ELSEVIER

Ceramics International 27 (2001) 299-307

CERAMICS

INTERNATIONAL

www.elsevier.com/locate/ceramint

Chemical stability of yttria doped zirconia membranes in acid
and basic aqueous solutions: chemical properties, effect of
annealing and ageing time

F. Shojai *, T.A. Méntyla

Tampere University of Technology, Institute of Materials Science, PO Box 589, FIN-33101 Tampere, Finland

Received 12 April 2000; received in revised form 20 April 2000; accepted 8 May 2000

Abstract

Corrosion resistance of 3Y—ZrO, microfiltration membrane was evaluated at room temperature and 80°C in aqueous solutions of
acids and bases. Chemical properties were investigated in order to explain the chemical attack and the effect of elemental dissolution
on the phase transformation. Dissolution of yttria was detected in acid solutions of low pH except in HF solution. In the basic
solutions, dissolution of Y and Zr was negligible. Silica dissolved both in acid and basic solutions. As a result of chemical reactions
and dissolution of ions, pH after corrosion showed a shift to higher values in acid solutions and to lower values in basic solutions,
indicating the amphoteric reactions in 3Y-ZrO,. Samples corroded in acid and basic solutions at 80°C were annealed at 1200°C
after the corrosion test. Phase transformation was completely reversible in the samples tested in basic solutions. The sample in acid
solution showed partial re-transformation of the monoclinic phase due to the dissolution of yttria. The effect of corrosion time was
studied for aqueous solutions of HF and HCI. © 2001 Elsevier Science Ltd and Techna S.r.l. All rights reserved.
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1. Introduction

Yttria-doped zirconia polycrystals Y-TZP are well
known among oxide ceramics for high strength and high
fracture toughness that makes them suitable for many
applications [1,2]. Thermal stability and high corrosion
resistance of Y-TZP membranes are currently attracting
considerable interest in high-temperature (200-1000°C)
applications and harsh chemical media [3-5]. These
properties make porous 3Y—ZrO, ceramic a good can-
didate for membrane applications. It is interesting to see
whether porous 3Y-ZrO, exhibits the same properties
as dense counterpart in lower extent, limited by the level
of porosity. However, one of the drawbacks of Y-TZP
ceramics is their low-temperature degradation in humid
media; there is a decrease in mechanical properties with
ageing at low to medium temperature service (65—
500°C) that restricts the industrial applications [6].
Degradation involves the transformation of the tetra-
gonal phase to monoclinic, which results in a volume
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change during phase transformation that creates micro-
and macro-cracks and degrades the mechanical proper-
ties drastically. Hydrothermal degradation is more
severe in water and at elevated pressures above 100°C
[7]. To maintain good mechanical properties it is
important to retain the tetragonal structure in service.
The hydrothermal degradation of dense yttria-doped
tetragonal zirconia polycrystals has been investigated
and discussed previously [8-15], but not in detail in
porous structures. Sato et al. [16] have studied the cor-
rosion behaviour of 3Y-ZrO, dense ceramic in different
aqueous solutions of acids and also in nonaqueous
solutions. Although there is not yet a consensus on the
mechanism of degradation [12], it is evident that the
degradation is a surface dependent phenomenon and
proceeds from the open surface to the interior of a
component. Therefore, porous Y-TZP, e.g. membranes,
having a higher surface area than the dense counterpart
due to open porosity, are expected to show more severe
damage due to degradation. Many applications of Y-
TZP microfiltration membranes in the treatment of
wastewater [17], in the chemical [18] food and beverage
[19], as well as the pulp and paper industries [20],
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involve aqueous media and chemicals that contain
active ions. The change of properties of porous Y-TZP
under hydrothermal and corrosive attack is thus
important from a practical point of view in such
applications and needs to be studied properly.

The aim of this study was to find out the combined
effect of aqueous solution and corrosive ions, in acidic
and basic media, on porous 3Y-ZrO, and the relation
between hydrothermal attack and chemical or corrosive
attack. Structural properties after the corrosion test
such as weight change, phase transformation, porosity,
hardness and microstructure have been reported in
another paper. In this study, changes of chemical prop-
erties, elemental dissolution, reversibility of phase
transformation after annealing and the effect of ageing
time are reported. It must be noted that in this paper,
hydrothermal attack is referred to the effect of water on
3Y-ZrO; solely, excluding the effect of ions in acid or
basic solutions and corrosive attack is referred to the
effect of corrosive ions other than OH™ in solutions of
acids and bases (although hydrothermal attack can
involve also corrosion attack).

2. Materials and methods

Microfiltration membranes were prepared by slip
casting from 3Y-ZrO, powder HSY3 supplied by Zir-
conia Sales (UK). HSY3 powder contained 93 wt.%
ZrO, and HfO,, 5.25 wt.% Y,03, and the main impu-
rities in wt.% were 0.295 Al,O3, 0.315 SiO,, 0.058 TiO»,
0.01 Ca0O, 0.039 Fe,O5 and 0.01 Na»O. Particle size was
monomodal centered at 0.5 um and the specific surface
area was 7 m?/g measured using the BET method. The
crystallite size of the polycrystalline powder was 100 nm.
The phase composition was measured by X-ray diffrac-
tion XRD (D500 Diffractometer, Siemens) using Cu—K,
radiation. The volume fraction of the monoclinic phase
was determined from XRD data, using the Nickolson—
Garvie equation [21]. The microstructure of samples
was characterized by analytical electron microscopy
SEM (XL 30, Philips) equipped with an energy dis-
persive X-ray analyser (EDAX, Philips). Membranes
sintered at 1200°C for 3 h with a 5°C/min heating and
cooling rate, had a narrow pore size distribution cen-
tered at 100 nm, containing around 24% porosity and
having a specific surface area of 2.4 m?/g and a 100%
tetragonal phase structure. Microhardness of unsup-
ported membranes sintered at 1200°C for 3 h was
220420 HV 5.

Corrosion tests were carried out on unsupported
membranes at room temperature for 79 days and at
80°C for 34 days in a closed, static system. Properties
were measured at room temperature. Samples of
unsupported membranes were cleaned in an ultrasonic,
deionized water bath, before loading in the corrosion

cell (200 ml polymer can). The pHs of solutions after the
corrosion test were detected at room temperature. The
corroded solutions after the tests were analyzed by
inductively coupled plasma emission spectroscopy
(ICP-ES) (Perkin Elemer ICP 2000). The effect of the
corrosion time was studied on samples tested in HF and
HCI solutions for the given period of time in separate
cells. The Vickers hardness (HV) was measured (Shi-
madzu Microhardness Tester) using 300 g load for 15 s
at maximum load. The reported values are the averages
of ten measurements.

3. Results and discussion
3.1. Dissolutions into the solutions

Dissolution of Y, Zr and Si ions was measured in
highly acidic and basic solutions after the corrosion test
at room temperature (RT) and at 80°C. The results are
shown for the RT test in Table 1 and for 80°C in Table 2,
together with the measured amount of m-phase of the
samples. Dissolution of yttrium is of major concern
since yttria is the stabilizing agent in Y-TZP ceramics.
The dissolution of yttrium was high in acid solutions

Table 1

Dissolution rate of Y, Zr and Si in acid and basic solutions and
amount of m-phase in the samples after corrosion test at RT for 79
days®

Dissolution rate of ions (ppm/day/g)x10~3

Solution (pH) Y Zr Si m-phase
(%)
H,S04 (2) 26 <1 15 <1
HNO; (2) 27 <1 13 2
HCI1 (2) 23 0 11 <1
HF (3) <1 <1 8 1
NaOH (12) <1 <1 16 3
NH4OH (11.5) 0 0 6 3

4 Results are normalised per g of sample weight.

Table 2

Dissolution rate of Y, Zr and Si in acid and basic solutions and
amount of m-phase in the samples after corrosion test at 80°C for 34
days®

Dissolution rate of ions (ppm/day/g)x 1073

Solution (pH) Y Zr Si m-phase
(%)
H,S0,4 (2) 101 <1 59 4
HNO; (2) 96 <1 33 9
HCI (2) 85 0 33 3
HF (3) <1 <1 47 4
Distilled water 0 <1 10 0
NaOH (12) 0 0 26 <2
NH4OH (11.5) 0 0 15 9

4 Results are normalised per g of sample weight.
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(pH 2) of HNOj3, H,SO4 and HCI at both temperatures.
Lower dissolution of yttrium was found in HF solution
at pH 3 both at RT and 80°C. The dissolution of ele-
ments is controlled by chemical reactions and by the
diffusion of ions through the product layer [22]. The low
dissolution of yttrium in the HF solution is attributed to
the formation of insoluble YF; according to the fol-
lowing reaction [23] that protects surface from further
dissolution:

Y,0; 4+ 6HF <= 2YF; 4 3H,0

Shimada and Sato [22] showed that, in silicon nitride
ceramics, Si and Al ions were dissolved in HF solutions
but Y was not dissolved. Lange et al. [15] also showed
that in the presence of acids and neutral solutions,
yttrium dissolves in the form of Y3* ions. We found the
dissolution of yttrium negligible in basic solutions of
NaOH and NH4OH as well as in water at RT and 80°C.
This was expected since yttrium is almost insoluble in
bases [24]. In the presence of alkaline solutions, and also
in aqueous solutions of pH 6.5-8.5, yttria tends to con-
vert, by spontaneous hydration, to hydroxide Y(OH);
that is the stable equilibrium form [23,25]. Dissolution
of yttrium is influenced by the specific surface area and
sintering temperature. The lower the specific surface
area and the higher the sintering temperature, the lower
is the amount of yttrium dissolved [14]. Dissolution of

(a)

yttrium from HSY3 membrane has been found to be
lower than the yttrium dissolution from HSY3 powder
in HNOj solution at pH 2 [26]. This is attributed to the
lower surface area of the membrane and the effect of sin-
tering, which stabilizes yttria against dissolution. In 3Y—
ZrO, membranes the dissolution of yttrium is enhanced
as compared to dense components, due to the higher sur-
face area exposed to the media and the lower sintering
temperature applied in the processing of membranes.
Depletion of yttrium leads to the transformation of
the metastable tetragonal zirconia to monoclinic.
Hydrothermal attack in a water solution without acids
or bases also results in phase transformation. Dissolu-
tion of yttrium was high in HNOj; solution and negli-
gible in NH,OH at 80°C. However, the amount of m-
phase in both samples was around 9%. From these
results, it is suggested that in acid solutions the deple-
tion of yttria and hydrothermal attack by OH™ ions to
the lattice resulted in phase transformation. In basic
solutions, depletion of stabilising agent, however, does
not play a role and hydrothermal attack was the domi-
nant mechanism that caused phase transformation.
Dissolution of zirconia was negligible in all solutions
at RT and 80°C. At 80°C the dissolution of Y and Si
was higher. Dissolution of Si was found in both acid
and basic solutions. Although Si is one of the minor
elements in the composition of 3Y-ZrO,, since it usually
segregates to the grain boundaries, its dissolution is

(b)
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Fig. 1. EDS spectra of HSY3 sintered membrane (a), and samples tested in (b) HNOj3 at pH 2 (¢) NH4,OH at pH 11.5 and (d) NaOH at pH 12 at RT

for 79 days.
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important in porous structure when the properties of
grain boundaries are concerned.

3.2. EDS studies

Chemical composition of some of the samples after
the corrosion test at RT was studied by EDS (Fig. 1). Si
and Al K-peaks and Hf L-peak appear almost in the
same level of energy. Some of the samples tested at RT
were studied by EDS at a low energy range without a
thin gold coating. It is difficult to distinguish Y and Zr L-
peaks, since the Y peak lies in a slightly lower energy level
than the Zr peak and can be buried in the Zr peak, espe-
cially when the amount of Y is much less than that of Zr.

In EDS spectra of samples tested in HNO; and
NH4OH the overlapping peaks of Si, Al or Hf were
smaller compared to the peak in the sintered membrane.
The Si peak was removed in the spectra of samples in
NaOH and NH4OH solutions, which was in agreement
with the dissolution of Si (Table 1). It indicates the dis-
solution of Si in both samples, which was also detected
in solution analysis. It was not possible to detect whe-
ther the Si peak was from the compounds in grain
boundaries or grain interiors due to the low resolution
in SEM. K-peaks of Y and Zr at higher level of energy
(14-16 kev), in which peaks were separated and distin-
guishable, did not show any difference between the
unexposed and corroded samples.

3.3. pH of solutions after corrosion tests

The change of pH after the corrosion test at RT and
80°C is presented in Figs. 2 and 3. The ionic exchange
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Fig. 2. PH of solution after corrosion of HSY3 samples in acid solu-
tions (a) at RT for 79 days and (b) at 80°C for 34 days.

between the corrosive media and zirconia membrane
surface in chemical reactions or dissolution results in a
change of the pH of solutions. This indicates the extent
of reactions, which involve H* and OH~, between the
solutions and the membrane. The distance of points
from the diagonal line shows the deviation of pH in
solutions after the corrosion test from the initial pH of
the solutions. Considering the logarithmic nature of pH,
it is obvious that a small shift in low acidic pH or high
basic pH values indicates a high number of ionic
exchanges, and as the pH shifts toward neutral from
both sides, the change in pH is higher with the same
number of ionic exchanges.

Zirconia is amphoteric in nature, which means that
different reactions are dominant in acid and basic solu-
tions. These reactions can be modelled by the following
acid—base reactions:

MOH + H* < MOH}
MOH + OH™ < MO~ + H,0

where the proton is, in fact, the potential determining
ion. The net surface charge of HSY3 membrane at each
given pH, depends on the surface potential of the
membrane that in this case can be assumed to be about
the same as that of the powder used to produce the
membrane. The isoelectric point (iep) of HSY3 is 7.6,
which means that at this pH the net surface charge is
zero, or the positive and negative charges are equal [26].
Below the pH of iep, the net surface charge is positive
and above that it is negative. Due to the amphoteric
nature of the zirconia surface, different types of chemi-
cal reactions at each given pH are favoured, depending
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Fig. 3. PH of solution after corrosion of HSY3 samples in basic
solutions (a) at RT for 79 days and (b) at 80°C for 34 days.
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on the net surface charge of the membrane and ions in
the solution. When the concentration of the potential
determining ion is altered, the relative adsorption of
ions on the surface varies [27].

In acid solutions, and below the iep of the membrane,
the pH after corrosion shifted to higher pH values and
in basic solutions and above the pH of iep, to the lower
pH values, due to the amphoteric reactions of zirconia.
In both acid and basic solutions, the shift of pH in
solutions after corrosion was higher in the middle pH
point (pH 3.54 in acid solutions and pH 10 in basic
solutions) at RT and 80°C. Rosenholm et al. [28] also
reported that for 3Y-ZrO, powder, the peak in the pH
change was at pH 4 in the acid range of pH below the
iep of powder and in basic pH, the maximum change
was found at pH 9, above the iep.

It is speculated that at highly acidic and basic pH, i.e.
pH 2-3 and 11-12 respectively, the ionic density is high
and the ionic exchange between the corrosive solutions
and the membrane surface is controlled by kinetics of
corrosion. At slightly acidic and basic pH (pH ~5 and
8.5) the corrosive reactions are limited by the number of
reactive ions in the solutions and it justifies the lower
pH change at this range of pH. The higher shift of pH in
acid and basic solutions at pH 34 and pH 10, is
attributed to the enhancement of chemical reactions due
to a positive balance between the number and the
density of active ions.

3.4. Thermodynamic and kinetic aspects of
hydrothermal corrosion

The degree of attack in corrosive media depends
partly on the thermodynamic properties of reactants
and products, but can also be greatly influenced by
kinetic effects. A layer of protective product can limit
the corrosive attack. The corrosion product could be
dense and protective or porous and non-protective. The
production of thin protective layers of ZrSiO4 and YF;
that hinder the corrosion process are examples of such
products in Y-ZrO,. When assessing the likelihood of
the reduction of an oxide ceramic, a comparison of the
free energies of formation of the reactants and likely
reaction products, at the temperature of interest, will
indicate whether or not there is a driving force for the
reaction. If there is, the extent of reaction may none-
theless be restricted by poor wetting or limited by a
layer of reaction products. All thermodynamic calcula-
tions are valid for equilibrium systems whereas many
ceramic systems never reach equilibrium. Ideally, equi-
librium studies should be completed by kinetic experi-
ments in order to build a more complete picture of the
interactions. Despite the limitations of thermodynamic
studies, it can often save a great deal of unnecessary
experimental work by indicating which types of material
are unlikely to be corroded.

In aqueous solutions, hydration of zirconia may take
place to form zirconium hydroxides: ZrO,.H,O and
Z1r0,.2H,0. The solubility of zirconium hydroxide is
much lower than zirconia [23]. The chemical properties
of zirconia also depend on the method used to prepare
it. If it is strongly calcined, it is practically insoluble in
all acids. Zirconium shows itself to be a very base metal,
dissolves as zirconic ions Zr** and zirconyl ions ZrO?*
in highly acid solutions and as zirconate ions HZrO3~ in
very alkaline solutions [23]. In our experiment, dissolu-
tion of zirconium was negligible in the range of pH in
acid and basic solutions.

Silica is dissolved as silicate SiO3~ almost simulta-
neously in very alkaline solutions (NaOH, KOH) [23].
Dissolution of Si is also high in HF solutions. The affi-
nity of chemical reaction of the corrosive ions with the
surface or grain boundaries is important to define the
corrosion rate. Since most of the Si compounds appear
in the grain boundaries, the dissolution of Si is impor-
tant to the chemistry and strength of the grain bound-
aries. The effect of grain boundary chemistry and the
possible reactions of the ions in corrosive media with
grain boundaries are more important in acid and basic
corrosion processes than in hydrothermal attack in
water or humid media. In practice, dissolution of Si
occurs in all these solutions, even neutral solutions to a
different extent, as our results showed. The amount of
dissolution depends on not only the pH of the solution,
but also on the ionic strength of the solution, the species
in the solution and the Si-compound. Re-precipitation
of Si on the surface after a period of time is also possi-
ble. Dissolution of Si was considerable in our case both
in the basic and acidic solutions. Part of the Si dissolved
in the solutions may derive from the aluminosilicate
grinding balls that were used in milling of the slip.

Diffusion of ions through the double layer and
removal of corrosion products from the surface could
be the controlling step of the reaction and inhibit the
corrosion process. In solutions of high ionic density the
double layer is thin but crowded (compact) and ions
have difficulty in passing through the double layer to
react at the surface. This condition is met in our
experiment in highly acidic pHs of 2-3 and highly basic
solutions of pH 11-12. Shimada [22] showed that the
dissolution of ions was less in 10 M solutions of HF and
HCI than in 0.1 M solutions due to the high ionic
density inside the double layer.

3.5. Annealing after corrosion tests

Samples that were tested at 80°C in HNO; and HF
solutions and in NaOH and NH4OH solutions at highly
basic pH were annealed after corrosion at 1200°C for 3 h
with a 5°C/min heating and cooling rate (the same sche-
dule used in the sintering of unexposed samples). After
annealing the phase composition and microhardness
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Table 3

Phase composition and microhardness after corrosion test at 80°C, and after annealing at 1200°C for 3 h*

Corrosive media (pH) HNO; (2) HF (3) NaOH (12) NH4OH (11.5)
m-phase after corrosion (%) 9 4 <2 9
m-phase after annealing (%) 5 2 0 0
Concentration of Y in solution (ppm/day/g)x 103 96 <1 0 0
Hardness after corrosion (HV) 247 280 240 247
Hardness after annealing (HV) 268 293 269 310

2 Hardness of sintered membrane was 220 HV after sintering at 1200°C for 3 h.

were measured and are shown in Table 3. In basic solu-
tions, the monoclinic phase was totally re-transformed
to tetragonal after annealing in the samples. The
amount of m-phase in the samples tested in HNO3 and
HF reduced after annealing, but did not reach to zero.

Sato and Shimada [16] proposed the mechanism of
phase transformation and degradation which is based
on the diffusion of OH™ into the lattice in the oxygen
vacancies. In this mechanism the depletion of yttria
plays no role in inducing phase transformation, since no
dissolved yttria was found in the aqueous solutions. The
diffusion and migration of OH™ into the lattice accom-
panies a lattice expansion. Phase transformation is
reversible by annealing and the initial lattice parameters
could be restored by the exclusion of OH™~. Nakajima et
al. [29] also showed that in basic solutions dissolution of
yttrium did not play an important role and hydro-
thermal attack was dominant and responsible for phase
transformation.

Reversible phase transformation and lack of yttria
dissolution in the samples in basic solutions suggested
the mechanism of hydrothermal attack based on diffu-
sion of OH™ into the lattice. In HNO; solutions yttria
was dissolved and phase transformation was not totally
reversible due to the depletion of stabilising agent. The
tetragonal phase restored to a level depending on the
amount of yttria remaining in the sample after the cor-
rosion test. In HF solution, although the dissolution of
yttria was negligible, yttria was depleted by formation
of solid YFj3, therefore the level of yttria after corrosion
was lower and tetragonal phase could not be restored
totally.

It is suggested that in basic solutions, mechanisms of
hydrothermal attack by OH™ on the lattice were the
dominant mechanisms and in acid solutions, in which
yttria dissolution occurred both mechanisms of hydro-
thermal attack by OH™ to the lattice and yttria deple-
tion have induced phase transformation. However, as
the results of corrosion in acid and basic solutions
showed, the dissolution of yttrium and chemical reac-
tions in the samples in acid solutions did not enhance
the phase transformation induced by hydrothermal
corrosion. Govila [30] reported the same phenomenon
in the annealed dense samples.

Grain boundaries are particularly prone to chemical
changes due to the chemical attack of corrosive ions in
acid and basic solutions to the minor impurities segre-
gated in grain boundaries. Hydrothermal attack by
OH™ is most likely proceeding by diffusion into the lat-
tice. This suggests that the differences in the grain
boundary composition and the processing route of the
powder and membrane play an important role in defining
hydrothermal corrosion resistance.

The increase in hardness of samples after annealing is
mainly attributed to extended sintering time (3 h sin-
tered and 3 h annealed) at 1200°C, as well as the lower
porosity of the annealed samples and lack of micro-cracks
in the samples after phase transformation.

3.6. Effect of time on hydrothermal corrosion at 80°C

The effect of corrosion time was studied in the sam-
ples in acid solutions of HF and HCI at 80°C. Weight
loss of the sample in HF solution at pH 3 increased as
the exposure time increased to 600 h. A further increase
of exposure time did not yield higher weight loss (Fig. 4).
This can be attributed partly to the formation of inso-
luble YF; on the surface. The samples in HCI solution
showed a steady increase in weight loss as a function of
corrosion time.

Phase transformation of the samples in HF and HCI
solutions showed the same trend; an increase and then a
decrease as a function of the exposure time (Fig. 5).
After about 300 h exposure the amount of m-phase
reached a peak in samples in HCI solution and with the
increase in ageing time up to 600 and 800 h the amount
of m-phase diminished. The sample in HF solution

0.6
_ 05+
9
204+
v
803+
502 |
g —o—HF /pH 3
0.1 + —A—HCI/pH 2
0 t t + }
0 200 400 600 800 1000

Corrosion time h

Fig. 4. Weight loss of samples in HF and HCI solutions at 80°C.
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showed low m-phase up to 300 h, then it increased and
after 600 h decreased to less than 2% after 800 h in
solution. This behaviour cannot be attributed only to
the dissolution of yttria in the solutions. Yttria dissolu-
tion was low in HF solution of pH 3 and high in HCI
solution of pH 2 (Table 1).

Re-adsorption of dissolved yttria from the solution is
possible but it could not lead to partial transformation
of the m-phase to t-phase at 80°C. Thompson and
Rawlings [31] also reported that both the rate of phase
transformation and the dissolution of yttria decreased
with increase in the exposure time in zirconia-toughened
alumina in HCI solution.

Phase transformation and degradation occur over a
range of temperatures in Y-TZP ceramics with a mini-
mum and maximum limit that is defined by thermo-
dynamic and kinetic facts. Above and below this
temperature range, no phase transformation occurs and
in this range of temperature the monoclinic phase shows
a Gaussian distribution as a function of temperature.

12 ]
S0l —e—HF/pH3 |
by —A—HCl/pH2 |
£of |
e |
£ 6+ |
5
g 4 ?
3 |
g 21 [
< L

0 + t + + 1
0 200 400 600 800 1000

Corrosion time h

Fig. 5. The amount of m-phase in samples corroded in HF and HCl
solutions at 80°C.
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550 h
330 h
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(b)

HCI/pH 2

5 |
800 h |

550 h m
330 h ;

26 27 28 29 30 31 32 33
2 Theta

Fig. 6. XRD spectra of samples corroded in HF and HCl solutions at
80°C.

These temperatures depend on the amount of stabilizer
(yttria) and the sintering temperature. Sato et al. [32]
showed that for dense 3Y-ZrO, the lower limit of tem-
perature was at 50-100°C in air and the upper limit
increased from 250 to 400°C as the sintering tempera-
ture increased from 1450 to 1600°C. They also showed
that the maximum amount of transformed monoclinic
phase decreased from 80 to 10% as the sintering tem-
perature of samples decreased. The lower amount of the
monoclinic phase and the smaller range of temperature
for phase transformation in the samples sintered at
lower temperatures is due to the smaller grain size.
HSY3 membrane was sintered at 1200°C and due to the
fine grain size (0.1 pm; lower than the critical grain size
for phase transformation) and limited grain growth at
this temperature, phase transformation was not more
than 10% in these samples.

Hydration of the surface is necessary for the adsorp-
tion and penetration of OH™ ions into the lattice
vacancies. Dehydration of the surface is expected to
inhibit this process. Dehydration of the particle surface
has been reported based on electrophoretic mobility
measurements in 3Y-ZrO, powder aged in water for
240 h [33,34]. Re-precipitation of Si and Y from the
solution also might hinder the hydration of the surface.

It is possible that some monoclinic particles have
broken off the surface due to the corrosion and phase
transformation stresses in the samples exposed for 800 h
and resulted in low monoclinic contents detected in
these samples.

XRD spectra of samples corroded in HF and HCl
solutions for different times are shown in Fig. 6.

2.95
2.945 - HF }
2.94 1
2.935 | :
i

z

d-spacing A

HCI
2.93 A

2.925 T T T T
0 200 400 600 800 1000

Corrosion time h

Fig. 7. Changes in lattice spacing of the samples in HF and HCI
solutions at 80°C.
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Fig. 8. Microhardness of samples in HF and HCI solutions at 80°C.
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Tetragonal (111) peak of the sample in HF solution
showed a shift to lower 26 values as the exposure time
increased. It indicates an increase in lattice spacing of
the tetragonal phase as the corrosion time increases.
Peak broadening can be seen in the tetragonal peak of
the sample in HCI solution that showed the highest
monoclinic phase after 330 h corrosion test. A small
shift to higher 20 values was seen in the sample in HCI
as the ageing time increased, indicating a decrease in
lattice spacing.

Lattice spacing was detected in both samples as a
function of exposure time (Fig. 7). It must be noted that
the penetration of OH™ ions into the lattice creates a
stressed zone and expands the lattice. The stressed zone
creates nucleation points for phase transformation to
the monoclinic phase. The mismatch in lattice para-
meters of the tetragonal and monoclinic phase results in
a compressive stress and a decrease in lattice spacing in
the tetragonal phase. Lattice spacing of the sample in
HF and HCI solutions decreased and then increased to
about the lattice spacing of an unexposed sample and
did not change much up to 800 h in solution. The
change in lattice spacing of the sample in HCI solution
can be explained by the amount of m-phase in the sam-
ple, as the sample with the highest amount of m-phase
showed the lowest lattice spacing.

The same trend in lattice spacing in samples in HF
solution is not in agreement with the change in the
amount of m-phase of the samples. There are other
sources of stress in a hydrothermal corrosion test that
affect the lattice spacing, such as stress due to the che-
mical adsorption of OH™~ to the surface, chemical cor-
rosion stress and anisotropy of thermal expansion and
thermal expansion mismatch of the phases.

Microhardness of both samples decreased after cor-
rosion (Fig. 8). The hardness of the sample in HF solu-
tion was higher than that of the sample in HCI solution
up to 700 h. The sample in HCI solution reached the
minimum hardness at 330 h exposure time, when the
amount of m-phase reached a maximum of about 10%
and then as the m-phase reduced with increase in exposure
time, the hardness also slightly improved.

4. Conclusion

Dissolution of yttrium was found in acid solutions at
RT and 80°C, the exception being in HF solutions
which showed low dissolution of yttrium. Dissolution of
zirconia was negligible in all the solutions and yttria did
not dissolve in basic solutions and water. Si dissolution
was detected in both acid and basic solutions. At 80°C,
dissolution of Y and Si was higher. The pH of the
solutions, after the hydrothermal corrosion test in acid
solutions, showed a shift towards basic pH and in basic
solutions a shift towards acidic pH, that emphasized the

amphoteric behaviour of zirconia in these solutions. A
higher shift of pH was found in the acid solutions of
pH 3—4 and basic solutions at pH 10.

Annealing samples at 1200°C after the corrosion test
at 80°C showed that samples in basic solutions totally
restored the tetragonal phase, whereas the samples in
acid solutions showed partial re-transformation of the
monoclinic phase. It was suggested that in acid solu-
tions dissolution of yttria and hydrothermal attack
induced the phase transformation. In basic solutions,
depletion of stabilizing agent plays no role and the
mechanism of hydrothermal attack by OH™ ions to the
lattice was dominant.

Weight loss of samples in HF solution increased with
ageing time and then reached a plateau. Samples in HF
and HCI solutions at 80°C showed an increase and then
decrease in m-phase and an opposite change in lattice
spacing was found. Microhardness of samples after the
corrosion test showed a decrease.
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