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Change of phase compositions in calcia stabilized zirconia
ceramics using a boric acid additive

Qiang SHEN, Changlian CHEN, Fei CHEN, Junguo LI and Lianmeng ZHANG'

State Key Lab of Advanced Technology for Materials Synthesis and Processing, Wuhan University of Technology,
‘Wuhan 430070, China

Dense calcia-stabilized zirconia (CSZ) ceramics were prepared by using a small amount of boric acid (H3;BOs3) as the sintering
additive at the sintering temperature of 1700°C. The effect of H;BO;s content on the sintering behavior, the change of phase
composition and mechanical properties of the CSZ ceramics were mainly investigated. The results showed that, due to the
reaction between B,O3 and CaO, borate liquid was formed during the sintering, which promoted the the densification of CSZ
ceramics. Meanwhile, the depletion of the CaO from the lattice of CSZ ceramics resulted in the phase transformation of ZrQ,.
The content of tetragonal ZrQ; phase increased with increasing the H:BO3 content. So the phase composition of CSZ ceramics
could be well controlled by adjusting the amount of H;BOs. The bending strength and fracture toughness of the sintered CSZ
ceramics also increased with increasing the HiBO3 content, namely the content of tetragonal ZrO, phase, which had better

mechanical properties, and the highest value reached 267 MPa and 3.35 MPa-m
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1. Introduction

Calcium oxide (CaO) is one of the most common used oxides,
which can form a solid solution with ZrO,," and calcia-stabilized
zirconia (CSZ), therefore, can be used as a refractory and
excellent insulation material. Moreover, because of its high
thermochemical stability, it is also one of the best candidates for
oxygen sensor application.”~®

Usually, tetragonal phase ZrO, has better mechanical proper-
ties than partially stabilized zirconia or fully stabilized zirconia,
whereas partially stabilized zirconia has better thermal shock
resistance.” Phase composition plays an important role in zirco-
nia ceramics properties. Previous researches focused rather
limited on preparation of CSZ ceramics composed of both cubic
and tetragonal phases. It has been proved that B>Oj3 could react
with CaO to extract CaO from the cubic ZrO,” and resulted in
the destabilization of cubic zirconia and the formation of mono-
clinic ZrO,.® The amount of monoclinic phase increased linearly
with increasing the B»O; content and the presence of monoclinic
ZrO, phase enhanced the thermal shock resistance but reduced
the bending strength of the sintered CSZ ceramics.

In the present study, attempts were made to prepare the CSZ
ceramics with both tetragonal and cubic ZrO, phases by using
H3BOs as the sintering additive at the sintering temperature of
1700°C. The effect of H3BO; content on the phase composition
and mechanical properties of the obtained CSZ ceramics were
mainly investigated.

2. Experimental procedure

2.1 Starting materials

The 7 wt% CSZ powder with an average particle size of ~0.5 #m
was used as the starting powder, which was produced by Yixing
Ultra-Fine Powder Co. (Jiangsu, China). The H3BO; powder,
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used as the sintering additive, was in analytical purity, the purity
of which was greater than 99.5%.

2.2 Samples preparation

The 7 wt% CSZ powder with 0 wt%, 0.5 wt%, 1.0 wt% and
1.5 wt% of H3BO3 were mixed uniformly. The mixtures were
loaded by the steel die (@50 mm) and pressed using a uniaxial
pressure of 30 MPa to get the green bodies. Then, the green bod-
ies were sintered at 1700°C in air by an electric furnace with a
heating rate of 10°C/min, holding for 2 h. The samples were
finally cooled down with the furnace.

2.3 Samples characterizations

The density and the porosity of the sintered CSZ ceramics
were measured by using the Archimedes' method. Microstructure
of the samples was observed by the scanning electron micros-
copy (SEM; Model JSM-5610LYV, Japan). The Raman spectra of
sintered samples were tested by the Laser Confocal Raman
Microscope of RENISHAW, the wave number was in the range
of 100 cm™ to 700 cm™, and spectral width and time constant
were 1.4 cm™ and 0.3 s, respectively. The phase compositions
were determined by XRD, using a Rigaku D/Max-RB with Cu
target, 20 range of 20-80°. The content of cubic and tetragonal
phase of the samples was calculated from the XRD by Rietveld
refinement method.”'” The bending strength was tested by the
three-point method, with a span length of 30 mm and crosshead
speed of 0.5 mm/min on a universal testing machine (MTS-810,
USA) and the fracture toughness was tested by the single edge
notched beam technique.

3. Results and discussion

3.1 Effect of the H3BO3 content on the densifica-
tion of the CSZ ceramics

Figure 1 shows the porosity and the density of sintered CSZ

samples as a function of the H;BO; content. It is obviously
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Fig. 1. Effect of the H3BO3 content on the porosity and density of the
sintered CSZ ceramics.

observed that the porosity of the sintered CSZ ceramics is rather
low and almost shows no variation with the H;BO; content. The
porosity is in the range of 5.7% to 6.4%, correspondingly the
density is from 5.31 g/cm® to 5.44 g/cm®, when the H;BO; con-
tent is increased from O to 1.5 wt%. The porosity and density of
the sintered samples are believed to have a significant relation-
ship with the phase compositions of the obtained CSZ ceramics.

Figure 2 presents the SEM images of the sintered CSZ ceram-
ics with H;BOs content in the range of 0-1.5 wt%. It is seen
clearly that the pores are composed of nearly all closed pores
with pore size of less than 10 gm. The ZrO, grains are well
grown and compacted to a relative high density, which is in
agreement with the results shown in Fig. 1. It is also observed
that the grain size of ZrO, and the pore size are apparently
increased with increasing the H3BOs content. It is indicated in
the Ref. [11] that H3BOs is not stable existing and decomposes
when enhancing the temperature, which can be described by Eq.

(1):
2H3BO3 — 3H20 + B203 (1)

According to the phase diagram of B»O3 and Ca0,'? four kinds
of borate composites with different melting points can be formed
at different BoO3 and CaO contents, as shown from Eq. (2) to (5).

2B,0; + 3Ca0 — CaB4O7 (melting point ~1000°C) (2)
B,03 + CaO — CaB,04 (melting point ~1160°C) (3)
B>0; + 2Ca0 — CayB,0s5  (melting point ~1300°C) (4)
B,0s3 + 3Ca0 — Ca3B.0s  (melting point ~1470°C) (5)

The above reactions occur during the sintering of the CSZ
ceramics at 1700°C and the borate liquid can be formed, which
promotes the ZrO, grains growth and rearrangement. On the
other hand, a little amount of the volatilization of the borate liq-
uid can introduce some porosity to the sintered samples, which
reduces the density of the CSZ ceramics. Moreover, it is signif-
icantly found that during the reaction between B>Os; and CaO, the
depletion of CaO can efficiently improve the phase transforma-
tion of ZrO, from cubic to tetragonal phase, which can be used
to control the phase composition of CSZ ceramics by adjusting
the H;BO; content.

3.2 Effect of the H3BO3 content on the phase com-
position of the CSZ ceramics

Figure 3 presents the Raman spectra and the XRD patterns of

the sintered CSZ ceramics with different H;BO; contents. For
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Fig. 2. SEM images of the sintered CSZ samples with H3BO; content
of: (a) 0 wt%, (b) 0.5 wt%, (c) 1.0 wt% and (d) 1.5 wt% H3BOs.
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Fig. 3. Raman spectra and XRD patterns of the sintered CSZ ceramics
with different H;BO; contents: (a) Raman spectra, (b) XRD patterns.

CSZ samples sintered at 1700°C, no monoclinic ZrO, phase is
detected, which is the major difference from those samples
sintered at 1400°C.> When the H3BOs content is 0 wt%, no
peaks are detected from Raman spectra, indicating the phase of
the ZrO; in the sintered CSZ ceramic is cubic phase. When the
H3BOs3 content is increased from 0.5 wt% to 1.5 wt%, the peaks
of the characteristic tetragonal ZrO, phase are observed and the
intensity of the peaks increases gradually, indicating an increased
tetragonal ZrO, phase content.

In order to quantify the effect of the H;BOs content on the
phase composition of ZrO, in the sintered CSZ ceramics, the
quantitative analysis for the sintered CSZ ceramics with various
H3BOs contents was carried out by the XRD Rietveld refinement
method. The initial parameters of the crystal cells of ¢-ZrO, and
t-ZrO, for Rietveld refinement were acquired by the refer-
ences.'?'9 The refinements were completed until the R, figure
of merit and the Ry, figure of merit was respectively below 10%.

Table 1 lists the results of quantitative analysis for the phase
composition. It is seen clearly that when the H;BO; content is
increased from 0 wt% to 1.5 wt%, the content of cubic CSZ
decreases from 100% to 62% and the content of tetragonal CSZ
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Table 1. Content of the ¢-CSZ and t-CSZ in the Sintered CSZ
Ceramics

H3;BOs (Wt%) 0.0 0.5 1.0 1.5
c-CSZ (wt%) 100 85 72 62
t-CSZ (wt%) 0 15 28 38
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Fig. 4. Ratio of t-CSZ to c-CSZ as a function of the H3BO;3 content.
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Fig. 5. Bending strength and fracture toughness as a function of the
H3BOs content.

increases from 0% to 38%. The ratio of t-CSZ to c-CSZ almost
exhibits a linear variation with the H;BOs content, as shown in
Fig. 4. So it is believed that the fraction of cubic CSZ and
tetragonal CSZ can be well controlled by adjusting the H3;BO;
content.

3.3 Effect of the H3BO3 content on the mechanical
properties of the CSZ ceramics
Figure 5 shows the bending strength and fracture toughness of
the sintered CSZ ceramics as a function of H;BOs content. It is
obviously observed that for samples without H;BO3, the bending
strength is 184 MPa and the fracture toughness is 1.37 MPa-m"?,
When the H;BO3 content is increased to 1.5 wt%, the bending
strength and fracture toughness are 267 MPa and 3.35 MPa-m'”

>

respectively. It is known that tetragonal ZrO, has better
mechanical properties than cubic phase and monoclinic phase, as
a result, the increased tetragonal ZrO, phase with increasing the
H3BOs3 content shown in Table 1 contributes to the mechanical
properties enhancement.

4. Conclusions

CSZ ceramics was successfully prepared at 1700°C by using
0-1.5 wt% H3BO; as a additive. During the sintering, CaO could
react with B,Os to form borate liquid, which promoted the den-
sification of the sintered CSZ ceramics, but the volatilization of
a little amount of borate might introduce some porosity at the
same time.

‘When the H;BOs; content was increased from 0 wt% to 1.5 wt%,
the content of cubic CSZ decreased from 100 wt% to 62 wt% and
the content of tetragonal CSZ increased from 0 wt% to 38 wt%.
The ratio of t-CSZ to c-CSZ almost exhibited a linear variation
with the H3BOs content. This enabled us to control the phase
composition of the sintered CSZ ceramics.

The bending strength and fracture toughness were increased
with increasing the H;BO; content, namely the content of tetrag-
onal ZrO, phase, which had better mechanical properties, and the
highest value reached 267 MPa and 3.35 MPa-m'?, respectively.
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