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Abstract

CeQ-doped ZrQ (8 mol%) starting powder was sintered by means of spark plasma sintering (SPS) aC18ifout holding time. The
stability of the tetragonal Zrgphase in the Ce-Zr{ceramic sintered under strongly reducing conditions was investigated. The SPS sample
consisted of monoclinic and tetragonal Zr@hases with a volume ratio of two to one, as well as a trace amount of a Zr—-Ce—0O cubic solid
solution phase. In contrast, the same powder sintered by hot-pressing in nitrogen at 1300 ax@i fdAth showed no tetragonal Z5O
Microstructural observation of the SPS ceramic by SEM and TEM revealed grains with and without twins. The reason for the appearance of
the tetragonal phase in the SPS sample sintered under strongly reducing conditions is discussed.
© 2004 Elsevier Ltd. All rights reserved.
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1. Introduction Due to the increase in the ionic radius of the cerium ions
from 0.101nm for C& to 0.111 nm for C&, there is an
It is well known that ceria-doped zirconia polycrystals approximately 40% mismatch in ionic radius with*Zrre-
(Ce-TZP) exhibit a remarkably high transformation tough- sulting in high elastic lattice strain and the segregation of
ness, even when compared to Y-TZP ceramics, and thatCe®* to the grain boundarie, which causes the destabiliza-
they are of considerable interest for advanced structuraltion of the tetragonal Zr@9phase and concomitant cracking
applicationsi= However, Ce-TZP is rarely used as a mono- of bulk materials. Heussner and Claussegported that sin-
lithic ceramic due to its relatively low hardness and strength. tering of Ce-TZP in nitrogen or even hot isostatic pressing
Another problem that limits the application of Ce-TZP is of pre-sintered materials in a reducing environment using
the susceptibility to reduction. Reduction of C¢o Ce* in graphite heating elements is impossible, since the tetrago-
Ce-TZP ceramics sintered in non-oxidizing atmosphere cannal phase will be completely destabilized and transformed to
be easily observed by the accompanying color change of themonoclinic ZrQ during cooling.
sample> Even when sintered in air, the central part of a Spark plasma sintering (SPS) is a relatively new sintering
large component will change color, turning orange to brown technique for the rapid consolidation of a variety of ceramic
or even black, depending on the oxygen partial pressure. materials, which enables samples to reach the sintering tem-
perature very rapidly. The versatility of SPS allows very quick
* Corresponding author. Tel.: +86 21 52412324 fax: +86 21 52413122, densification to near theoretical density in a number of metal-
E-mail addressplwang@sunm.shenc.ac.cn (P. Wang). lic, ceramic and multi-layered materials in a low vacuum en-
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vironment (5 Pa)}1-13|n the SPS process, a graphite die method® Microstructural investigation was performed by
is filled with the raw material powder, and placed between scanning electron microscopy (SEM, XL-30FEG, FEl, Eind-
lower and upper graphite punch electrodes. A mechanicalhoven, The Netherlands) and transmission electron mi-
pressure and pulsed direct current (dc) is applied to the sin-croscopy (TEM, JEOL-2010 and JEOL-4000EX, Japan).
tering powder compact, and the activation of powder parti-
cles is achieved by the application of electrical discharges.
Typical sintering time can be reduced from several hours for 3. Results and discussion
conventional sintering, using an electrical resistance furnace,
to approximately 30 min or even less by SPS. Table 1summarizes the sintering data for the samples pre-
During SPS, there is a strongly reducing atmosphere pared in this study, together with the density and constituent
around the starting powder because graphite is used as digphases of the sintered samples. Although the density of the
material, so itis reasonable to assume that reduction inCeO hot-pressed samples increases with increasing sintering tem-
doped ZrQ will occur and that no tetragonal phase will be perature in the range of 1300-150D, no fully dense ma-
retained at room temperature. To the best of the authors’terials can be obtained (s@able 1), whereas a relatively
knowledge, no details of the phase stability and microstruc- high density of 5.97 g/chwas reached for the SPS sample
ture of Ce-doped Zr@ceramics prepared by SPS have been prepared at 1300C without holding time.
reported. The hot-pressed samples cracked completely. Besides, re-
In order to investigate whether it is possible to limit or duction phenomena could be observed easily by the accom-
even avoid the reduction by a very short thermal sintering panying dark grey color of the samples. The X-ray diffrac-
cycle, 8 mol% Ce@-doped zirconia powder is densified by tion patterns in the@range from 27 to 33° for the samples
spark plasma sintering in the present work. The same pow-sintered under different conditions are presente&im 1
der was sintered by hot-pressing for comparison. The phaseit is noted that no trace of tetragonal phase was detected,
stability and microstructure of the 8 mol% Ce-Zr€ramics  whereas a large amount of monoclinic phase was formed in
sintered under strongly reducing conditions are investigatedthe hot-pressed samples. A minor but significant amount of
and discussed. an additional phase was also detected in the XRD patterns.
According to the XRD data, this additional phase could be
identified as a Zr—Ce—O cubic solid solution, whose XRD
2. Experimental procedure

. . . Table 1
The starting _mate”als used n the. present work areCeO Sintering conditions, densities and phase assembly of the sintered samples
(Yuelong chemicals, Shanghai, China, >99.9%) and»ZrO

. . } , Sintering condition Density Phase preseht
(Yuelong chemicals, Shanghai, China, >99.9%). The mixture (glcn?)
of starting materials was ball-milled in a polyethylene jar with 1300°C/20 MPa/L h (HP) 87 Monoclinic/s, GJmw
zirconia milling balls in ethanol for 24 h, and subsequently 1500°c/20 MPar1h (HP) 79 Monoclinic/s, GJmw
dried and sieved through a 100-mesh nylon sieve. 1300°C/50 MPa/0 min (SPS) .87 Monoclinic/s, t/m, Gdtr

For SPS, the dried powder was inserted into a Cylindrical 8Css Zr—Ce—0 cubic solid solution; t: tetragonal; s: strong; m: medium; w:
graphite die with a diameter of 20 mm and sintered in a SPS weak: tr: trace.
furnace (SPS-2040, Sumitomo Coal Mining Co., Japan) un-
der a uniaxial pressure of 50 MPa in vacuum at 130@ith- S
out holding time. The heating rate was T&D'min. For hot- N
pressing, the powder was inserted into a graphite die with di- E
ameter 20 mm and coated with boron nitride, and hot-pressed l @
in a graphite resistance furnace under a nitrogen flow of 1 atm l S
under a mechanical load of 20 MPa. Hot-pressing was per-
formed at 1300C and at 1500C for 1 h, respectively. The M
furnace was cooled by switching off the power.

The density of the sintered bodies was determined us- A

AN
31 3

ing the Archimedes method. The phase composition was (b)
characterized by X-ray diffraction using a Guinie&dt

camera (XDCo 1000, Sweden) with CucaK radiation (@)
(A =1.5405981) and Si as an internal standard. The X- . : : :
ray film analysis was completed by a computer-linked line 27 28 29 30
scanner (LS-18) system and SCANPI progrdnThe lat- 26
tice paramet_ers of the tetragonal phase in the SPS materlaIzig. 1. XRD patterns of the ceramics sintered under different conditions:
were determined t_)y. means of the PI.RUM progr%m—'he (a) hot-pressed at 130C, (b) hot-pressed at 150C, and (c) SPS-ed at
amount of monoclinic phase was estimated using Toyara’s 1300°C. The Si was added as internal marker.
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pattern was similar to that of gnCey 02 (PDF#38-1439),
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ternary system to reach complete equilibrium to form the

although the determination of its composition was not carried pyrochlore phase during cooling.

out.

The sample sintered by SPS was accompanied by a color

The influence of different atmospheres on the phase re-change to dark brown, indicating that reduction occurred dur-
lation of solid solutions in the Zr-Ce—O system has been ing sintering. No macrocrack or microcrack formation, how-

investigated by Leonov et &:18They reported that & in
solid solution of ZrQ was reduced to G& at increased tem-
peratures in reducing atmospheres and in vacuum of i®

ever, was observed on the surface of the SPS sample. XRD
results indicated the formation of three phases, of which the
major crystalline phase is monoclinic ZsOrhe minor phase

10-2Pa. In the present work, the starting powder was pre- is tetragonal Zr@. The unit cell dimensions of the tetragonal

pared by mixing of monoclinic Zr@and pure Ce@powder.

phase ar@=5.201A andc=5.233A, indicating an expan-

For the hot-pressing process, the powder was inserted intosion of thea-axis and a little shrinkage of theaxis com-

a graphite die and then hot-pressed in a graphite resistancgpared to those of the pure tetragonal Zqihase 4= 5.12A,
furnace in nitrogen for 1 h, yielding a strongly reducing envi- c= 5.25A, PDF#17-0923). This implies that Ce ions entered
ronment around the powder during the whole process. Underthe ZrQ lattice to stabilize the tetragonal phase. The amount

these conditions, the reduction oféons to C&* will oc-

of monoclinic and tetragonal phase in the SPS sample, cal-

cur. In the present work, there are two possible mechanismsculated from the XRD data, is 66 and 34 vol.%, respectively.

for the reduction of C¥ to Ce**: (1) during hot-pressing cy-
cle, Cé* ions at first enter into Zr@lattice, i.e. interact with
ZrO,, and then are reduced to €e(2) during hot-pressing
cycle, Cé* ions are reduced to Gebefore interaction with
ZrO», and it is not known which one is dominant. However,

Beside t- and m-Zrg a trace amount of a Zr-Ce-0 cubic
solid solution was detected.

During SPS, graphite was also used as die and punch ma-
terial, assuring a strong reducing environment around the sin-
tering powder implying that the reduction of €éons would

due to the strongly reducing environment and the very low be likely. It was, therefore, interesting to see that only a trace
oxygen partial pressure, it is reasonable to consider that allamount of the Zr—-Ce-O cubic solid solution was formed and

Cé** ions will be reduced to G&.

When all Cé* ions are reduced to Gg relevant phase
diagram is the Zr@-CeO3 systent’ as shown inFig. 2
According to this phase diagram, a cubic,2e0; com-
pound with a pyrochlore (p) structure is in equilibrium with
am-ZrQ—CeQ s solid solution or tetragonal solid solution,
below and above 100, respectively, for the composition
containing 3—44 mol% Cef3. In the hot-pressed samples,

that the tetragonal Zrcould be partially retained at room
temperature, which was not the case in the hot pressed ce-
ramics.

Due to the complete sample degradation, microstructural
observation on the hot-pressed samples was difficult, and
therefore, not carried out. SEM micrographs of the 8 mol%
Ce( stabilized Zr@Q SPS sample, which was polished and
thermally etched (30 min in air at 130Q) before observa-

however, no pyrochlore phase but a cubic Zr-Ce—0 solid so-tion, is shown inFig. 3. Many grains show a regular stripe
lution was formed instead. This fact can be explained that pattern with intervals ranging from 50 to 150 nm. Because
the hot-pressing cycle in the present work is much shorter of the very limited amount, it was not possible to find the
than that used for investigation of phase equilibrium, so that Zr—-Ce—-O cubic solid solution by SEM observation.

the time at elevated temperature might not be enough for this

To further investigate the microstructure of the SPS sam-
ple, TEM was performed, revealing the typical and charac-
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Fig. 2. Phase diagram of the Zs&CeQ 5 system’

Fig. 3. SEM micrograph of the 8 mol% CeGtabilized ZrQ ceramic sin-
tered by SPS.
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Fig. 5. Detail of a monoclinic grain of the 8 mol% CgGtabilized ZrQ

Fig. 4. TEM micrograph of the 8 mol% CeQtabilized ZrQ ceramic sin-
9 grap 6 Ce Q ceramic sintered by SPS.

tered by SPS.

summarized inTable 2 assuming that the Zr ions retain

teristic twin pattern of monoclinic Zr@grains, as shown the tetravalent state and theOcontent for Zf* is sub-
in Figs. 4 and 5The twinning structure of the monoclinic  tracted from the total amount of measured O ions, the re-
phase is the product of the athermal martensitic transfor- maining G~ content is not enough to keep the Ce ions in the
mation of the tetragonal to monoclinic Zsg(phase. This  tetravalent state. On the other hand, the O/Ce ratio is about
kind of morphology is similar to that which results from 1.5/1in both the monoclinic and tetragonal grains, supporting
the stress-induced tetragonal to monoclinic transformation the view that all C& ions are reduced to &during SPS
in Ce-TZP reported in the literatut&?0 It is, therefore,  sintering.
not excluded that a fraction of tetragonal grains transformed  Despite the complete reduction of€¢o Ce*, the tetrag-
during TEM sample preparation. Although a large amount onal phase could be partially retained at room temperature in
of monoclinic grains were observed on the polished sur- the SPS sample. On the other hand, only a trace amount of
face, only a limited extent of microcracking could be found, a Zr—Ce-O cubic solid solution was formed, clearly differ-
which indicates the good self-accommodation between the ent from the phase assembly of the hot-pressed samples. The
grains. results of EDS analysis and unit cell dimensions of the SPS

Energy dispersive point analyses were obtained during sample revealed the tetragonal Zrhase stabilizing effect
TEM analysis, as illustrated iRig. 6. The analysis results  of Ce**. Although it is understood that the stabilization of
of the indicated points are summarizedlable 2 The EDS t-ZrO, by Ce* is difficult, due to the approximately 40%
spectra of grains with a different morphology proved that mismatch in ionic radii of C& with Zr** resulting in high
the monoclinic ZrQ grains with twinning structure contain  elastic lattice straif?the presentresults indicate itis possible
less Ce (<2 mol%) than the tetragonal grains without twin- using a very rapid SPS sintering cycle. The exact mechanism,
ning structure £10 mol%). According to the EDS results however, remains unclear.

Table 2

EDS results of different point analysis at the locations indicated in Fig. 6

Point no. Zr (at.%) Ce (at.%) O (at.%) O for#at.%) O for Ce (at.%) O/Ce ratio Zegmol%)
1 3040 352 6608 6080 528 150 8962

2 3284 060 6657 6568 089 148 9820

3 3294 047 6659 6588 071 151 9859

4 3301 039 6660 6602 058 149 9883

5 3298 042 6660 6596 064 152 9874

aZr ions are assumed to retain their tetravalent state.
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Fig. 6. TEM micrographs and EDS spectra taken from different grains in the 8 mol% §efilized ceramic sintered by SPS. The analysis results of the

labelled positions are summarized in Table 2.

4. Conclusions

Fully densified 8 mol% Ce@®doped zirconia was ob-
tained by means of spark plasma sintering (SPS) at 1G00
without holding time. Although the powder was sintered un-
der strongly reducing conditions and complete reduction of
Cé** to Ce* occurred, a fraction of tetragonal Zs@ould
be retained at room temperature. Besides the t-4iiase,

a large amount of m-Zr@phase and a trace amount of a
Zr—Ce-0 cubic solid solution were observed. In contrast, no
t-ZrO, could be retained when hot pressing for 1 h at 1300
and 1500C, whereas a significant amount of the Zr—-Ce-O
cubic solid solution was observed.
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