Effect of Grain Size on the Martensitic Transformation
in CeQ,-Tetragonal Zirconia Polycrystals

by

Motozo Havakawa, Hiroshi Sumnmen*!, Muneo Oxka,
Heizaburo Nakacawa*?, and Ryoji Inoug*?

Department of Mechanical Engineering

% 1 Graduate Student, Faculty of Engineering, Tottori University, Present Address : Japan Gore-tex Inc.,
Okayama Plant, Wake-gun, Okayama 709-02

% 2 Department of Technology, Faculty of Education, Tottori University

* 3 Hitachi Metals Co. Ltd., Yasugi Works, Yasugi-shi, Shimane 692

(Received September 1, 1991)

Effect of grain size on the tetragonal to monoclinic martensitic transformation was
examined using 12mol%CeQ,-TZP (tetragonal zirconia polycrystals). The stability of
the parent phase, as measured by martensite start temperature on cooling (Ms) or
under applied stress (M¢) , decreased significantly with increasing grain size. Addi-
tional and the most significant change with increasing grain size was a decrease in the
handness. It was suggested that the average strength of the matrix would be the most
critical factor controlling the uncleation of the martensitic transformation in the
present system. Other possibilities which may influence the transfomation were also
discussed.
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1. Introduction

Grain size dependence of the martensitic transformation is generally recognized both in metals and ceram-
ics. In particular for transformation toughened ceramics, this dependence is a basis of retaining the high
temperature tetragonal(t) phase in a critically metastable state at room temperature so that martensitic
transformation to the stable monoclinic(m) phase would occur only in the high stress field around the tip
of propagating cracks, thereby absorption of mechanical energy or equivalently toughening is achieved.
Because of this technological importance and also because the phenomenon is closely related to the nucle-
ation mechanism of martensite, the grain size dependence has received much study in the past. Although,
the size dependence is observed both in powders (non-constraint particles) and bulk materials (constraint
particles or grains), principal factors influencing the size dependence can be quite different. In powders,
such factors as surface energy, surface contamination or adsorption, and the number and distribution of
potential embryos may be important, whereas in bulk materials mechanical interaction between a trans-
forming particle and its surrounding would play a dominant role. For this reason, these two cases need
be treated separately, and in this article only the case of bulk materials shall be addressed. The trans-
formation toughened ceramics are further classified into three groups, namely PSZ(partially stabilized
zirconia),! TZP(tetragonal zirconia polycrystals),® and ZTA(zirconia toughened alumina).® In the first
two, particles of a metastable t-phase are embedded in the stable c-phase or alumina matrix, whereas
in the last the material comprises only metastable t-phase of fine grains. The grain size dependence is
generally recognized in all three groups and various models have been put forward to account for the
mechanism of the grain size dependence.

One way of treating a transformation prob-
lem is to apply “end point” thermodynamics,®~¢
where the transformation is assumed to take place embryos pure chemical
when the free energy of the final state becomes } at To
lower than the initial state. If chemical free en- W
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transformation is assumed to begin at Ty, where
Tp is the temperature at which the initial and the nucleus at Ms

final phases have the same chemical free energy.
i \\_/ isolated plate
However, a variety of energy terms appear both
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self-accommo-

in the initial and the final states. In the case of dated piates
t-phase particles embedded in the stable cubic(c)

phase or other stable matrix, the interfacial en- \/ pure chemical
ergy must be included in the free energy of the at Ms

initial state. Additional energy may also appear

from the strain misfit arising from different ther- Fig. 1 Schematic diagram showing that the
mal expansion between the particle and the ma-  epergy of martensite is dependent on the elastic
trix. A free energy expression for the final state is  gtate of final the structure but unrelated to the
generally more complicated depending on the de- critical state of the nucleation. = 0and =1
gree of complexity of the assumed microstructure. represent the t- and m-lattice, respectively.

The following effects have been considered by var-
ious authors in addition to elastic strain energy,
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namely, particle/matrix interface energy,® partial release of strain energy by the formation of twing?—6

and microcracks.5 In these treatments, the relative contributions of the above energy terms were consid-
ered to vary with particle size and thus result in the size dependence. These end point thermodynamic
approaches were reported to account for the observed size dependence in some systems.*~® However, it is
not clear why this should be so, since in the usual reaction theory there exists an energy barrier between
the initial and the final states as illustrated in a schematic diagram in Fig. 1. This barrier cannot be
surmounted by a thermal activation process in the case of athermal martensitic transformation. Thus
even if the free energy of the final state becomes lower than that of the initial state, transformation
would not immediately take place. Instead, a further reduction in temperature is required so that the
energy barrier is diminished until the most potent embryo starts to nucleate by falling down the potential
downhill. The temperature giving this critical state defines M,, the martensite start temperature. The
energy of the nucleus must be considerably higher than the chemical free energy of the product phase
owing to the dominant strain and interfacial energy. Once a nucleus is formed, its growth is rapid and
spontaneous. Furthermore, such reaction often triggers activation of many other nuclei (a2 phenomenon
known as autocatalysis) resulting in a burst transformation. All of this happens in a fraction of a second,
often accompanying shattering of the specimen and evolution of significant heat. Still further, a reverse
transformation temperature, A,, is typically a few hundred degree higher than the forward transformation
temperature, M,. These facts clearly indicate that the free energy of the final state is significantly reduced
from that of the initial nucleus. In addition, the amount of the energy reduction is largely dependent on
the degree of strain accommodation as illustrated in Fig. 1. For these reasons, a direct comparison be-
tween the free energies of the initial and the final states is unlikely to provide any realistic criterion for
the transformation.

Alternative way of approaching the problem is to consider factors influencing the nucleation. Anderson
and Gupta’ assumed a statistically uniform distribution of embryos of varying potency. When a particle
contains a potent embryo(s) at a fixed temperature, then the particle is considered to fully transform
to the m-phase upon cooling to the temperature, but other particles free from a potent embryo remain
untransformd. The probability that a particle contains at least one such potent embryo is proportional
to the particle’s volume since a uniform distribution is assumed. Thus, the larger is the particle size, the
more easily the transformation would occur, which is an observed tendency of size dependence.

1t is however difficult to clarify the nature of embryos and to quantify their potency and distribution.
Furthermore a uniform distribution of embryos appear unlikely since nucleation is generally observed to
take place at a particle interface or grain boundary. Still further, in the case of TZP, once nucleation takes
place within a grain, the transformation would not be confined to the grain, instead extensive propagation
into many other grains occurs by a burst. Thus if embryos are closely associated with grain boundaries,
quite opposite tendency should be observed. For this reason, embryo theory alone cannot explain the
observed tendency of the grain size dependence.

Heuer et al.8 studied the particle size dependence of transformation under transmission electron mi-
croscope using zirconia particles dispersed both inter- and intra-granularly in alumina matrix. They noted
higher stability for the intra-granular particles than for the inter-granular particles of the same size. Since
a higher stress was expected in the inter-granular particles than intra-granular particles by thermal expan-
sion anisotropy, the authors pointed out the importance of residual stress. These authors also observed
stabilization effect upon annealing and interpreted the result by annealing out of the defects on which
nucleation would have taken place. They also observed the usual size dependence in the t-phase precip-
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itates in Mg-PSZ. These authors suspected that the loss of coherency in the particle interface triggered
nucleation, as suggested earlier by Hannink.® It should be noted, however, that such coherent/incoherent
transition is not expected in TZP, since the grain boundaries are inevitably incoherent.

Still another factor, which has not been considered for ceramics, is a strengthening effect arising from
grain refinement, a well known phenomenon in metal polycrystals. Indeed, this effect has been considered
to be the essential factor for the M, dependence on the grain size in steels.1%!!

As evident from the above summary, there are many factors which may influence the martensitic
transformation. However, relative importance of these factors, which may be different from one system to
another, is not known. The objective of the present study is to measure the dependence of the martensitic
transformation on the grain size in Ce-TZP and to search for the most likely factor controlling the marten-
site transformation of this particular system. The system was chosen because of its easiness in controlling
the grain size by heat treatment and the martensitic transformation by cooling or stressing. In addition,
the structure is most simple among the three types of transformation toughened ceramics.

2. Experimental Procedure

The starting material was ZrOz-12mol%CeQ, powders produced by a coprecipitation method (Daiichi
Kigenso Kagakukogyo Co., Ltd., Osaka); the chemical compositions and powder characteristics are sum-
marized in Table 1. The powders were mixed with an appropriate amount of acrylic binder followed
by spray drying, CIPping, and dewaxing of the binder. Sintering was carried at three different temper-
atures (1400, 1450, and 1500°C) for 2h in air. The final size of the sintered plate was approximately
6 x 45 x 140mm. In order to obtain larger grain sized specimens, some of the 1400°C-sintered plates were

annealed at various temperatures between 1550 and 1750°C for 2h in air.

Table 1. Composition(in wt %) and characteristics of the powders

ZrO; CeO; CaO Nay0 H,O Al,0; g loss S.A*Y  APS*?
82.44 15.98 0.004 0.003 0.52 0.19 0.46 33.7m?/g 0.51 pm

*1 Specific surface area
*2 Average particle size

It was noted that plates heated at higher temperatures exhibit greenish color. The coloring indicates
a partial reduction of the oxides, but a complete oxidation can be easily attained by annealing at a
temperature near 1200°C for a short period.

From these plates specimens of various sizes were prepared for experiments. The cut surfaces were
machine ground and followed by polishing on a metal disk with diamond emulsion of 9, 3, and lum
powders, successively, and finally on a buff cloth with 1ym diamond powders. These ground/polished
specimens were customarily annealed at 1400°C to remove the work-affected surface layer and also to
oxidize to the stoichiometry.

Density was measured with Archimedean method. Grain sizes were obtained by measuring 100 grain
intercepts with straight lines on scanning electron micrographs and multiplying the average by a geometric
conversion factor 1.74.1? Microvickers hardness was measured using a 1.96N load: average was taken over
20 measurements. Dynamic hardness tests were also made for some specimens. Lattice parameters and
monoclinic/tetragonal phase content were measured by X-ray diffractometer with a Co K, radiation and
a graphite monochromator. When accurate lattice parameters were desired, peaks were step-scanned and
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analysed using a peak fitting program.!® A correction for the sample displacement using the extrapolation
function, cos @ cot 4, resulted in the reproducibility of a lattice parameter within 5 x 10~%nm. An m-phase

content was obtained using the following equations!?

_1311X,, (10)
Um = 17 0.311X,

and In(111) + In(111) (16)

= T (I1D) + Im(111) + L(110)
where I, and I, are the integrated intensities of the respective peaks. Forward and backward transforma-
tion behavior was also measured by X-ray diffractometer attached with a cooling and heating stage, and
also by a more convenient dilatometric method.

Three point bending tests were made at room temperature and at some selected temperatures below
room temperature. The tests were carried out to meet JIS specification (JIS R1601, span length = 30mm
and specimen cross section = 3 x 4mm). Electron microscopic observation was made to see if there is any
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structural differences in the specimens heated at different temperatures.

3. Results

Before investigating into the effect of grain size on
the martensitic transformation, the initial state
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of specimens with various grain sizes was char- & | Theoretical
acterized. The grain sizes and bulk densities are 2 |
plotted vs the firing (sintering or annealing) tem-
peratures in Fig. 2. Grain morphology is pre-

sented in Fig. 3 for selected specimens. When
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sintered at relatively low temperatures, specimens
exhibited fine and regular equiaxial grains with
little voids. With an increase of firing temper-
ature, the grains markedly coarsened and large
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voids became outstanding, resulting in significant
de-densification. The latter phenomenon was not
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expected at the beginning, since in most ceram-
ics densification proceeds with an increase of fir- _
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ing temperature. Although detailed mechanism ok =
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gas evolution during a partial reduction at high Firing Temp. / °C
temperatures resulted in the voids. Unfortunately, Fig. 2 Variation of the grain size and bulk den-

was not clear, it was suspected that the oxygen |4'OO

once these large voids were formed, they could not sity with firing temperature.
be removed by annealing at a lower temperature
where absorption of oxygen occurred until the stoichiometry was attained.

An X-ray phase analysis revealed that all specimens were essentially tetragonal except for those fired
at 1750°C. Although a small amount of the m-phase was observed on the surfaces of the specimens sintered
at 1450 and 1500°C, this could be readily removed by grinding and polishing or by annealing at 1400°C.
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Fig. 3 Scanning electron micrographs showing the grain growth and voids formation for
specimens fired at 1450°C (a), 1600°C (b), and 1700°C (c).
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Fig. 4 Variation of the hardness with firing

temperature. All specimens except for that

fired at 1750°C were fully tetragonal.

On the other hand, the specimens heated at 1750°C contained 83% and 51% of the m-phase on the surface
and inside of the body, respectively. The plates heated at 1750°C were frequently accompanied with the
cracks which were considered to be generated by the t—m transformation during cooling.

Microhardness is plotted in Fig. 4 against the grain size. The hardness decreased significantly with
grain growth. The much lower hardness for the largest grain size (specimen heated at 1760°C) than
the value expected from an extrapolation is due to the high m-phase content. Apart from the specimen
heated at 1750°C, the indentations were not associated with microcracks at the indentation corners, nor



Fig. 6 Transmission electron micrographs showing fuzzy mottled structure in the specimens fired
at 1450°C(a) and 1750°C(b). No significant difference was noted with different firing tempera-
tures.

with any sign of extensive transformation such as a rosette pattern reported by Hannink et al.!® In these
measurements, the size of indentation varied from 19um for the hardest specimen (d ~ 1.3pm) to 24um
for the softest (d ~ 10pm). Since the size of indentation is significantly larger than the grain size, the
measured hardness may well be considered to be representing the average hardness of the polycrystals
rather than the matrix free from the effect of grain boundaries. The results of dynamic hardness tests are
shown in Fig. 5. It is seen that the hardening behavior is considerably different between the specimens
fired at 1400 and 1700°C. In the former the hardness rises quite steeply from the beginning, while in the
latter the hardness goes through a plateau before rising steeply.

T T T T T T T

In order to examine other factors which may 100f ' us fired bulk

o: i 4
cause the hardness difference, microstructure was | .+ powder
examined by electron microscopy. Typical struc-
tures are shown in Figs. 6(a) and (b) for the spec-
imens fired at 1400 and 1700°C, respectively. In

consistent with X-ray results, only t-phase grains
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were observed in both specimens as revealed by I ./'/ ]
(odd, odd, even) extra spots characteristic to the ] v }
phase.l® Despite the fully tetragonal phase, the ok o o 4
1 1 1 ] ! 1 1 1 1
matrices were not exactly featu.reless, 1nstea<.i fuzzy 1490 1590 1 1600 1700
mottled contrast was noted in both specimens. Firing Temp. / °C
Similar fine structures wer.e often ob.served in zir- Fig. 7 The m-phase content in as-fired speci-
conia alloys including specimens rapidly quenched mens and the the ground powders vs firing tem-
from the melt.!” Even though the nature of these perature

fine structure is not known, the appearance was
the same for the two specimens. Precise lattice parameter measurements resulted in a slight difference

between these two specimens, i.e., a and ¢ are 0.51289 and 0.52228nm, respectively for the specimen fired
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Fig. 9 Transformation cycles measured by a
dilatometer for specimens fired at 1650°C (a)
and 1700°C (b).

Fig. 8 Transformation cycles measured by X-
ray diffraction for specimens fired at 1700°C
(a) and 1750°C (b).

at 1400°C and the corresponding values for the 1700°C-specimen are 0.51230 and 0.52149nm, respectively.

Now we describe the effects of grain size on the martensitic transformation. A preliminary cooling
experiment showed that only specimens fired at and above 1650°C underwent the t—m martensitic trans-
formation when dipped into liquid nitrogen. In order to see the grain size effect in a wider range, a portion
of each group of the specimens was ground into powders. The amount of mechanically induced m-phase
was measured on the powders sieved though 44um meshes. As illustrated in Fig. 7, transformation was
induced in all specimens but the amount of the m-phase monotonically increased with grain size.

For those specimens with M, above liquid nitrogen temperature, transformation behavior was mea-
sured through forward and reverse transformations by using X-ray diffraction and dilatometric methods.
Figures 8(a) and (b) show the result of X-ray measurements for the specimens fired at 1700 and 1750°C,
respectively. The specimen fired at 1650°C failed to transform on the cryostat used, which enabled a spec-
imen to cool to —192°C, even though transformation did occur when the specimen was directly immersed

in liquid nitrogen.

The specimen fired at 1700°C was first cooled from room temperature (see Fig. 8(a)). The transfor-
mation took place at —76°C and 63% m-phase was formed with a burst. Further cocling increased the
m-phase gradually and the amount reached 75% at —192°C. Heating to room temperature and further
above caused no change below 231°C, then a rather rapid decrease of the m-phase occurred within a small
temperature interval. At 286°C the reversion was completed.

In the case of the specimen fired at 1750°C, the cycle started with 69% m-phase at room temperature.
Cooling to —192°C resulted in a gradual increase to 80%. By heating, the reverse transformation started
at 298°C and completed at 384°C. When this was cooled to room temperature, a first burst occurred
at 102°C followed by smaller bursts within a 10°C interval, then more gradual increase to 62% at room
temperature.

Results of similar experiment but with a dilatometer are shown in Figs. 9(a) and (b). With this
method, the specimen fired at 1650°C did transformed, but for the specimen fired at 1750°C measurement



could not be made, because a standard procedure of annealing the machined specimen at 1400°C caused
shattering during the cooling to room temperature. Quite a large burst was observed at —190°C for the
specimen fired at 1650°C. No more transformation could be induced because the temperature could not
be lowered below liquid nitrogen. By heating, the reversion started at 204°C and completed at 235°C.
Cooling to room temperature failed to close the loop, which was due to the microcracks induced by the
burst transformation. It was also noted that the slopes were different in the linear sections where no
transformation was expected. The very small slope observed in the heating region after transformation
was attributed to the small thermal expansion coefficient of the m-phase (~ 0.9 x 1076/°C). But the
difference between the initial slope before transformation and the final slope after reversion could not be
explained. A comparison with the literature data 3(~ 7.5 ~ 13 x 1075/°C) suggested that the slope of
the latter was more agreeable. The smaller slope at the beginning may be an artifact caused by initial
instability of the measuring system. If we assume that the presence of microcracks do not influence the
thermal expansion, we can estimate the amount of transformation by taking the difference between the
strains of the m-state and the final t-state both measured at room temperature. The unit cell expansion by
the t — m transformation was calculated to be 4.7% from the lattice parameters. Since the observed linear
strain was 0.67% or volume expansion of 2%, 43% of the m-phase was estimated to have been formed.
The data for the specimen fired at 1700°C (Fig. 9(b)) is similarly interpreted. The M, and A, agree
with the X-ray result in Fig. 8(b). The amount of transformation estimated in the similar method as above
was 39%, which is smaller than the X-ray result (63%). The difference suggests preferential transformation
on the surface over the inside. The variation of M, and A, with grain size will be discussed later along

with transformation temperatures under applied stress.

In the bending tests, two types of stress-de-
flection curves were observed, as illustrated in
Fig. 10(a) and (b). Most of the specimens were
fractured without any sign of yielding (a); whereas
only the specimens fired at 1700°C and tested at
—40°C showed a clear yielding followed by work
hardening with serrations. The latter specimens

(a) 25°C (b) -40°C _

MPa
nN
Q
Q

Flexural Stress/
Q
o

exhibited marked transformation bands on the sur-
face of tensile stress and also on the side surfaces,
as shown in Fig. 11(a) and (b). 05563 0 62
Deflection / mm

Results of fracture strength are plotted in

Fig. 12. The data at room temperature, —83, and Fig. 10 Two types of stress-deflection curve
~196°C were the average of 3 or 4 tests, whereas obtained at 25°C (a) and —40°C for specimens
the remaining data at intermediate temperatures fired at 1700°C (b). Specimens fired at differ-
were obtained from a single test. It is noted that ent temperatures fractured without yielding at
strength is generally higher for fine grained spec- all test temperatures.

imen and for a fixed grain size the strength goes
through a maximum with temperature variation, although for large grain sizes the maximum shifted above

room temperature.

A similar variation of yield stress with temperature has been observed in metals which undergoes a

stress-induced martensitic transformation.!® In metals, the region with a negative slope with temperature
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Fig. 13 Volume % of the m-phase on the frac-

tured surface measured by X-ray diffraction

method.

represents the usual temperature dependence of plastic flow stress, while that of a positive slope arises
from stress-induced transformation yielding. The temperature corresponding to the peak strength, which
is denoted by M7, lies in between M, and My, the transformation temperatures by deformation. When
an applied stress is increased a specimen at a temperature between M, and M¢? yields by transformation
(stress-induced transformation), while at a temperature between M7 and My the specimen first yields by
plastic deformation and a further increase in the strain induces martensitic transformation (strain-induced

transformation).
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Despite the apparent similarity to the shape of the stress-temperature curve of metallic system, the
absence of yielding before fracture in the present case requires some consideration in the process involved
in the regions of different sign of slope. The positive slope with temperature below a peak strength must
be due to the stress induced transformation as in a metallic system. Since evidence for the transformation
yielding was not obtained on the stress-strain curves except for one case, we looked for transformation
bands on the specimen surface as alternative evidence, but we could find it only in a part of the specimens
fractured in the temperature range of a positive slope, as indicated by arrows in Fig. 12. Even though
we failed to provide direct evidence, we believe the positive slope itself is a piece of evidence for the
stress-induced transformation.

On the other hand, the region of a negative

slope must be representing the usual temperature

dependence of fracture strength. As illustrated in 300k o

Fig. 13, even on the specimens fractured in this As 2

region exhibited the m-phase on the fracture sur- 200 o

face. But this m-phase was likely to be formed by . Y
oo Mg _.-- o

(&]

o
the high stress field around the tip of a propagat- Prie
ing crack. Thus the m-phase should be referred 8 ok /
to as crack-induced martensite rather than strain- ° g

/ e
. /O
induced and crack-induced transformation by di- 1 ' .
0 5 10 15
Grain Size /um

induced martensite.
Since we could not distinguish between stress-

1
[
o
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T

rect observation, it is not clear whether the transi-
tion occurs abruptly at the peak strength or more

gradually over some temperature range. Never- Fig.14 Variation of the characteristic tempera-

theless, the temperature giving the peak strength tures of the transformation with grain size.

would be representing some measure of the stabil-

ity of the parent against the martensitic transformation. Thus following the convention of a metal case, we
tentatively define M? by the temperature giving the peak strength and My by the temperature where the
m-phase was first detected on the fracture surface. As seen in Fig. 12, M? so defined exhibits a marked

dependence on the grain size.

4. Discussion

The variations of M, and A, obtained from Figs. 8 and 9 and M? estimated from Fig. 13 are plotted in
Fig. 14 vs grain size. Despite the scarcity of the data, marked grain size dependences are noted for all
three characteristic temperatures. The broken line indicates an expected variation of M4. The line was
drawn through the known My point for the smallest grain size and parallel to M7 assuming that it varies
similarly with grain size.

The present specimens were intended that they differ only in the grain size. Examinations were
made to see if this requirement was satisfied. One obvious variation, besides the grain size, was the
amount and size of the voids. We also noted that specimens fired at higher temperatures tended to
lose some oxygen as evident from the coloring. Even though quantitative measurement of the oxygen

to the stoichiometric composition. The appearance of the fuzzy mottled structure was intriguing, since
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no phase decomposition was expected with the presently employed heat treatments according to the
phase diagrams in the literature.!® In zirconia systems, fine structures of the similar kind have been often
observed,!” but their origins are not fully understood. Fortunately no significant differences were noted in
the microstructure of the specimens fired at different temperatures. We also observed that the tetragonal
lattice parameters of the specimens fired at 1700°C was 0.1 % smaller than that fired at 1400°C. Even
though the difference is small, it may indicate a small difference in the composition. Only possible reason
for the composition change is the evaporation of cerium during firing at a high temperature. However,
even in the specimens fired at the lower temperatures where no evaporation was expected, we still observed
a change in M/ with the firing temperature (or grain size). Thus, the effect of the composition change
should be small if there was any. The size of voids is known to lower the fracture strength of brittle
materials. Thus the present results of the bending tests were likely to have been influenced by the voids.
However, it should be noted that the present M7 were determined from the temperature giving a peak
strength and they should not be influenced by the absolute strengths. For the hardness measurements,
the void were not expected to influence the measurements as we could avoid large voids for indentation.

So long as the the microstructure remained essentially the same apart from the grain size, the sig-
nificant hardness variation is attributed to the difference in the grain size. The difference in the initial
hardening rate with different grain size observed in the dynamical hardness tests appears to support this.
A hardening effect by grain refinement is well known in metals and the phenomenon is usually accounted
for by the dislocation mechanism put forward by Hall?® and Petch.?! Although the mechanism may not
be the same in ceramics, analogous strengthening effects by grain refinement are commonly observed.??

Although there remains some ambiguities concerning the presence and the role of incidental differences
which may have been brought into the specimens by the different firing temperatures, we assume that they
do not play a predominant role. Then the present variation of the transformation temperatures with grain
size is most naturally interpreted by the strengthening effect caused by the grain refinement. This concept
has been originally put forward by Ansell and his coworkers'® to account for the grain size dependence of
the M, in steels and later supported by Kajiwara.!! According to these authors, a martensitic nucleation
requires plastic accommodation of the surrounding matrix, and the work necessary for the process is thus
dependent on the average strength of the material. Thus when the matrix is strengthened a larger driving
force must be exerted by further cooling the specimen.

Other possibilities reviewed in Sec. 1 can be mostly ruled out for this particular system. An exception
is the possibility of stress concentration arising from thermal expansion anisotropy,?® which is expected from
the tetragonal symmetry of the present specimens. Still further, a small composition variation owing to
the exposition to a high temperature cannot be completely ruled out.

Finally the relative magnitude of the characteristic temperatures in Fig. 14 is discussed. The following

inequality relations are customary assumed:
My <M] <Mg<Ty<Aa<A, 2

where A4 (not measured) denotes the temperature where reverse transformation starts under deformation,
others have been defined previously. Furthermore the following relations are assumed to approximately
hold:

M,;—A,___Md;-Ad:TO (3)

The latter relation is frequently used to estimate Ty. By definition, Ty should not vary with grain size.
Then we immediately see that no horizontal line for Ty can be drawn in Fig. 14 satisfying the relations




B A ITE2HHRERE B 2E 13

(2) and (3). The apparent inconsistency of the data with the relations (2) and (3) indicate that these
relations are not physically sound, though often satisfied. In particular there seem to be no physical basis

for the inequality:
To < A,

This may be explained as follow: A transformed region and its surrounding are in a state of residual stress,
which has the sense that helps the reverse transformation. When the back stress becomes very high, A,
can be lowered, even below 7p. The magnitude of the residual stress may well depend on the strength of
the material. Thus, the present martensite formed at low temperatures, where the matrix is strengthened
by both grain refinement and the low temperature, should result in quite high residual stress. For these
reasons, the current data are indeed consistent with physical requirements.

5. Summary and Conclusions
Specimens of various grain sizes were prepared from 12mo%CeQ,-TZP. On these specimens, characteristic
temperatures for the t—m transformation, such as My, A, and M7, were measured by cooling/heating cy-
cles or bending tests at low temperatures. Hardness and microstructure were also examined. Both M, and
M7, as well as A,, decreased but the hardness increased with grain refinement, while the microstructure
remained essentially the same. The data allowed the following conclusions to be made.
1. The primary origin of the stabilization effect by grain refinement in Ce-TZP is the strengthening
effect caused by the grain refinement.
2. The reduction of A, with grain refinement can be accounted for by the larger back stress associated
by the plastic deformation of the matrix of a higher strength.
3. The residual stress at facet corners arising from the thermal expansion anisotropy and a slight change
in the composition may also have some influence on the variation of the transformation temperatures

of the present system.
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