the zirconium oxycarbide phase remains constant and the stability of this
phase can be confirmed under the conditions of this investigation. At
higher hot-pressing temperatures (7> 1800°C), the lattice parameter of
zirconium oxycarbide in the two-phase system increased slightly. This can
be explained by the slightly different conditions of the thermodynamic
equilibrium for the reaction of the powders (vacuum) on the one hand
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Fig. 5. Variation of the relative density of ZrC O, and ZrC,0,-ZrO, as a function of
the hot-pressing temperature (sintering time = 1 h).
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Fig. 6. Scanning electron micrograph of ZrC,.,,O,., s hot-pressed at 1900°C for 30 min,
using secondary electrons (chemical etching).
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and for hot-pressing (argon atmosphere and application of pressure) on
the other hand. At lower temperatures there is no variation of the lattice
parameter, since the reaction kinetics is very slow and the reaction
equilibrium is metastable.

For all compositions it was possible to obtain specimens of high
density. The variation of the relative density with different hot-pressing
temperatures is shown in Fig.5. It can be seen that the sinterability of
zirconium oxycarbide increases, when the oxygen content increases. In
Table 2 is noted the hot-pressing temperature necessary to reach a relative
density of 97% in 1h: for zirconium oxycarbide rich in oxygen
(ZrCg.4,0,.5,), the temperature necessary (1765°C) is 335°C lower than
the temperature necessary for zirconium carbide (2100°C). For materials
with a low amount of ZrO, (2-4mass%) the hot-pressing temperature
necessary to réach a density of 97% is only 1625°C, whereas 1765°C is
required for ZrC,.¢,0,.,,. Materials with 10-1 mass% of ZrO, have a
slightly worse sinterability but only 1550°C is necessary to reach a density
of 97% for materials with 17-0mass% of ZrO,.

502 3‘5#& x: eﬁu lﬁr-‘m '-um

Fig.7. Scanning electron micrograph of the two-phase material ZrC,, ,0,.,,—17-0 mass %

ZrO,, hot-pressed at 1600°C for 60 min, using back-scattered electrons (without chemical

etching; zirconium oxycarbide, zirconium dioxide and porosity appear respectively as light,
grey and dark).
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Metallographic examinations of polished specimens were made by SEM;
Fig. 6 shows the microstructure of ZrC,,.,,0,., s hot-pressed at 1900°C for
0-5h. The surface was etched with a solution of nitric and hydrofluoric
acids: grain boundaries are well etched but attack by acids increases the
size of holes due to porosity or caused by abrasion. Figure 7 shows the
microstructure of a two-phase material (ZrCy.¢,0,.,6 + 17:0 mass% ZrO,)
hot-pressed at 1600°C for 1h. Polishing is sufficient to reveal the grain
boundaries. The image was taken using back-scattered electrons in order
to obtain better phase contrast.

4. CONCLUSION

The synthesis of powders of single-phase ZrC,O, and of two-phase
ZrC,0,~ZrO, was achieved by reaction between zirconium carbide and
zirconium dioxide powders at 2000°C under vacuum (4 Pa).

The sintering of these new materials has been studied for the first time
by hot-pressing under argon. Specimens with good density and without
change of composition during hot-pressing were obtained. The sinterability
of oxycarbide increased considerably with the oxygen content, and in-
creased still further for materials containing ZrO,, even when the amount
of ZrO, was low.

The thermomechanical properties of these new materials will now
be investigated. The possibility in particular of toughening zirconium
oxycarbide by zirconia will be studied.
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