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Acoustic emission study of phase relations in
low-Y,05 portion of ZrO,-Y,05; system

V. SRIKANTH, E. C. SUBBARAO*
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PA 16802, USA

The (metastable) tetragonal phase in 3-4 mol% Y,0,-Zr0O, alloys undergoes a transition to
the monoclinic form in the 200-300 °C temperature range. Microcracking due to the volume
change at this transition has been detected in these compositions by sharp acoustic emission
during heating. The phase change was confirmed by X-ray diffraction, dilatometry and
scanning electron microscopy. The monoclinic = tetragonal transition in ZrO,—1 mol % Y,0,
alloy at 850750 °C and the same phase change in 2, 3, 4 and 6 mol% Y,0,; compositions at
the eutectoid temperature of about 560 °C was also clearly signalled by the acoustic emission
counts during heating and cooling. There was no significant acoustic emission activity on
heating and cooling the 9 and 12 mol% Y,05; compositions, which are cubic. The acoustic
emission data thus confirm the phase relations in the 1-12 mol % Y,0, region, established by
conventional methods such as differential thermal analysis, dilatometry and X-ray diffraction.

1. Introduction

Since the discovery of high fracture toughness in
zirconia alloys containing a metastable tetragonal
phase by Garvie et al. [ 1], there has been intense study
of the parameters governing this property. Toughened
zirconia finds many applications, e.g. as extrusion dies.
The presence of the metastable tetragonal phase which
transforms to the monoclinic form is the key factor for
the toughening process. Toughened zirconia alloys
with small amounts of Y,0; are among the prime
candidates as toughened ceramics due to the relative
ease of retaining the tetragonal phase at room temper-
ature [2-4]. The amount of the tetragonal phase
retained was found to depend on density [3], critical
grain size [3, 4] (which in turn depends upon Y,0;
content), the temperature from which the sample is
cooled [2] and the rate of cooling. For example,
higher density, smaller than critical grain size, heating
in the tetragonal phase field and rapid cooling rate
favour the retention of the tetragonal phase. Both
thermodynamic and kinetic factors were discussed in
connection with transformation toughening [5]. The
decrease in fracture toughness of partially stabilized
zirconia annealed at > 1000 °C has been attributed to
coarsening of tetragonal grains beyond the critical size
[6-8]. On the other hand, annealing at low temper-
atures (200-300°C) was also found to drastically
decrease the strength and fracture toughness of
zirconia-yttria alloys [9-26]. The amount of
monoclinic phase was observed to increase rapidly
when annealed in the 150-200 °C region and decrease
sharply when annealed above 300-400°C. Thus a
maximum amount of the monoclinic phase is detected

by annealing around 250 + 50°C. The exact
annealing temperature for maximum monoclinic
phase depends upon the initial sintering temperature
[2, 10-18], the amount of Y,05 [10-18, 21-24], the
presence of moisture [19-24, 27, 28], time [10-23], the
gaseous environment [29] and grain size [2, 10-18,
28]. The conversion of the tetragonal phase into the
monoclinic form starts at the surface and proceeds
to the interior [2, 10-18, 21-23, 29, 30]. Various
additives [10-18, 25, 26, 29, 30], e.g. Al,O; and CeO,,
are shown to prevent or inhibit this phase
transformation, presumably due to the presence of
second-phase particles at the grain boundaries
providing a constraint. Alternately, surface modi-
fication methods have also been suggested [31, 32].
The phase composition (m, t, c) in all these studies was
established by X-ray diffraction intensities [33, 34].
Since the monoclinic phase has a larger volume than
the tetragonal phase, the t — m transformation causes
microcracks, [9-18, 21-23, 26, 30] which are detected
by scanning electron microscopy [3, 10-18].
Microcracking in ceramics due to phase changes
(e.g. ferroelectric PbTiO; [35], superconducting
YBa,Cu,0,_, [36]) or anisotropic axial thermal ex-
pansion (e.g. Ca, _ Sr,P;0,, [37], Al,TiO5 [38, 39])
can be easily detected by acoustic emission techniques.
The t-m phase transformation in pure zirconia was
studied by the acoustic emission method as a sintered
sample and loose powder were cooled [40]. One of the
objectives of the present work is to detect the micro-
cracking accompanying the t —» m transition during
low-temperature annealing by the acoustic emission
method as samples are heated in the 100-450 °C range.
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Figure 1 Low-yttria portion of the ZrO,-Y,0; phase diagram
(4, 41, 42].

The phase diagram for the system ZrO,-Y,0O; has
been extensively investigated and an exhaustive review
is presented by Yoshimura [41]. In the low-Y,0;
region, a number of investigations were carried out
[42-45] and a gencrally agreed phase equilibrium
diagram, proposed by Srivastava et al. [42], is shown
in Fig. 1. At room temperature, one has monoclinic
solid solution, m, + ¢, and c,, with increasing Y,0O;
content. The t — m transition of ZrQ, is lowered from
1170°C to a eutectoid temperature at about 565 °C at
a composition of about 3.5 to 4.0 mol% Y,O;. These
phase relations are established by conventional
methods employing differential thermal analysis,
quenching, and X-ray diffraction. The fact that the
tetragonal phase can be retained metastably at room
temperature under certain circumstances has already
been mentioned, but is not shown in Fig. 1. One of
the objectives of the present work is to detect the
phase transitions in ZrO,-Y,0; compositions with
1~12 mol% Y,0, during heating (up to 1000 °C} and
cooling by acoustic emission methods, and to sub-
stantiate the results obtained by dilatometry, X-ray
diffraction and scanning electron microscopy.

Thus, acoustic emission methods are employed in
the present work to detect (i) microcracking during
low-temperature ageing due to the t-m transition in
ZrO, alloys with 3-4 mol% Y,0; and (ii) phase
transitions during heating and cooling of 1-12 mol%
Y, 05 compositions.

2. Experimental procedure

Zirconia and yttria with the characteristics given in
Table I were mixed in appropriate amounts to make
1,2,3,4,6,9 and 12 mol% Y,O; compositions in a
ball mill in polyethylene containers using ethyl alcohol
as wetting agent and 1/2 in. (13 mm) diameter zirconia
balls as grinding medium. The slurry was dried in an
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TABLE I Characteristics of zirconia and yttria powders used

Zirconium oxide®

L.O.I at 650°C 0.48%
710, + HfO,® 99.7%
Sio, 0.03%
FeO, < 0.015%
Na,O <0.02%
CaO < 0.02%
Cl 0.02%
SO, 0.06%
Surface area (BET Method) 9m2g!

Particle size (Sedigraph) 50% > 0.5 pm

Yttrium oxide

Lu < 50 p.p.m.

Gd < 50 p.p.m.

Tm < 50 p.p.m.

Yb < 50 p.p.m.

Er < 50 p.pm.

Tb < 50 p.pm.

Dy < 50 p.pm.

Sm < 50 p.pm.

Ho < 50 p.p.m.

Nd < 100 p.p.m.
Si < 100 p.p.m.
Fe < 100 p.p.m.
Mg < 100 p.p.m.
Ca < 100 p.p.m.
Al < 100 p.p.m.
Particle size 2-3 pm

*Typical average values from chemical analysis.
® ~ 2-3% HfO,.

air oven at 80°C for 24 h. The dried powders were
calcined at 1500°C. Later the calcined powder was
pressed into pellets and pellets were sintered at
1700°C for 4 h. The heating and cooling rates were
10°C min~*. X-ray diffraction study was carried out
on powders using CuK, radiation at 2°20 min ! scan-
ning speed. The phase identification was based prim-
arily on the (111) and (111) reflections at
d =0.318 and 0.286 nm for the monoclinic, (111)
at d =029 nm for the tetragonal and (111) at
d = 0.295 nm for the cubic phase.

For dilatometric measurements sintered pellets
were cut into 25 mm x 5 mm x 5 mm. The samples and
the two opposite faces of the specimen were polished
flat and parallel. The heating rate was 10°C min~*
and the cooling rate 2°C min ! in dilatometric runs
{Harrop Industries model TD-716). Most of the meas-
urements involved heating to 1000 °C and cooling to
near room temperature. Some samples were cycled
between room temperature and 1000°C and room
temperature and 450 °C to observe the transformation
behaviour in detail. ,

For the acoustic emission study a sintered sample
about 3mm x 5 mm x 20 mm was attached with a
high-temperature cement to a 30 cm long alumina rod
which served as a waveguide. The other end of the
alumina rod was joined to a transducer using a water-
soluble ultrasonic couplant. The sample was placed
inside a tube furnace and a Chromel-Alumel thermo-
couple positioned near the sample monitored the
temperature. The furnace temperature was increased
at 10°C min ! up to a temperature ranging from 450



to 900 °C. The maximum temperature was maintained
for 10 min, followed by cooling at 10°Cmin™! to
500°C and at 2°C min~"! to 100°C. The transducer
employed had a centre frequency of 500 kHz (in a
range of 300 to 700 kHz). The electrical signal output
from the transducer was amplified, filtered and pro-
cessed through a train of instrumentation consisting of
an amplifier, discriminator, totalizer and rate-meter
modules to obtain data for total AE counts and the
count rate (counts per 5°C). The discriminator trig-
gered a pulse whenever the amplifier output exceeded
a certain adjustable threshold. The details of the sys-
tem used here are described elsewhere [36, 37].

The fractured surfaces of as-sintered samples and
after the dilatometric runs were observed on an IST 60
scanning electron microscope.

3. Results and discussion

Two main aspects are presented here: (i) the meta-
stable t - m phase transition at about 250°C and
{ii) phase relations in the ZrO,-Y,0O; system from 1 to
12 mol% Y,O;. In both cases the discussion is based
on data from X-ray diffraction, dilatometry and
acoustic emission, supplemented in some cases by
scanning electron micrographs. Of these, acoustic
emission is a novel technique to be employed for the
study of phase relations in the ZrO,-Y,0; system.

3.1. Metastable tetragonal — monoclinic
phase transition

The X-ray diffraction patterns of sintered samples
with 3, 4 and 6 mol% Y,O; are shown in Fig. 2. The
monoclinic phase decreases as the cubic phase content
increases with increasing Y,O5 content. The relative
amount of the metastable tetragonal phase is large in
3 and 4 mol% Y,0; compositions and is essentially

absent in the 6 mol% Y,0O; composition, in agree-
ment with ecarlier reports. The thermal expansion
behaviour of 3 and 4 mol% Y,0; samples was deter-
mined by dilatometry up to 1000 °C in repeated cycles
of heating and cooling. The data for ZrO,-3 mol %
Y, 0, are shown in Fig. 3 for two cycles of heating up
to 1000 °C. During the first heating, there is an abrupt
large expansion at about 250 °C, followed by very little
expansion between 300 and 500°C, beyond which
there is a large contraction at about 550 °C and finally
normal expansion beyond 600 °C. During cooling of
this sample, the usual contraction down to about
400 °C is followed by a sudden large expansion, finally
displaying a small contraction at temperatures below
200 °C. During the second cycle of heating there is a
small expansion up to about 500°C, then a sudden
contraction, followed by the usual gradual expansion.
Thus, during the second heating, the behaviour is
similar to that in the first heating except for the
absence of the sudden expansion at about 250 °C. The
behaviour during cooling is nearly identical in the two
cycles.

Similar data for a ZrO,-4 mol% Y,O; sample for
three cycles of heating to 1000°C and cooling are
shown in Fig. 4. The behaviour of this sample is
essentially the same as that of the 3mol% Y,O,
sample and the data for the second and third cycles of
heating and cooling reproduce well. These results are
interpreted in terms of the presence of some amount of
metastable tetragonal phase in these samples, which
transforms to the (stable) monoclinic phase at about
250°C accompanied by a large expansion. The con-
traction at about 550 °C on heating and expansion at
about 400°C on cooling represent the m —»t—m
transformations.

In order to gain further insight into this metastable
t > m transformation at about 250°C, the 4 mol%
Y,0; sample was studied up to 450°C (with no
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Figure 2 Portion of the X-ray diffraction patterns of (a) 1, (b) 2, (c} 3, (d) 4, (¢) 6, (f) % and (g) 12 mol% Y,0;-ZrO, sintered compositions.
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Figure 3 Thermal expansion behaviour of ZrO,-3mol% Y,0;
sample during two cycles of heating to 1000 °C and cooling (centre).
The corresponding acoustic emission data (total counts and counts
per 5 °C) in the first ((a) heating, (b) cooling) and second ((c) heating),
(d) cooling) cycles are also shown: (IJ) total counts, (®) counts per
5°C.

holding time at the peak temperature) in two con-
secutive heating and cooling cycles (Fig. 5). The
sample expands in the temperature range 250-350 °C,
as noted before. On cooling from 450 °C, no dimen-
sional anomalies are observed. Apparently, the
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Figure 4 Thermal expansion behaviour of ZrO,-4 mol% Y,0,
sample during three cycles of heating to 1000°C, followed by
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metastable tetragonal phase converts only partially
into the monoclinic phase during the first heating up
to 450°C at the fast heating rate (10°C min~!) em-
ployed with no holding time at peak temperature. As a
result, further transformation into the monoclinic
phase takes place during the second heating cycle. It
has been reported that annealing for about 20 h at
200 °C is necessary to obtain maximum conversion to
the monoclinic phase in the 3 and 4 mol% Y,0;
samples. [10-18]. The present results are substanti-
ated by the decrease of the X-ray diffraction intensity
of the tetragonal reflection at 0.2965 nm of this sample
after the first dilatometric experiment up to 450°C,
and its disappearance after the dilatometric experi-
ment up to 1000°C (Fig. 6), compared to that in the
as-sintered condition. The X-ray diffraction intensity
of the monoclinic phase increases relative to the
tetragonal phase in the order: as-sintered, heated to
450°C, and heated to 1000°C. This clearly indicates
that the monoclinic phase arises from conversion of
the tetragonal phase and not from the cubic phase, in
agreement with the results of Sato and Shimada [10].

These results are fully consistent with earlier reports
[9-26] on the ageing or degradation of ZrO, samples
with 3-4 mol% Y,0; in the 200400 °C temperature
range due to conversion of the metastable tetragonal
phase into the monoclinic form. The accompanying
dimensional change is reported to cause microcrack-
ing [9-18, 21-23, 26, 307, which in turn results in a
strength decrease. The presence of microcracks is

plausible but is not easy to detect by microscopic
techniques, though some indication of microcracks
has been reported [3, 10—18]. In the present work, the
acoustic emission method was employed for the detec-
tion of microcracks as these two samples were heated
and cooled. The data (total counts and counts for 5°C
intervals) for the 3 mol% Y,0, sample heated to and
cooled from 1000°C for two cycles are included in
Fig. 3. The prominent acoustic emission activityin the
200-350°C region detected during the first heating
(Fig. 3a) is absent during the second heating (Fig. 3c),
confirming that when the metastable t —m trans-
formation is present extensive microcracking takes
place due to the associated sudden dimensional
change. The absence of similar activity in this temper-
ature range during cooling (Fig. 3b and d) is consistent
with this explanation.

Further confirmation of microcracking due to vol-
ume change associated with the metastable t »>m
phase change is obtained from acoustic emission data
on heating the 3 mol% Y ,O5 sample to 400 °C in two
consecutive heating—cooling cycles (Fig. 7). Clearly
there is a sudden, intense microcracking taking place
around 250 °C during heating (Fig. 7a and c¢) which is
absent during cooling (Fig. 7b and d). Further, the
acoustic emission activity is less intense during the
second heating to 400 °C (Fig. 7c} compared to that in
the first cycle of heating (Fig. 7a), suggesting that
much more of the metastable tetragonal phase present
transforms to the monoclinic phase during the first
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Figure 6 Portion of the X-ray diffraction patterns of ZrO,—-4 mol% Y,O; sample (a) as sintered and after dilatometric runs up to (b) 450 °C

and (c) 1000 °C.
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Figure 9 Scanning electron micrographs of ZrO,-4 mol% Y,0;
sample (a) as sintered and after dilatometric runs up to (b) 450 °C
and (c) 1000°C.

cycle compared to the transformation of the smaller
amount of the remaining metastable tetragonal phase
during the second cycle of heating.

Similar data on two cycles of heating the 4 mol%
Y,0; sample to 400°C are shown in Fig. 5a and ¢
together with the corresponding dilatometric data
(Fig. 5b), which indicate that the temperature of max-
imum acoustic emission activity coincides with the

temperature of the start of the sudden dimensional
expansion. As in the case of the 3 mol% Y,0, sample,
there was also no significant acoustic emission activity
during cooling of the 4mol% Y,0; sample (not
shown). The acoustic emission results on heating a
4mol% Y,0; sample to 1000°C for the first time
show intense acoustic emission activity at about
250 °C (Fig. 8a) and no significant acoustic emission
counts at 250 °C during the second heating (Fig. 8b) as
well as during the cooling cycles (Fig. 8¢ and d). Thus
the acoustic emission data from several experiments
on 3 and 4 mol% Y,0; samples are similar.

Scanning electron micrographs of the ZrO,-4
mol% Y,0; sample after dilatometric measurement
up to 450°C show extensive intergranular micro-
cracking (Fig. 9b) which is absent in the same sample
in the as-sintered condition (Fig. 9a). The sample after
a dilatometric experiment up to 1000 °C shows much
less microcracking (Fig. 9¢) than after cooling from
450°C, suggesting that considerable healing of the
microcracks generated on heating to low temperatures
( < 450°C) has taken place by heating to and cooling
from 1000 °C. The volume expansion accompanying
the t —» m phase change during cooling possibly con-
tributes to the crack healing process.

3.2. Phase relations in the low-Y,0, portion
of the Zr0,-Y,0; system

The phase diagram of the low-Y,0; portion of the
Zr0,-Y, 0, system, due to Srivastava et al. [42], is
shown in Fig. 1, which is in agreement with other
published phase diagrams [41, 43-45] except for the
fact that the metastable tetragonal phase observed in
a limited range of compositions is not shown here.
In the present study, ZrO, compositions with
1-12 mol% Y,O, were studied via X-ray diffraction,
dilatometry and acoustic emission on heating and
cooling. The X-ray diffraction data, shown in Fig. 2,
were used to estimate the relative amounts of the
monoclinic, (metastable) tetragonal and cubic phases
(Table II). The sample with 1 mol% Y,0; shows
essentially monoclinic ZrO, solid solution. The
amount of the monoclinic phase decreases gradually
with increasing Y, content till only a small amount
of it is present in the 6 mol% Y,0;, and it is com-
pletely absent in the 9 and 12 mol% Y,0; samples.
The cubic phase increases with Y,O, content such
that 9 and 12mol% Y,0; compositions show pure
cubic phase. As discussed earlier, 2, 3 and 4 mol%
Y,0; samples show some amount of metastable te-
tragonal phase in the as-sintered condition. The aver-
age grain size (1.5-2.0 um) of these samples is above
the reported critical grain size for the tetragonal phase
[4] and therefore partial conversion to monoclinic
phase has taken place, resulting in a mixture of m, t
and c phases (Table II).

The thermal expansion behaviour of 1 and 2 mol%
Y,O0; samples is depicted in Fig. 10 and of 6, 9 and
12 mol% Y,0; samples in Fig. 11. Similar data for 3
and 4 mol% Y,0; are already given in Figs 3 and 4.

The sintered samples of all these compositions were
examined by acoustic emission during heating and
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TABLE II Properties of sintered ZrO,-Y,0; compositions

Y,0, « of cubic phase  Density (gcm™3) Grain size (um)  Phase composition (%) AE data (°C)
(mol %) (10-¢°C™1)
m t c m-—t t-—-m
1 5213 2.1 95 5 - 846 710
2 5.198 1.98 70 15 15 600 565
3 12.5 5192 1.875 33 42 25 565 565
4 10.7 5.094 1.51 24 43 33 565 565
6 11.68 5.112 13 - 87 565 565
9 121 5.189 - - 100
12 11.98 5.012 - - 100
T T T T
@ 4 2
ok 6 mol % YgOs
7 - " 3y
- X
- ~ 1 f—
;5 oF
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0 . § 0~ Y 9
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. Figure 11 Thermal expansion behaviour of 6,9, and 12 mol% Y,05,
0 compositions. The zero point of the expansion plot has been offset
for the three samples.
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-2 . L L L are summarized in Table II. These transition temper-
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Figure 12 Acoustic emission data of 1, 2 and 6 mol% Y ,0O; samples (a, c, €) during heating to 900 °C and (b, d, f) cooling, respectively: (&1)
total counts, (®) counts per 5°C.
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cooling (Fig. 12b), which appears to correspond to
m — t and t — m transitions, respectively (Table II). In
the case of 2 (Fig. 12¢ and d), 3, 4 (Figs 3 and 7) and
6 mol% Y,O; (Fig. 12¢ and f), intense acoustic emis-
sion activity starts at 570 + 5°C on heating and
cooling (Table IT). Interestingly, this temperature coin-
cides with the ecutectoid temperature reported by
Srivastava et al. [42]. No significant acoustic emission
activity was observed on heating and cooling of sam-
ples with 9 and 12 mol% Y,05, and this is consistent
with the fact that they are purely cubic phases under-
going no phase changes.

The acoustic emission data thus are in agreement
with the phase relationships in this system established
by quenching, X-ray diffraction and other conven-
tional methods.

4. Conclusions

The acoustic emission technique is shown to be a
sensitive tool to determine phase transitions and
microcracking in ZrO,~-Y,0; ceramics. Using. this
method, the microcracking resulting from the volume
change at the metastable tetragonal transition at
about 250 °C in ZrO, alloys with 3 and 4 mol% Y,O,
has been clearly established. The onset of acoustic
emission activity at the m —»t and t - m transitions
and at the eutectoid transformation at about 565°C
confirms the established phase relations in the low-
Y, O, portion of the ZrO,~Y, 0 system. The acoustic
emission results are corroborated by dilatometry,
X-ray diffraction and scanning electron microscopy.
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