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The microstructure of ZrO,—Y,0; alloys prepared by arc-melting was examined mainly
by electron microscopy. It was found that the microstructure changed markedly with
yttria content between 0 and 8:7 mol %. Pure zirconia was a single monoclinic phase, while
Zr0,—8'7mol % Y,0; alloy was single cubic phase as expected from ZrO,—Y,0; phase
diagram. Tetragonal phase was found in alloys with 1 to 6 mo! % Y,0; together with
monoclinic or cubic phase. The tetragonal phase found in present alloys normally

had a lenticular shape with a length 1 to 5 um and a width 0.1 to 0.3 um, which is much
larger than that formed by annealing. The phase with a herring-bone appearance was
found in alloys with Y,03; between 2 and 3 mol %, which was recognized to be a meta-
stable rhombohedral phase. The structure of the present alloys is likely to be formed by
martensitic or bainitic transformation during fairly rapid cooling from the melt tempera-
ture. The change in hardness and toughness with yttria content of the alloys is discussed

on the basis of microstructural observations,

1. Introduction

Partially-stabilized zirconia (PSZ) is toughened by
the dispersion of metastable tetragonal particles
in a cubic matrix [1-5]. It has generally been
accepted that the toughness increase in PSZ is
principally attributed to energy absorption near
the advancing crack tip due to the tetragonal-to-
monoclinic phase transformation of the particles
[6—11]. The stability of the tetragonal phase
(t-phase), therefore, plays an important role in the
strength and toughness of PSZ. It is well-known
that PSZ is prepared by adding a suitable amount
of fluorite-stabilizing oxides such as CaO, MgO and
Y,03 to ZrO,. An analysis of the X-ray intensity
profile has revealed that the amount of t-phase is
strongly influenced by the composition of PSZ as
well as the sintering temperature and soaking time
[12]. Tt has also been clarified that the mechanical
property of PSZ is markedly affected by micro-
structural change during ageing in the cubic/
tetragonal two-phase region [5, 13]. The dispersion
of t-phase in cubic matrix is another factor to con-
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trol the mechanical property of PSZ. However, the
relationship between microstructure and mechan-
ical property has not fully been understood yet.
This is partly related to the fabrication process of
PSZ, which is ordinarily prepared from zirconia
powders and yttria or other fluorite-stabilizing
oxide powders by sintering or hot pressing. The
PSZ thus obtained often has a local compositional
fluctuation which causes the nonuniformity of
microstructure. The mechanical property of PSZ
is affected not only by the nonuniformity of
structure but also by many other factors such as
grain size, porosity and type of sintering aids. It
is, therefore, not straightforward to understand
the relationship between microstructure and
mechanical properties of PSZ. In the present
study, various ZrO,—Y,0; alloys with uniform
composition were prepared by arc-melting and
the change in microstructure with yttria content
was examined in detail. The change in hardness
and toughness of zirconia with yttria content was
discussed from a microstructural view-point.
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2. Experimental procedure

Zirconia and yttria powders with 99.9% purity
produced by the Rare Metallic Co. Ltd. were used
for preparing ZrO,—Y,0; alloys. Oxide powders
mixed in a ball mill were pressed into bars and
then sintered at 1673 K. The sintered bodies were
arc-melted in an argon atmosphere. Arc-melted
samples were cooled on a water-cooled copper
hearth. Cooling rate was measured by optical
pyrometer as ~700Ksec™ between melting
temperature and 2300K, and ~100Ksec™
between 2300 and 1300K. The samples were
button-shaped with a mass of about 1g and had
columnar grains with average diameter 0.5 mm.
They were black in colour due to oxygen defi-
ciency, but restored the usual colour by annealing
at 1473 K for several hours in air as reported pre-
viously [14]. The oxygen deficiency was esti-
mated to be about 1at% from weight gain of the
samples after the annealing. The composition of
the alloys used is listed in Table I. Hereafter,
alloy number shown in Table I is used to indi-
cate each alloy. EPMA analysis has revealed that
the local compositional change in arc-melted
samples is less than 0.5 mol%. Hardness measure-
ments and metallographic examinations were
carried out at the as-cast state. X-ray diffraction
studies were made by crushed powders of an
as-cast button. The specimens for electron micro-
scopy were initially cut from the button-shaped
samples and then polished to a disc with a thick-
ness 0.3mm. Thin foils were prepared from the

TABLE I Composition of alloys used. Yttria content
was estimated by EPMA analysis

Alloy number Yttria content (mol% Y, 0,)

0

1.0
2.1
2.9
4.0
5.0
6.3
8.7
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disc by ion-beam thinning and examined by JEM
200B electron microscope operated at 200kV.
Microanalysis was carried out by JEM 200CX
electron microscope with energy dispersive X-ray
spectrometer.

3. Results

3.1. Hardness and toughness

Microhardness is shown as a function of yttria
content of the alloys in Fig. 1. The hardness
rapidly increases with an addition of Y,0; up to
about 3mol%, while further addition of Y,0;
results in a gradual decrease in hardness. The
hardness of alloy 3 is more than twice as large as
that for pure zirconia.

The alloys were usually cracked at the edge of
indentation when the hardness measurements were
made under a fairly large applied load. Fig. 2
shows Vickers indentations obtained under 500 g
load in three alloys. Many fine cracks were intro-
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Figure 2 Microhardness indentations in (a) alloy 1, (b) alloy 3 and (c) alloy 5. Cracks are introduced in (a) and (c), but

not in (b).

duced around the indentation in alloys 0 and 1 as
shown in Fig. 2a, but sharp cracks were developed
in alloys with more than 4 mol % Y,0j3 as shown in
Fig. 2¢. No cracks were clearly seen in alloys 2 and
3 (Fig. 2b), which are superior in toughness to the
other alloys. Observable cracks were usually
formed in alloy 3 under Skg load, but alloy 2 was
seldom cracked even under this load.

The fracture toughness was tentatively esti-
mated by indentation method from the following
equations [15]

2/5 -3/2
(13{1:}/"2)(%) = 0.129(—2—) 2.5 <% (1)
for median cracks, and
H . / o
) ool
0.25 <£< 2.5 )

for Palmqvist cracks, where K¢ is the Mode [
critical stress intensity factor, H is the hardness, E
is the Young’s modulus, « is the half-diagonal of
Vickers indent, ¢ is the radius of surface crack and
[ is the parameter for crack length which is related

to ¢ by ;
c

_——= == 1

a a

3

The data of Ky¢ estimated from Equations 1 and 2
is shown in Fig. 1. The value of K;¢ of alloy 2 was
estimated from the crack which was rarely seen
around indents. As cracks were not usually formed
in alloy 2, the real value of K¢ is expected to be
higher than that shown in Fig. 1. It should be
noted that the indentation method is not suitable

for evaluating K;c of materials with a fracture
toughness more than about 10. Despite the fact
that the reliability of the indentation method is
still in controversy [16—20], the present data
agree fairly well with that obtained by the
double-cantilever beam technique in ZrO,—Y,0;
single crystals [21]. Fig. 1 shows that the tough-
ness changes markedly with composition of the
alloys and has a sharp peak at about 2mol%
Y,03. Although the present alloys were not pre-
pared by a conventional technique, the peak in
toughness appears in the alloy with almost the
same composition as that for the commercial
PSZ.

3.2, X-ray diffraction studies

Crushed powders were examined by X-ray dif-
fractometer at room temperature for identifying
the phases in each alloy. Pure zirconia was com-
posed of monoclinic phase (m-phase) at room tem-
perature, as commonly found in previous works
[22]. An addition of yttria results in a decreased
amount of m-phase and appearance of tetragonal
phase (t-phase). It has been shown that the volume
fraction of m-phase, Vm, can be estimated from
the following equation [5],

_ 1.603[7(111),]
m = = )
L603[I(111), ] +1(111),
I(111),, and I(111), in Equation 4 are the inte-
grated intensities of (111),, and (111), peaks,
where subscript m or ¢ shows m-phase or cubic

phase (c-phase), respectively. The value of Vi,
estimated from Equation 4 is shown in Fig. 3 as
a function of yttria content of alloys. The relation-

ship between V,, and yttria content in the present
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Figure 3 Volume fraction of monoclinic phase deter-
mined by X-ay diffraction as a function of yttria content.

alloys has a similar tendency with that obtained
in sintered PSZ [12]. The amount of m-phase
drastically decreases with increasing yttria con-
tent and the m-phase has completely disappeared
in the alloys with more than 3 mol% Y,03. The
marked increase in hardness with a yttria addition
up to 3mol% (Fig. 1) corresponds to a rapid
decrease in ¥,,, with yttria content.

The volume fraction of t- and c-phases in
various alloys was not quantitatively estimated,
because most of the peaks from t- and c-phases
were overlapped. However, X-ray intensity profiles
around the (400), peak and electron micro-
scopy have qualitatively shown that the amount of
t-phase decreases with increasing yttria content.

.(cm

3.3. Change in microstructure with Y,0;
content

As confirmed by X-ray diffraction studies, pure
zirconia consists of single m-phase at room tem-
perature. The m-phase is ordinarily twinned as
shown in Fig. 4, which is easily distinguished from
c- or t-phase by electron diffraction. The twin
plane of the m-phase is either {100}, or {110}y,
plane as reported previously [23, 24].

The volume fraction of m-phase in the thin
foils prepared from the as-cast buttons of alloys
2 and 3 was smaller than that estimated by X-ray
diffraction. For example, m-phase was not com-
monly seen in alloy 2 by electron microscopy. The
result seems to show that the t-phase in the alloys
was partly transformed to m-phase during crushing
the as-cast button for X-ray diffraction exper-
iment. The m-phase was not found in alloys with
more than 3 mol% Y,03;. The principal phases in
alloys with 3 to 6mol% Y,0; were t- and c-
phases. Fig. 5 is an example of cubic/tetragonal
two-phase structure in alloy 3. The diffraction
pattern from matrix is indexed by an fcc lattice
with a fluorite structure, but forbidden reflec-
tions appear from the second phase as in Fig. 5.
The lenticular-shaped second phase was, there-
fore, recognized to be t-phase, which was
embedded in cubic matrix [13]. The size of
t-phase in Fig. 5 is much larger than that pro-
duced by ageing of PSZ [5, 13]. The t-phase in
present alloys was mostly such a large one as
in Fig. 5, but fine t-phase was also observed

R

Figure 4 Twinned monoclinic phase in pure zirconia. Beam direction is close to [00 1], direction.
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Figure 5 Lenticular t-phase embedded in cubic matrix in alloy 3. The diffraction pattern from matrix (a) is indexed by
fluorite structure, but forbidden reflections in f ¢ ¢ lattice appear in the pattern from lenticular phase (b).

which was usually generated at the edge of large
t-phase (Fig. 6).

Together with t- and c-phases, a phase with a
characteristic “herring-bone” appearance was
found in alloys 2 and 3. The microstructure of the
phase shown in Fig. 7 is clearly different from the
cubic/tetragonal two-phase structure. The phase
with a herring-bone structure was regarded to be a

metastable rhombohedral phase, because the dif-
fraction pattern from the phase is distorted from
that of fluorite lattice [25], and the microstructure
is similar to- thombohedral §-phase in ZrO,—Sc,04
{26, 27]. The r-phase in PSZ was first found on
the abraded surface [28]. The present result shows
that the r-phase appears in ZrO,—Y,03; alloys with
yttria content between 2 and 3mol% as well as
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Figure 6 Fine t-phase found in alloy 3, which is usually
formed at the edge of large t-phase.

abraded surfaces. The r-phase was found in alloys
2 and 3 by electron microscopy, but was not
detected by X-ray diffraction on crushed
powders. The result will be discussed in a later
section. The r-phase disappeared in alloys with
more than 4 mol % Y, 03, and only cubic/tetragonal
two-phase structure was observed in alloys 4, 5
and 6. The two-phase structure was mostly similar
to that in Fig. 5, but t-phase with thin-plate
morphology was sometimes found in alloy 6
together with a lenticular-shaped one (Fig. 8).
Thin-plate t-phase has a straight habit plane,
which is close to {110}, plane. Twin-like faults
are seen in lenticular-shaped t-phase in Fig. 8.

The structure of alloy 8 was composed of a
single c-phase in which dislocations are sometimes
found (Fig. 9). They were probably induced
during cooling from the melting temperature.

Figure 7 Herring-bone structure formed in alloy 3.
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Figure 8 Two-phase structure of alloy 6. Lenticular (A)
and thin-plate (B) t-phases are formed in the alloy. Note
that the lenticular t-phase is twinned. Beam direction is
near the {1 00], direction in cubic phase, and the habit
plane is close to {11 0}c plane.

4. Discussion

The present study on yttria-stabilized zirconia
with a uniform composition has revealed that the
microstructure sensitively changes with compo-
sition. The change in microstructure is closely
related to the phase stability of Zr0,-Y,0;
alloys. The phase appearing at room temperature
varies with yttria content as shown in Fig. 1. The
result shown in Fig. 1 agrees fairly well with the
previous one obtained by X-ray diffraction
analysis [14]. However, several new pieces of
evidence were obtained on the microstructure of
Z10,—Y,0; alloys in this work. First of all, the
phase with a herring-bone structure was found in
alloys 2 and 3, which is likely to be a metastable

Figure 9 Structure of alloy 8, which is composed of single
cubic phase. Dislocations are sometimes seen in the cubic
phase.



r-phase. Secondly, the size and morphology of the
t-phase are not necessarily the same as those
reported previously [5, 13]. In the following sec-
tion, the origin of the microstructure of the present
alloys is discussed and then the role of micro-
structure on hardness and toughness is surveyed.

4.1. Rhombohedral phase appeared in PSZ
The phase with a herring-bone appearance was
regarded to be a metastable r-phase in the ZrO,—
Y,0; alloys. Microanalysis by scanning trans-
mission electron microscopy revealed that the
r-phase has a uniform yttrium content as expected
from the average composition of each alloy. The
result means that the diffusion of yttrium is very
limited during cooling from melting temperature
in the present alloys because of a fairly high cool-
ing rate as mentioned previously. A short-range
diffusion of yttrium or oxygen might occur, but
extensive diffusion of yttrium did not occur
during cooling. It is, therefore, likely that the
r-phase is formed by martensitic (or bainitic)
transformation during cooling.

The r-phase has not been detected in bulk PSZ
prepared by a conventional process. The PSZ fabri-
cated by sintering or hot-pressing is usually fired at
cubic/tetragonal two-phase region and then cooled
slowly to avoid introducing microcracks due to
thermal shock. Firing at the two-phase region
causes a development of local compositional
fluctuation by cubic/tetragonal phase separation,
and the subsequent slow cooling will also induce
an additional diffusional transformation. Thus, the
fabrication process of commercial PSZ is unlikely
to generate r-phase during cooling, if the r-phase is
formed by a martensitic transformation in the
alloys with a particular composition. The appear-
ance of r-phase by mechanical polishing also sup-
ports that the r-phase is produced by a martensitic
transformation, which is often induced by
mechanical treatments [29].

It is also noted that the r-phase was not
detected by X-ray diffraction analysis of the
crushed powders. For example, all the peaks from
the crushed powders of alloy 3 were well-
explained by t- or c-phase. The fact seems to indi-
cate that the r-phase is transformed to a t-phase
during the crush. It has been proposed that the
r-phase in PSZ only exists in surface layer under
stressed condition, because the powders removed
from abraded surface gave rise to peaks from c-,
t- and m-phases, and not from r-phase [28]. The

stress is probably one of the factors to generate
the r-phase. However, the present result suggests
that the appearance of r-phase is not only affected
by stress or mechanical treatments, but also
affected by composition of PSZ, i.e. the stability
of r-phase is dependent on composition. More
details on the stability and also crystallographic
features of the r-phase will be reported in a sepa-
rate paper.

4.2, Size and morphology of t-phase

The lenticular-shaped t-phase in the present alloys
generally has a length 1 to 5 um and a width 0.1 to
0.3 um, which are much larger than the t-phase
formed by precipitation in cubic matrix during
ageing [5, 13]. Fig. 10 shows the photograph of
cubic/tetragonal two-phase structure together with
the data of energy dispersive X-ray analysis. As
known from the figure, the yttrium content is
almost the same in t-phase and cubic matrix within
an accuracy of the analysis. The fact means that
the t-phase is not formed by a diffusional process

Figure 10 The cubic/tetragonal two-phase structure of
alloy 6. Lenticular t-phase is embedded in cubic matrix.
The figures in the photograph show the yttria content in
local area, which was estimated by energy dispersive X-ray
analysis. Note that the yttria content in t-phase is not dif-
ferent from cubic matrix within an accuracy of the
analysis.
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such as precipitation, but is rather likely to be
formed by martensitic (or bainitic) reaction as well
as r-phase. The t-phase is not necessarily internally-
twinned or dislocated as often found in martensite
[29]. The strain condition in the ¢ -t transforma-
tion may satisfy the invariant plane strain condi-
tion [30].

Another interesting point is that the thin-plate
t-phase sometimes observed in alloy 6 together
with lenticular-shaped one (Fig. 8). The morpho-
logical change from lenticular to thin-plate marten-
site has been found in a number of iron alloys
[31-39]. The generation of thin-plate martensite
in iron alloys is associated with the fact that the
transformation products are easily deformed by
twinning rather than shear [40-42]. The thin-
plate t-phase appears with internally-twinned
lenticular t-phase in Fig. 8. The figure seems to
show that twinning is easier in alloy 6 than in the
other alloys with lower yttria content, because
the internally-twinned t-phase was not seen in
alloys with less than 5 mol% Y,0;. In agreement
with iron alloys, thin-plate t-phase is found in
alloys, in which twinning is possible to occur in
t-phase.

4.3. Change in hardness and toughness with
yttria content

Fig. 1 shows that the hardness and toughness of
Zr0,—Y,0; alloys are markedly dependent on
composition of alloys. The room-temperature
phases in the alloys change sensitively with com-
position, which results in composition dependence
of hardness and toughness.

The hardness of alloys increases at first rapidly
and then slowly with increasing yttria content.
The initial rapid increase in hardness occurs in the
range of yttria content up to 3mol%, which
coincides with a marked decrease in m-phase with
yttria content of alloys (Fig. 3). The m-phase is
probably softer than t- or c-phase and the hardness
would be sensitive to the amount of m-phase. On
the other hand, the toughness change with compo-
sition is different from hardness change. The
toughness of alloy 2 is much superior co other
alloys. As mentioned previously, m-phase was
rarely seen in thin foils prepared from as-cast
button of alloy 2, but the volume fraction of
m-phase in heavily-crushed powders of the alloy
was about 0.5 as shown in Fig. 3. It seems that
t-phase in alloy 2 was transformed to m-phase
during the crush. The result means that the
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t > m transformation easily occurs during frac-
ture in the alloy. The improved toughness of alloy
2 is probably caused by transformation toughen-
ing as proposed by previous workers [6—11].

A metastable r-phase was found in alloys 2 and
3, which have better toughness than the other
alloys. The presence of r-phase may also be
effective for improving the toughness of PSZ.
However, the role of the r-phase on the toughness
of PSZ is not clear, because the available informa-
tion on r-phase is very limited at present.

Another point found in this work is that the
alloys 4, 5 and 6 with cubic/tetragonal two-phase
structure are lacking in toughness. The result means
that the presence of t-phase in the cubic matrix is
not necessarily effective for toughening PSZ. The
yttria content of the t-phase is as high as average
content of alloys. The t-phase with high yttria
content was stably present in heavily crushed
powders for X-ray diffraction analysis. The stable
t-phase will not be transformed to m-phase during
fracture and is ineffective for improving the tough-
ness of PSZ.

5. Conclusions

Z10,-Y,03 alloys with yttria content up to
8+7 mol % were prepared by arc-melting. The micro-
structural change with yttria content was
examined mainly by electron microscopy, and the
relationship between microstructure and mechan-
ical properties was also surveyed. The microstruc-
ture developed in the alloys was considered to be
formed by martensitic (or bainitic) transformation
during fairly rapid cooling from melting tempera-
ture. Pure zirconia with single m-phase is inferior
in hardness and toughness, but an addition of
yttria causes an improvement of both properties.
The hardness increase due to yttria addition up to
3mol% Y,03 is rapid, while further addition
results in a very slight change in hardness. The
rapid increase in hardness is associated with
decrease in the amount of m-phase. The toughness
of alloy 2 is much superior to other alloys. The t-
phase with relatively low yttria content in the
alloy is transformed to m-phase during fracture,
and gives rise to improved toughness of PSZ. The
toughness is inferior in alloys with more than
4 mol % Y,03, which have either cubic/tetragonal
two-phase structure or single cubic phase struc-
ture. The t-phase in the alloys is stable due to high
yttria content and does not contribute to improve
the toughness of PSZ.
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