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Abstract:

Partially stabilised zirconia (PSZ) ceramics hatteated much interest because of their
outstanding properties. In this study, fused As@s treated as a raw resource for the
synthesis of CaO-PSZ ceramic materials througltisefaintering process. The crystal
structure and thermomechanical properties of théhegised CaO-PSZ ceramic samples were
determined using XRD and SEM. The results revetativarious process parameters had
different effects on the zirconia stability ratecluding the temperature changing rate during
the heating and cooling stages and the temperaharésothermal time during the quenching
treatment; this was primarily a result of the thedynamic characteristics of the martensitic
conversion of Zr@ceramics. Secondly, the martensitic conversiongss was revealed by
XRD patterns, expressed as the partial converdiorZoO, to m-ZrG. Meanwhile,
SEM-EDAX analysis highlighted the precipitation belour of the CaO stabiliser and the
successful preparation of CaO-PSZ ceramics byrswgterepresented by the gathering
phenomenon of the acicular grains and particletheafindings matched the stability rate
analysis. This study can supply a sound referemcthé synthesis of CaO-PSZ ceramics
from fused ZrQ.

Keywords. CaO-PSZ ceramics; fused Zr@rystal structure; thermomechanical properties

1 Introduction
Zirconia (ZrQ) materials have attracted increasing interesteield of advanced
ceramic materials because of their outstandingipalysharacteristics [1-4], such as high

refractive index, high-temperature resistance,landthermal conductivity [5-7]. However, a



large volume effect occurs during the heating asaliog processes for zirconia products,
causing the accumulation of internal stress andaimation of defects, which can have a
detrimental impact on the mechanical propertiespgsly restricting the further applications
of zirconia materials in many fields [8, 9].

Partially stabilised zirconia (PSZ) ceramic matsraxhibit unparalleled physical
performance, attributed to their unique martensiiasformation characteristics [10, 11].
Pure ZrQ materials maintain their form of m-Zg@t room temperature, and two other phases
exist in the high-temperature zone, called t-Za@d c-ZrQ; furthermore, the three crystal
phases can be converted among each other with icigategnperature. Therefore, a reversible
martensitic transformation occurs as the tempegatureases or decreases. Specifically, as
the temperature changes, the t-Zphase will convert to the m-Zghase at 1000 °C, and
the transposed conversion for the m-ZpBase to the t-Zrphase arises at 1173 °C; the
t-ZrO, phase will convert to the c-Zg@hase with a transition temperature of 2370 °C [12
13]. Garvie et al. showed that the acicular preéaimn of the m-Zr@ phase in the cubic
matrix had a significant strengthening effect orao@c materials [14]. Thus, based on this
finding, systematically applying the martensitiartsformation characteristics of ZrO
materials to prepare PSZ ceramic materials caregela toughening effect for Zsdased
ceramic materials.

At present, PSZ ceramics are usually prepareddiylisier doping. The stabilisers
adopted include metal oxides whose cationic ragiatose to that of the Zrion [15, 16],
such as CaO [17, 18], MgO [19], C£R0], and Y03 [21]. Meanwhile, there are no

significant differences between the crystal striestiof those cations and that of thé"Zon;



hence, those oxide cations can be used to repiacgft ion [22]. The essence of the
toughening effect is the use of doping with oxitegtroduce these cations into zirconia
material whose radius is larger than the radiugr6fion, and these cations can substitute for
the Zf** ion, further forming a stable replacement solitlison [23, 24]. In conclusion,
producing PSZ ceramic materials with stabilisedania as the raw material can prevent the
reduction of mechanical properties caused by ttemgtvolume effect of monoclinic phase
zirconia and retain the partial toughening effddhe martensitic transformation; therefore, it
is the most suitable method for preparing struttmaterials and functional materials with
zirconia as the matrix. Moreover, the introductadmnmicrowave technology into the synthesis
of PSZ ceramic materials leads to the increasdomeance of the ceramic products [25-30].
In the present work, fused Zs@as utilised as a raw resource to manufacture CabD-P
ceramic materials through a facile sintering pregésen, the crystal structure and
thermomechanical properties of the synthesised BE&@-ceramic samples and raw materials
were determined by XRD and SEM-EDAX. Additional4ccording to the obtained XRD
patterns, the relationship between the processnmess and the stability rate of the
CaO-PSZ ceramic samples was synthetically explanetiding the temperature changing
rate during the heating and cooling stages antetngerature and isothermal time during the

guenching treatment.

2 Experimental
2.1 Materials

Fused ZrQ as a raw resource to manufacture CaO-PSZ ceravagprovided by an



industry in Yingkou City (Liaoning Province, P.Rhi@a). The chemical analytical data for
the fused Zr@was provided by the manufacturer, detailed aswat 95.1% ZrQ, 3.8%
CaO, 0.4% SiQ 0.3% AbOs, 0.2% TiQ, and 0.1% F£s. The results revealed that the fused
ZrO, sample was processed through stabiliser dopimgg eslcium oxide (CaCgs the
stabiliser. Therefore, it could be speculated thatexpected PSZ ceramic synthesised
through the sintering process was also doped waD & the stabiliser, formally denoted
CaO-PSZ ceramic.
2.2 Experimental procedure

Atotal of 50.0 g of fused zirconia raw materialsssampled and then placed in a
ceramic crucible with a diameter of 50 mm. Previmports suggest that PSZ ceramics can
be successfully synthesised at 1450 °C for 4 sung fused ZrQas a raw resource [31]. The
preparation of CaO-PSZ ceramics material processésllows: fused Zr@was first heated
to a specific temperature and then held for a gedtobn time, followed by cooling the sample
to another set temperature to be treated with aaqueg process and isothermal treatment.
Therefore, the sample inside of the ceramic creonss heated to 1450 °C for 4 hin an
electric resistance furnace (SGM3817B) with diffgéreeating rates, cooling rates, quenching
temperatures, and isothermal treatment times. ithdtging the sintering preparation
experiments of CaO-PSZ ceramic materials, the ngadite ranged from 1 °C/min, 4 °C/min,
7 °C/min and 10 °C/min, the cooling rate rangedanfrb °C/min, 2 °C/min, 4 °C/min,
6 °C/min, 8 °C/min, 10 °C/min, 20 °C/min, 40 °C/mand 400 °C/min, the quenching
temperature ranged from 25 °C, 50 °C, 100 °C, ZD400 °C, 700 °C, 750 °C, 800 °C,

850 °C, 900 °C, 950 °C, 1000 °C, 1050 °C, 11001150 °C, 1200 °C, 1250 °C, 1300 °C,



1350 °C, 1400 °C and 1450 °C, the isothermal treatrtime ranged from O h, 1 h, 2 h, 3 h, 4
h, 5 h. Once attaining the expected process conditihe samples were systematically
characterised to explore the relationships amoagnftuencing factors and the crystal
structure and thermomechanical properties of zieceamples.
2.3 Characterisation

X-ray diffraction (D/Max 2500, Rigaku, Japan) wdsised to analyse the changes in the
phase compositions of the synthesised CaO-PSZ aesamples and raw materials.
Additionally, scanning electron microscopy (XL30B&H MP, Philips, Holland) was used to
determine the changes in the microstructure appearaf the zirconia samples. In addition,
the elemental composition of zirconia samples alteering was determined by EDAX

characterisation.

3 Results and discussion

The stability rate represents the stability prapsrof zirconia ceramic materials, and the
specific values of the stability rate can be deteeth based on the corresponding XRD
characterisation patterns [32, 33]. Moreover, fheresis of PSZ ceramics involves the
following stages: the heating stage, the heat reaarice stage, the cooling stage, and the
guenching stage. The stability rates and crystatsires of PSZ ceramics are affected by
these process parameters. Consequently, in this W effects of these process parameters
on the crystal structure and thermomechanical ptigseof the synthesised PSZ ceramic
samples were comprehensively explored, includiegémperature changing rate during the

heating and cooling stages and the temperaturésatitermal time during the quenching



treatment.
3.1 Characterisation by XRD

The influence of the process parameters duringititering preparation experiments of
CaO-PSZ ceramics materials on the phase struafimsconia samples was comparatively
explored with respect to the fused Zr@w resource and the synthesised PSZ ceramic
samples. Wherein the XRD pattern of the fused,Za@ resource is depicted in Fig. 1, and
the XRD patterns of the PSZ ceramics samples ttegith different heating rates, cooling
rates, quenching temperatures, and isothermahtezdttimes are depicted in Fig. 2 and Fig.
3.

As depicted in Fig. 1, only the c-Zs@hase (JCPDS: 49-1642) was detected in the fused
ZrO;raw resource; there is no m-ZzrPhase (JCPDS: 37-1484) or t-Znihase (JCPDS:
42-1164), implying that the fused Zr@w resource can be classified as a PSZ ceramic
material. Second, combining the analysis of thersbal composition and Fig. 1, the
diffraction peak of the CaO component disappearelicating that the CaO stabiliser was
perfectly dissolved in the raw resource, accompmhhiethe presence of the solid solution.

The relationship between the temperature changitegduring the heating stage and the
crystal structure of the PSZ ceramic samples isctlpin Fig. 2(a). The PSZ ceramics were
synthesised by maintaining the temperature at aman value of 1450 °C, with heating
rates varying from 1 °C/min to 10 °C/min, a coolnage of 4 °C/min, and a temperature of
950 °C and isothermal time of 4 h during the quangkreatment. As shown in Fig. 2(a), as
the heating rate varied from 1 °C/min to 10 °C/ntingre were no significant differences in

the crystal compositions of the synthesised PSancersamples, reflecting the same phase



compositions consisting of mixed m-ZrPhase and c-Zr{phase. Meanwhile, the heating
rate had an insignificant effect on the intensitéthe zirconia diffraction peak; the peak
intensities of the c-ZrPphase at 29.92° and the m-Zn@hase at 28.06° and 31.24° were
absent of sharp changes. In contrast with the fds®gdraw resource, a new phase, the
m-ZrO, phase, was detected in the synthesised PSZ cesamiales; this phase transition is
assigned to the martensitic conversion of Ar@terial. Specifically, with changing
temperature, the t-Zephase will convert to the m-Zp(hase at 1000 °C, the transposed
conversion for the m-Zrgphase to the t-Zrphase arises at 1173 °C, and the t-4rase
will convert to the c-Zr@phase with a transition temperature of 2370 °C 8&. The
martensitic conversion of ZeOnaterial is primarily influenced by the crystarsformation
temperature, and there was no obvious relationsttipthe temperature changing rate. The
treatment temperature was maintained in the rah§8®°C to 1450 °C; thereby, the
respective conversion of the t-ZrPhase to the m-Zrlphase and the c-Zp@hase to the
t-ZrO, phase arises, causing the formation of a newargsiase, the c-Zr{phase, generated
through the martensitic conversion of Zr@aterial.

The effects of the temperature changing rate duhagooling stage on the crystal
structures of the synthesised ceramics samplesharen in Fig. 2(b). The PSZ ceramics were
synthesised by maintaining the temperature at amanr value of 1450 °C with a heating
rate of 4 °C/min, a cooling rate varying from 1 i@ to 400 °C/min, and a temperature of
950 °C and isothermal time of 4 h during the quangkreatment. As shown in Fig. 2(b), as
the cooling rate varied from 1 °C/min to 4 °C/mtime diffraction peak intensity of the c-ZxO

phase was greatly enhanced and the peak intensiitibe m-ZrQ phase also increased.



Furthermore, as the cooling rate increased to @dthih, the peak intensities of the c-2rO
phase still presented a substantial enhancemenévaw, the peak intensities of the m-2rO
phase decreased. The difference between the twtatspuggests that the cooling rate had a
significant relationship with the crystal transitiof the synthesised PSZ ceramic samples,
and the optimal value of the cooling rate couldibtermined to be in the range of 4 °C/min
to 400 °C/min. Moreover, during the cooling progeksrespective conversion process of the
t-ZrO, phase to the m-Zr{phase and the c-ZgPhase to the t-Zr&phase arises, and the
increase in the cooling rate contributed to the gletron degree of thosmnversion

processes. Moreover, as the temperature decreased 450 °C to 1173 °C, a higher cooling
rate was naturally accompanied by greater intarrion, further promoting the partial
conversion process between the m-ZpBase and the t-Zg(bhase.

The influence of the temperature during the quarghieatment on the crystal structures
of the synthesised PSZ ceramics samples is depicted. 2(c). The PSZ ceramics were
synthesised by maintaining the temperature at aman value of 1450 °C with a heating
rate of 4 °C/min, a cooling rate of 4 °C/min, aethperature varying from 1400 °C to 25 °C
with an isothermal time of 4 h during the quenchiegtment. As shown in Fig. 2(c), as the
temperature during the quenching treatment deaddasm 1450 °C to 950 °C, the diffraction
peak intensity of c-Zr@phase showed a dramatic decrease, but the pesisitnts of the
m-ZrO, phase gradually increased. In addition, with terajpees lower than 950 °C, there is
no significant difference between the diffracticgag intensities of the two crystal phases in
the synthesised PSZ ceramic samples, reflectingaihme phase composition with mixed

c-ZrO, phase and m-Zrfphase. The change in the crystal structure witgnghing



temperature was attributed to the conversion betwlee m-ZrQ phase and the t-Zg(hase,
which occurred at 1173 °C [32, 33]. As the tempemturing the quenching treatment
decreased, threspective conversion process of the t-ZpBase to the m-Zr{phase and the
c-ZrQ; phase to the t-Zrgphase continually proceeded, causing a decredbe yZrQ

phase component and the appearance of the m{tr&e component in the synthesised PSZ
ceramic samples, further demonstrating the phenomesere the peak intensity of the
m-ZrO, crystal increased and the peak intensities o€tAe0, crystal decreased.

The influence of the isothermal time during themgieng treatment on the crystal
structures of the synthesised PSZ ceramic sanmgpbspicted in Fig. 3. The PSZ ceramics
were synthesised by maintaining the temperatusenaaximum value of 1450 °C with a
heating rate of 4 °C/min, cooling rate of 4 °C/ntime expected temperatures (1300 °C,

1100 °C, and 900 °C), and the isothermal time vayytom O h to 5 h during the quenching
treatment stage. As shown in Fig. 3(a), duringgihenching treatment stage, at 1300 °C,
there was no obvious relationship between the ésothl time and the crystal compositions of
the synthesised PSZ ceramic samples, which iscteflen the fact that the diffraction peaks
of the two crystals maintained their intensitigsatdition, as concluded from Fig. 3(b)-(c), a
similar phenomenon arose; in detail, when the teatpee dropped to 1100 °C or 900 °C,
there was no obvious relationship between the ésothl time and the crystal composition.
Thus, the following conclusions can be obtainedinduthe quenching treatment stage, there
was no obvious relationship between the isothetimed and the crystal structures of the

synthesised PSZ ceramic samples.



3.2 Analysis of stability properties

The effects of the temperature changing rate duhedieating and cooling stages and
the temperature and isothermal time during the cjuieg treatment on the stability of the
synthesised PSZ ceramic samples are plotted imdFthe results were calculated according
to Eq. (1) and referring to the corresponding XRidtgrns (depicted in Fig. 2 and Fig. 3).

Stabili te = Intensity of 29.92° «100% (1
ability rate = Intensity of 28.06° + Intensity of 31.24° + Intensity of 29.92° 0 )

Regarding the influence of the heating rate, asctlsgbin Fig. 4(a), the stability rate of
the PSZ samples increased with increasing headteg with a slight increment, until it was
basically in equilibrium. In detail, the stabilitgte was determined to be 74.3% at a heating
rate of 1 °C/min, which slowly improved to 75.8%7atC/min, and slightly decreased to 75.5%
at 10 °C/min. Thus, the following conclusions candbtained: during the heating stage, there
was no obvious relationship between the heatirgaat the stability properties of the
synthesised PSZ ceramic samples. This finding eaattbibuted to the fact that the stability
rate was determined using the XRD analysis patt&asond, the martensitic conversion of
ZrO, material is primarily related to the crystal treommation temperature; hence, there is no
noticeable association with the temperature changite.

Regarding the influence of the temperature changitegduring the cooling process, as
depicted in Fig. 4(b), the stability rate of theZZ&mples also increased with increasing
cooling rate. In detail, the stability rate wasattetined to be 57.1% with a cooling rate of
1 °C/min, followed by an increase to 93.1% at aliogaate of 20 °C/min; furthermore, once
the cooling rate exceeded 20 °C/min, the increasled stability rate was slight, as it was

basically in equilibrium; the value of 93.1% at Z'min slowly increased to 95.8% at



400 °C/min. This trend signified that the decreiasthe cooling rate was favourable for the
partial conversion of the t-Zephase to the m-Zr{phase. Thereby, to promote the synthesis
of PSZ ceramics, the cooling rate should be maiathat a small value. As the cooling rate
decreases, the stability rate of the PSZ ceranmipkes will also decrease, indicating the
more thorough formation of PSZ ceramic samples.

Regarding the influence of quenching treatment tmatpre, as shown in Fig. 4(c), as
the quenching treatment temperature decreasedgding initial phase, the value of the
stability rate of the PSZ ceramics samples tendetbtrease gradually; meanwhile, the
reduction of the stability rate value was much éargt the high-temperature stage, reflected
by a value of 96.5% at 1450 °C that decreased @2F%at 950 °C. Moreover, when the
guenching treatment temperature was much lessO%@nAC, the increase in the stability rate
value was slight, as it was basically in equilibniuthe value of 75.2% at 950 °C changed to
75.3% at 25 °C. This trend signified that the daseein the quenching treatment temperature
inhibited the partial conversion between the m-ZpBase and the t-Zghase. Therefore, to
promote the synthesis of PSZ ceramics, the quegdheatment temperature should be
maintained at a high value during the cooling stage

Regarding the influence of isothermal treatmenetias depicted in Fig. 4(d), at 1300 °C,
the stability rate of the PSZ ceramic samples dsg@ from 89.3% to 88.1% as the
isothermal treatment time varied from O h to 5imilarly, the stability rate decreased from
80.4% to 79.2% at 1100 °C, and it decreased frora%40 73.5% at 900 °C. This trend with
the isothermal treatment time was observed bedauke cooling stage, once the quenching

treatment temperature reached a certain low vahadéonging the isothermal treatment time



could not provide sufficient motivation for the pal conversion between the m-Zrphase
and the t-Zr@ phase, further causing a slight variation in ttaditity rate.
3.3 SEM characterisation

The phase microstructures of the synthesised P@&hoesamples and fused Zr@w
resource were determined by SEM characterisatien¢orresponding images are shown in
Fig. 5.

For the fused Zr@raw resource, as displayed in Fig. 5(a)-(b), trade consisted of
overlapped scales, and there were no significasstairdefects, such as cracks or holes,
indicating that the fused zirconia met the bastunements for high-performance zirconia
materials. As seen in Fig. 5(b), the crystal basdeere distinct and regular. Moreover, in the
magnified image shown in Fig. 5(c), the crystaldssrangles at the intersection points could
be determined to be approximately 120°, signifyimat the fused Zr@raw resource
consisted of the fluorite-structured c-Zr@hase. This finding matched the XRD analysis
results for the fused Zg®aw resource (Fig. 1).

For the PSZ ceramic samples synthesised at 14%@r ACh, as shown in Fig. 5(d)-(f), a
more dense structure was observed to appear @utfaee, without cracks, and
agglomeration of the acicular grains and thin phas occurred (as depicted in Fig. 5(f)),
indicating that the synthesised PSZ ceramic sanfia@dsa better structural performance than
that of the fused Zroraw material. The agglomeration of the aciculaing and thin
particles was caused by the CaO stabiliser depbattthe crystal borders. In addition, by
comparison between Fig. 5(c) and Fig. 5(f), itlesac that the complete cubic-phase zirconia

disappeared and was substituted by an iconic mpkede composition of PSZ ceramics,



revealing the successful synthesis of PSZ ceraratemals.
3.4 Characterisation by EDAX

The microscopic appearance and elemental semi4tptarg analysis of the PSZ
ceramic sample synthesised at 1450 °C for 4 hepectéd in Fig. 6, wherein Fig. 6(a) shows
the SEM image and Fig. 6(b), (c), and (d) showsBb&X spectra of spot 1, spot 2, and spot
3, respectively.

As shown in Fig. 6(a), spot 1 is on the crystalrmtary, whereas spot 2 and spot 3 are
not. Thus, there existed a significant differencéhie results of elemental semi-quantitative
analysis at spot 1, spot 2, and spot 3. At sptitelelemental analysis revealed 15.37% CaO
and 48.88% ZrQ 1.79% CaO and 78.68% Zs@ere determined at spot 2, and 4.66% CaO
and 75.38% Zr& were found at spot 3. Clearly, the content of @a6pot 1 was much
higher than that at spot 2 and spot 3; conversietyZrQ content at spot 1 was smaller.

Second, the precipitation of the CaO stabilis¢hatcrystal border was verified by the
differences in the elemental composition distribatat the selected spots. At spot 2 and spot
3, whose locations were far away from the crystatibr, the CaO content was much lower
than that at spot 1. Additionally, the precipitatiof the CaO stabiliser signified the successful
synthesis of the CaO-PSZ ceramic materials. Tra#rfgs summarised using the EDAX

spectral analysis matched the SEM analysis results.

4 Conclusions
In this study, CaO-PSZ ceramic materials were ieffiity synthesised using a facile

sintering process, and the crystal structure aadribmechanical properties of the



synthesised CaO-PSZ ceramic samples were compredlgriavestigated. The main
findings can be summarised as follows:

(1) XRD patterns revealed that after sintering,dtigaction peak intensities of the
c-ZrQ, phase decreased and the diffraction peak inteasifithe m-Zr@phase increased,
denoting the mixed phase structure of CaO-PSZ desam

(2) The unique martensitic transformation of ziieomad a different influence on the
stability rate of the synthesised CaO-PSZ ceraamasng various process factors, as the
stability rate increased with increasing tempemratiranging rate during the heating and
cooling stages and the quenching treatment temperavhile there was no significant
relationship with the isothermal time during theeqohing treatment.

(3) SEM-EDAX analysis highlighted the precipitatibehaviour of the CaO stabiliser
and the successful sintering preparation of CaO-&8@mics, represented by the
agglomeration of the acicular grains and partidilesse findings matched the stability rate
analysis.

This work highlights the effective preparation d@-PSZ ceramic materials through

conventional sintering of fused Z5sO
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Figure captions

Fig. 1 XRD pattern of fused zirconia raw material.

Fig. 2 XRD patterns of zirconia material treatethwr) different heating rates; (b) different
cooling rates; (c) different quenching temperatures

Fig. 3 XRD patterns of zirconia material treatedwdifferent isothermal treatment times, (a)
1300 °C; (b) 1100 °C; (c) 900 °C.

Fig. 4 Effects of process parameters on zircorabikty rate, (a) heating rate; (b) cooling rate;
(c) quenching temperature; (d) isothermal treatnierd.

Fig. 5 SEM images of zirconia material before afteraintering, (a) raw material, 50%; (b)
200x%; (c) 1000x; (d) sintered sample, 500x%; (e)®2Qf) 2000x.

Fig. 6 SEM image and EDAX spectra of zirconia matesintered at 1450 °C for 4 h, (a)

SEM image; (b) EDAX of spot 1; (c) EDAX of spot(@) EDAX of spot 3.
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Fig. 1 XRD pattern of fused zirconia raw material.
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(@) (b)

(d) (e) ®
Fig. 5 SEM images of zirconia material before afteraintering, (a) raw material, 50x%; (b)

200x; (c) 1000x; (d) sintered sample, 500x; (e)2Q@f) 2000x.
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Fig. 6 SEM image and EDAX spectra of zirconia matesintered at 1450 °C for 4 h, (a)

SEM image; (b) EDAX of spot 1; (c) EDAX of spot (@) EDAX of spot 3.
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