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bstract

irconia polycrystals stabilised with 7 mol.% CaO containing 10 vol.% WC particles (Ca-PSZ/WC) were obtained by using zirconia nanopowder and
C micropowder. Cold isostatically pressed samples were pressureless sintered in argon at 1350–1950 ◦C. The influence of the sintering temperature

nd the incorporation of WC particles on the phase composition and mechanical properties of the composites were studied. Decomposition of WC
ue to the reaction with the zirconia matrix was found. W C and metallic tungsten were detected as decomposition products when heat treated
2

elow 1750 ◦C. At higher temperatures, ZrC is formed. The mechanism of WC decomposition was discussed. The zirconia polycrystals modified
ith in situ formed W and W2C inclusions showed a bending strength of 417 ± 67 MPa, a fracture toughness of 5.2 ± 0.3 MPa m0.5 and a hardness
f 14.6 ± 0.3 GPa.

2005 Elsevier Ltd. All rights reserved.
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. Introduction

Stability of tungsten carbide in contact with zirconia solid
olutions at elevated temperatures is an important issue for
he production and utilization of zirconia based compos-
tes reinforced with WC inclusions. Until now, reactivity of
ttria–zirconia solid solution with reference to WC particulates
as only been studied. Haberko et al.1 reported the presence
f W2C and ZrC in the Y-TZP/WC composites heat treated at
500 ◦C in a carbon bed. It was stated that both W2C and ZrC
riginated from the reaction between ZrO2 and WC. The for-
ation of ZrC in the reaction of ZrO2 and C (carbon bed) was

lso considered but its contribution to the overall ZrC detected
as not determined.
Development of composites in the CaO ZrO2 WC

ystem2,3 created the necessity to study the thermal stability of

C particulates also in contact with calcia–zirconia solid solu-

ions. The presented work is devoted to this issue. The main aim
as to quantitatively characterise the evolution of phase com-
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osition of the Ca-PSZ/WC composites heat treated in a broad
emperature range to establish the mechanism of tungsten car-
ide decomposition in contact with zirconia solid solutions. The
ffect of the WC decomposition on the mechanical properties of
he Ca-PSZ/WC composites was also studied.

. Experimental procedure

Zirconia polycrystals which contained 7 mol.% CaO in solid
olution and 10 vol.% WC particulates as an original additive
Ca-PSZ/WC) were prepared using zirconia nanopowder and
ungsten carbide micropowder. A co-precipitation method fol-
owed by hydrothermal crystallization was used to prepare the
irconia nanopowder. A homogeneous calcia–zirconia hydro-
el was co-precipitated from an aqueous solution of appropriate
hlorides with NaOH at a pH of 12.5. The following chemical
eagents were used: ZrOCl2·8H2O—zirconia content >99.7%
main impurity measured by AAS was Si—0.03%, Fe—0.02%,
l—0.015%), Beijing Chemicals Import and Export Corpora-
ion, China; CaCO3—analytically pure, Polish Chemical Works,
liwice, Poland; NaOH—analytically pure, Polish Chemical
orks, Gliwice, Poland. The hydrogel was hydrothermally

reated for 4 h at 240 ◦C under the pressure of saturated water
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Fig. 1. X-ray diffraction patterns of the Ca-PSZ/W

apour (∼3.8 MPa). The crystalline zirconia powder with a
pecific surface area of 54.3 ± 1.0 m2/g was composed of a mix-
ure of equiaxed crystallites of 10 nm and needle like shape of
0–64 nm in width and of a ratio of length to width ranging from
.5 to 5.6. The isometric and elongated crystallites had tetragonal
nd monoclinic symmetry, respectively. The monoclinic phase
ontent was 50 ± 2 vol.%. Details concerning powder character-
zation methods can be found in Ref. 4.

The original WC powder (Baildon, Katowice, Poland) was
illed for 40 h in a rotary–vibratory mill with zirconia grinding
edia of 10 mm in diameter in distilled water to reduce the
odal value of the particle size from 10 to 0.59 �m as measured

y the sedimentation method (Sedigraph 5100, Micromeritics).
The WC and zirconia powders were homogenised by wet

ttrition for 1 h with zirconia grinding media of 2 mm in diame-
er in isopropyl alcohol then dried and cold isostatically pressed
t 200 MPa into disks of 12 mm in diameter and 4 mm thick.
fter placing between the two graphite foil dividers, the sam-
les were pressurelessly sintered for 1 h at 1350–1950 ◦C in a
ow (0.11 m3/h) of argon (99.99%). One series of the sintering
xperiments was performed. A furnace with a graphite heater, a
eating rate of 15 ◦C/min and a cooling rate of 35 ◦C/min was
sed. Ca-PSZ samples material without WC were also prepared
nder the same conditions. For the purpose of bending tests, the
lates of 25 mm × 30 mm were prepared.

The phase composition of the sintered materials was deter-
ined by X-ray diffraction analysis (radiation—Cu K�1,

ange—20–90◦ 2θ, step—0.008◦ 2θ). Before measurement, a
urface layer of each sample, which included ∼30% of the orig-
nal thickness, was removed by grinding and the surface was
nally polished with 1 �m diamond powder. Rietveld refine-

ents were carried out by means of the X’Pert Plus v1.0 program

Philips) to determine phase fractions and unit cell parameters of
he constituent phases. Because of the complex phase composi-
ion of some samples, densification of the sintered polycrystals

p
i
p

posites as a function of the sintering temperature.

as determined using optical microscopy and direct porosity
easurements. Surface areas of 500 �m × 500 �m were numer-

cally analysed (Image J 1.29x—Ref. 5). The relative density
as calculated by subtracting the mean percentage pore content

taken from three measurements) from 100%. Polished and ther-
ally etched surfaces (vacuum, 1250 ◦C for 6 h) were observed

nder SEM to monitor changes in the microstructure due to the
C incorporation and the sintering temperature.
Vickers hardness was measured under a load of 9.81 N.

racture toughness, KIc, was determined by Vickers indenta-
ion. A load ranging from 29.4 to 98.1 N and a holding time
f 10 s were used. The Palmqvist crack model was applied
or the KIc calculations.6 Bending strength of the samples of
.5 mm × 2.5 mm × 25 mm was measured by the three-point
ethod, using a span of 20 mm and a loading rate of 2 mm/min.
he samples for mechanical property measurements were pol-

shed with 1 �m diamond paste.

. Results

The evolution of the phase composition of the Ca-PSZ/WC
omposites with sintering temperature is shown in Figs. 1–3. The
-ray diffraction analysis revealed the presence of cubic, tetrag-
nal and monoclinic zirconia polymorphs, WC, W2C, metallic
ungsten and ZrC in the studied materials. The phase content
epends on the sintering temperature. W2C and W as WC
ecomposition products were observed in the samples sintered
t temperatures as low as 1350 ◦C. WC disappeared at 1750 ◦C,
nd the remaining W2C decomposed completely to tungsten at
950 ◦C. Zirconium carbide has been found in the samples sin-
ered above 1750 ◦C.
The influence of the sintering temperature and the WC incor-
oration on the cubic, tetragonal and monoclinic phase content
s shown quantitatively in Fig. 2. An increase of the cubic
hase content and a decrease of the sum of the tetragonal and
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ig. 2. The zirconia phase content in the Ca-PSZ material and the zirconia matrix
f the Ca-PSZ/WC composite as a function of the sintering temperature.

onoclinic phase is observed at temperatures below 1550 ◦C.
his behaviour is similar to that predicted by the CaO ZrO2
hase diagram for the phase equilibrium in air7 and originated
ainly from changes in the CaO distribution between tetragonal

nd cubic polymorph. At higher sintering temperatures, both the
ubic and monoclinic phase content decrease whereas the tetrag-
nal phase content increases. This behaviour is most probably
elated to the oxygen nonstoichiometry of ZrO2 due to sinter-
ng at low oxygen partial pressure.8–10 A redistribution of the
a stabiliser should also be considered as a factor influencing

tability of both phases. The incorporation of WC particulates
nto the Ca-PSZ matrix increased the cubic phase content and
lightly decreased the tetragonal phase content. The content of
he monoclinic phase remained practically unchanged.

Changes in the WC, W2C and W content in the Ca-PSZ/WC
omposites with sintering temperature shown in Fig. 3, indicate
small and non-monotonic increase of the tungsten content and

significantly larger increase of the W2C content in the temper-
ture range in which WC exists. In this temperature range ZrC is
ot observed (Fig. 4). This proves that WC decomposes to W2C
nd W and this process is not accompanied by the formation

ig. 3. The WC, W2C and W content in the Ca-PSZ/WC composites as a func-
ion of the sintering temperature.
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ig. 4. The zirconium carbide content in the Ca-PSZ and Ca-PSZ/WC materials
s a function of the sintering temperature.

f ZrC. The non-monotonic course of the W and WC content
t 1550–1750 ◦C indicates a sensitivity of the WC decompo-
ition to fluctuation of the sintering atmosphere composition,
hich is probable at the applied experimental procedure. The
resence of a small content of ZrC in the Ca-PSZ and Ca-
SZ/WC materials (Fig. 4) confirms the reaction between ZrO2
nd C above 1750 ◦C. Potential carbon sources are as follows:
i) the graphite foil, (ii) the furnace atmosphere, (iii) the W2C
ecomposition. The graphite foil together with the carbon rich
tmosphere contacting with the zirconia-based sample develops
he carburisation effect. Thickness of the carburizing surface
ayer of 690 and 800 �m can be estimated by approximation of
he data reported by Zhao et al.11 for the sintering temperatures
f 1850 and 1950 ◦C, respectively. These values are comparable
r larger then the thickness of the surface layer removed from
he studied Ca-PSZ and Ca-PSZ/WC samples before the X-ray

easurements indicating that the effect of the first two carbon
ources can be neglected at least below 1750 ◦C. Above this
emperature, the additional amount of ZrC might be formed in
he Ca-PSZ/WC sample from carbon originated from the W2C
ecomposition as indicated by the higher ZrC content of the Ca-
SZ/WC composites than that of the original Ca-PSZ material
Fig. 4). The measured difference of the ZrC content between the
a-PSZ/WC and Ca-PSZ sample is 0.9 and 1.2 vol.% at 1850
nd 1950 ◦C, respectively. Simple calculations indicate that a
omparable ZrC amount of 1.6 vol.% can be formed during the
eaction between ZrO2 and the carbon released from 6.2 vol.%

2C measured in the Ca-PSZ/WC sample at 1750 ◦C. This sug-
ests that the WC decomposition is accompanied by the ZrC
ormation when the conditions for carbothermal reduction of
rO2 are induced.

The WC decomposition results in an increased porosity of the
a-PSZ/WC composites (Fig. 5). This suggests the formation of
aseous products which inhibit densification of the composites.
he decreased density of the Ca-PSZ materials with sintering
emperature is related most probably to the high heating rate
hich enhances the disadvantageous effects of differential sin-

ering of the nanopowders.12
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ig. 5. Relative density of the Ca-PSZ and Ca-PSZ/WC materials as a function
f the sintering temperature.

WC, W2C and W inclusions were uniformly distributed
ithin the composite microstructure (Fig. 6a and b). There were
o significant changes in morphology of the inclusions before
nd after WC decomposition. Some intergranular WC inclusions
hich dominated in the composites sintered at low temperatures

hanged to intragranular ones as a result of zirconia grain growth

n the high temperature sintered composites. The ZrO2 grain size
as significantly inhibited by the WC, W2C and W inclusions
hen compared to the zirconia grain growth observed in the
a-PSZ materials (Fig. 6).

t
a
c
t

ig. 6. Back scattered SEM micrographs: (a) Ca-PSZ/WC sintered at 1450 ◦C, (b) C
intered at 1850 ◦C.
ig. 7. Bending strength of the Ca-PSZ and Ca-PSZ/WC as a function of the
intering temperature.

The mechanical properties of the studied materials are pre-
ented in Figs. 7 and 8. The fracture strength (Fig. 7) dropped
lmost to zero for the materials sintered at 1450–1650 ◦C due
o the extended t → m transformation during cooling and the
resence of cracks. However, the progress in deoxidation of the
irconia solid solution which resulted in the reduced amount of

he monoclinic phase raised the bending strength over 250 MPa
t higher sintering temperatures. The microstructural and phase
hanges that accompanied the incorporation and decomposi-
ion of WC further increased the bending strength. A value

a-PSZ/WC sintered at 1850 ◦C, (c) Ca-PSZ sintered at 1450 ◦C, (d) Ca-PSZ
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content (Fig. 3). The � value raises when the WC and W2C
decomposition proceeds (up to 1750 ◦C) and decreases at higher
temperature.
ig. 8. Fracture toughness and Vickers hardness of the Ca-PSZ and Ca-PSZ/WC
s a function of the sintering temperature.

f 417 ± 67 MPa was measured for the Ca-PSZ/WC compos-
te sintered at 1750 ◦C. This material showed also the highest
ardness of 14.6 ± 0.3 GPa and increased fracture toughness of
.2 ± 0.3 MPa m0.5 (Fig. 8). The increase of porosity degraded
ending strength of the composites sintered above 1750 ◦C. In
ontrast, a significant rise (95–112%) in fracture toughness of
he composites compared to the Ca-PSZ material has been found
or the sintering temperature range of 1850–1950 ◦C in which
n situ formed tungsten inclusions prevailed.

An increase in the hardness by18.4 and 20.4% was measured
n the Ca-PSZ/WC composites sintered at the temperature of
550 and 1650 ◦C, respectively (Fig. 8). This coincides with the
ncrease in the W2C content by up to 70% of the WC + W + W2C
um. A W2C hardness of 58 and 40 GPa was calculated using
he rule of mixture and assuming a hardness of 22 and 3.2 GPa
or WC13 and W,14 respectively. These values are larger than

W2C hardness of 22 GPa reported in literature15 suggest-
ng that the possible mechanism of the hardness increase is
elated not to the hardness of W2C being similar to WC but
o stresses generated in the zirconia matrix due to the W2C
ppearance. W2C has ∼9% larger physical density, 30–40%
maller modulus of elasticity and larger thermal expansion
nisotropy (W2C: αa = 1.2 × 10−6 K−1, αc = 11.4 × 10−6 K−1;

C: αa = 5.2 × 10−6 K−1, αc = 7.3 × 10−6 K−1)16 than WC.
ynergetic effects of these factors are most probably responsible
or the observed hardness increase of the Ca-PSZ/WC com-
osites. Above 1650 ◦C, the increase of both porosity and the
ow hardness secondary phase of metallic tungsten significantly
educed the hardness increase of the Ca-PSZ/WC composites.

. Discussion

The X-ray diffraction analysis of the phase composition evo-
ution during sintering Ca-TZP/WC composites together with
orosity measurements provided evidence that WC inclusions

nserted into a matrix of zirconia solid solution decomposed in
wo stages. The first one is connected with the W2C formation.
n the second one, W2C decomposed giving metallic tungsten.
n both stages carbon has evolved which reacted with oxygen,

F
C
c

ig. 9. Unit cell parameter of the cubic zirconia phase in the Ca-PSZ and Ca-
SZ/WC materials as a function of the sintering temperature.

aken from the oxygen sublattice of the zirconia solid solution,
orming CO. This reaction creates oxygen vacancies resulting in
shrinkage of the elementary cell as evidenced by the unit cell
arameter measurements of the cubic zirconia phase shown in
ig. 9. A decrease in the cubic cell parameter with the sintering

emperature is also observed for the Ca-PSZ material. Two fac-
ors are responsible for this: (i) the equilibrium CaO content in
he zirconia solid solution decreases with sintering temperature7

enerating a decrease of the cubic cell parameter,17 (ii) the
eviation from stoichiometry (oxygen vacancy concentration)
f zirconia at a constant oxygen partial pressure increases with
intering temperature.18 As shown in Fig. 9, the unit cell param-
ter of the cubic zirconia phase in the Ca-PSZ/WC composites
how an additional decrease due to the WC decomposition. It
s worth noticing that the difference of the unit cell parameters,

, between the cubic phase in the Ca-PSZ material and the zir-
onia matrix of the Ca-PSZ/WC composite (Fig. 10) changes
ith temperature following the changes in the WC and W2C
ig. 10. Unit cell parameter difference, �, of the cubic zirconia phase of the
a-PSZ material and that of the Ca-PSZ/WC composite sintered under the same
onditions as a function of the sintering temperature.
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The above collected arguments prove that the decomposition
f WC creates additional oxygen vacancies according to the
ollowing reactions:

rO2 − x + 2yWC = yW2C + ZrO2 − x − y + yCO (1)

rO2 − x + yW2C = 2yW + ZrO2 − x − y + yCO (2)

ith x, the oxygen vacancy concentration in the zirconia matrix
onnected to the stabilising cation concentration, temperature
nd sintering atmosphere; y, the oxygen vacancy concentration
n zirconia matrix resulting from the WC and W2C decomposi-
ion.

The stability of the cubic and tetragonal polymorphs is known
o be critically dependent on the oxygen vacancy concentration
n the system.10,19,20 So, it is not surprising that the increased
xygen vacancy concentration due to the WC decomposition
ncreased the amount of the cubic zirconia in the matrix of the
a-TZP/WC composites decreasing simultaneously the amount
f the tetragonal one (Fig. 2) when compared to the Ca-TZP
aterial.
The presented results clearly indicate that the WC decom-

osition proceeds without ZrC formation at the temperatures
elow 1750 ◦C. This result is different to that obtained in the
mol.% Y2O3–ZrO2/WC system where the decomposition of

ungsten carbide to metallic tungsten was not observed and ZrC
as already found when heat treated at 1500 ◦C.1 The differ-

nces observed between yttrium and calcium contained system
hould not be connected to the type of stabilising cation but
o other factors influencing the WC decomposition mainly of a
inetic nature, i.e., the size of WC particulates and of a thermo-
ynamic one, i.e., the oxygen vacancy concentration produced
y the stabilising oxide. Coincidence of the WC decomposition
ith zirconia carburisation effects should also be considered.
However, the WC decomposition is accompanied by the ZrC

ormation above 1750 ◦C as indicated by the data of Figs. 3 and 4.
ome support for this statement comes from thermodynamic
alculations21 showing that ZrC can be formed in the reaction
etween ZrO2 and C if the CO partial pressure in the system
s lower than 2 atm at 1727 ◦C and as much as ∼10 atm at
950 ◦C.

The relatively poor mechanical properties of the Ca-PSZ/WC
omposites sintered at high temperatures originate from the
mall amount of tetragonal ZrO2 phase and the large amount
f cubic zirconia implying a limited amount of transformation
oughening and from the porosity due to the WC decomposition
rocess.

. Conclusions

WC decomposes in calcia-stabilised zirconia matrix during
eating at temperatures ranging from 1350 to 1950 ◦C. The
C decomposition to metallic tungsten proceeds through W2C

nd CO formation. Above 1750 ◦C, the formation of small

mounts of ZrC accompanies this process. The WC decompo-
ition changes the cubic and tetragonal zirconia phase contents
n the composites through the creation of additional amounts of
xygen vacancies available for the stabilisation process.

1

1

Ceramic Society 26 (2006) 3845–3851

The microstructural and phase changes that accompany the
ncorporation and decomposition of WC improve the mechan-
cal properties of the Ca-PSZ/WC composites sintered above
650 ◦C. The W2C appearance increases the composite hard-
ess in spite of the increased porosity. A bending strength of
17 ± 67 MPa in combination with a hardness of 14.6 ± 0.3 GPa
nd a fracture toughness of 5.2 ± 0.3 MPa m0.5 was measured for
he Ca-PSZ/WC composite sintered at 1750 ◦C. The increased
mount of in situ formed metallic tungsten, up to 5.6 vol.%
ncreased the fracture toughness up to 6.8 ± 0.9 MPa m0.5 when
intered at 1850 ◦C. The CO evolved during the WC decomposi-
ion limits, however, densification of the Ca-PSZ/WC compos-
tes and affects the mechanical properties.
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Tetragonal polycrystals under reducing conditions. In Third Euro-Ceramics
V.1, ed. P. Duran and J. F. Fernandez, 1993, pp. 967–971.

0. Pyda, W., Microstructure and properties of zirconia-based nanocompos-
ites derived from a powder containing TiC crystallised in-situ and carbon.
Ceram. Int., 2004, 30, 333–342.

1. Zhao, Z., Liu, C. and Northwood, D. O., The role of carbon in the phase
stability of 3Y-TZP at low temperatures. In Key Engineering Materials, vols.
233–236. Trans Tech Publications, Switzerland, 2003, pp. 655–660.

2. Pyda, W., Porosity evolution during heat treatment of the samples of zirco-
nia nanopowders shaped by colds isostatic or filtration pressing. In Polish
Ceramic Bull., Ceramics, vol. 71. Polish Academy of Sciences, 2002, pp.
191–198.

3. Pierson, H. O., Handbook of Refractory Carbides and Nitrides. William

Andrew Publishing, Noyes, 2001, pp. 100–117.

4. Ross, R. B., Metallic Materials Specification Handbook (4th ed.). Chapman
& Hall, London, 1992.

5. Bauccio, M., ed., ASM Engineered Materials. 2nd ed. ASM International,
Materials Park, OH, 1994.

http://www.rsb.info.nih.gov/ij/


opean

1

1

1

1

N. Moskała, W. Pyda / Journal of the Eur

6. Toth, L. E., Transition Metal Carbides and Nitrides. Academic Press, New
York, 1971.

7. Haberko, K., Preparation and properties of zirconia micropowders.
Scientific Bulletins of the Stanisław Staszic University of min-

ing and Metallurgy, No. 931q, Ceramics 47, Cracow, 1983, 60–
64.

8. Park, J.-H. and Blumenthal, R. N., Thermodynamic properties of nonstoi-
chiometric yttria-stabilized zirconia at low oxygen pressure. J. Am. Ceram.
Soc., 1989, 72, 1485–1487.

2

2

Ceramic Society 26 (2006) 3845–3851 3851

9. Kountouros, P. and Petzow, G., Defect chemistry, phase stability and prop-
erties of zirconia polycrystals. In Science and Technology of Zirconia, ed.
S. P. S. Badwall, M. J. Bannister and R. H. Hannink. Technomoc Publishing
Co. Inc, 1993, pp. 30–48.
0. Cheng, Y.-B. and Thompson, D. P., Role of anion vacancies in nitrogen-
stabilized zirconia. J. Am. Ceram. Soc., 1993, 76, 683–688.
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