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Abstract

The tetragonal-monoclinic transformations of zirconia have been studied on

pristine single crystals and on their cycled crystallites. Two complementary

techniques have been used. Small angle neutron scattering experiments were

carried out to monitor the degree of completion of a transformation under

equilibrium conditions for collections of 20—30 large crystals using the total internal

and external surface area as an indicator. Differential thermal analysis experi-

ments were carried out on smaller single-domain crystals of different sizes

individually during heating and cooling to measure the rates of latent heat

absorption and emission. The investigation establishes the upper limit of stability

of the monoclinic phase, the lower limit of stability of the tetragonal phase, and the

coexistence temperature between the two phases. The characteristics of the

transformations are also inferred from these experiments.



I. Introduction

The tetragonal (t)-monoclinic (m) transformation of zirconia has been of

intense scientific and technological interests since the seminal paper of Garvie,

Hannink, and Pascoe1 on the use of stabilized zirconias as toughening agents. En

spite of the amount of work done on the material and the understanding attained,2-3

a number of issues remain unresolved2 in part because most experiments have been

performed on polycrystalline samples and some of the results might have been

masked by extrinsic factors arising from grain boundaries, voids and impurities.

The availability of sufficiently large single crystals grown by the flux method4 opens

up new opportunities of carrying out experiments that can be free of influence of

extrinsic factors. In this paper, we report results of investigation of (1) the

temperature fields of the t-»m and the m-rt transformations, (2) the characteristics

of the nucleation events (i.e., whether random or sample-size dependent), and (3)

the nature of the martensitic transformations (i.e., whether isothermal or athermal)

based on the use of unconstrained single crystals. Two techniques have been used

to complement each other in the pursuit of the aforementioned goals. One involves

the use of small angle neutron scattering (SANS) under equilibrium conditions to

monitor the amount of internal and external surfaces at selected constant

temperatures. The manner in which the total surfaces change at equilibrium

temperature steps provides information on the temperature fields of the forward

and reverse transformations. The other involves differential thermal analysis

(DTA) that measures heat emission or absorption during heating or cooling through

the first order transformation. The degree of abruptness of the emission or

absorption and the temperature at which it occurs provide clues on the nature of the

transformations.



II. Growth of Single Crystals

Single crystals of m Z1O2 were grown from a PDF2/KF flux solution. The

composition of the batch material (in mole %) was 10% Z1O2, 80% PbF2 and 10%

KF. The mixture was placed in a platinum crucible and heated to 1050°C. After

being kept at this temperature for 300 hours, the melt was slowly cooled to 850°C at

the rate of 1° per hour. The single crystals so grown were generally in the form of

thick plates with the largest face in the (100) crystallographic plane. Most crystals

are of dimensions of about 3 x 3 x 1 mm3. Most of these are of single domain. Much

larger multi-domain single crystals (10 x 5 x 3 mm3) can also be obtained.

i n . SANS Experiments

Unlike x-ray and electron probes which sample the outer part of a crystal,

neutrons penetrate and sample the entire bulk. Furthermore, being scattered by

the nuclear moments rather than the outer electrons (as would be the case for

x-rays), neutrons are as sensitive to oxygen as zirconium. For scattering angle 20

very near the forward direction, the scattered intensity S(Q) as a function of wave

vector Q = 4n sin QfK, \ being the wavelength of neutrons, is related to the succes-

sive moments of the distribution of scattering centers.5 It peaks in the forward

direction 6 = 0 and, for randomly oriented crystals of arbitrary shapes, drops with

increasing Q, approaching the "asymptotic slope" according to the Porod law5-6

S(Q) = 2icA(Ap)2/Q4. (1)

Here Ap is the difference in the scattering length density between the crystal and

the outside background and A is the total external and internal surface areas that

separate regions with the contrast Ap. A does not include domain walls because the

contrast in density is zero on the opposite sides of such walls. The sum of the

observed intensity f dQS(Q) over the range of Q for which the Porod law holds



provides a measure of the product A(Ap)2. During the t-m transformations of Z1O2,

the volume changes by -3% so that (Ap)2 changes correspondingly by ~6%. Any

additional increase in the summed intensity must come from a drastic increase in

the total surface A (internal and external) resulting from the breaking up of the

crystals and/or the opening of cracks because of volume mismatch during the

martensitic transformation. Therefore, SANS can provide a means of monitoring

the degree of completion of a martensitic transformation at each equilibrium

temperature step using the increase in scattering intensity corresponding to the

increase in total surface areas as an indicator.

The in situ measurements of the total surface areas generated during the t-m

transformations from the increase in scattering intensities were carried out on three

separate samples of Z1O2 each weighing 16-18 g and containing 20-30 multidomain

single crystals with linear dimension 5-12 mm. Samples 1 and 2 were packed

loosely into soft fibrous AI2O3 holders without windows at the open ends. Sample 3

was packed loosely into a rigid boron nitride holder with amorphous quartz

windows to contain the sample. The former configuration has the advantage that it

corresponds nearer to the ideal situation of unconstrained crystals while the latter

has the advantage that the crystals cannot move accidentally during the

experiments. Each experiment was carried out at constant temperature maintained

by heat transfer with heliuja gas in a resistance furnace. To obtain good statistics,

scattering of neutrons generated from the Intense Pulsed Neutron Source at the

Argonne National Laboratory, in pulses of 60-80 nsec durations at the rate of 30

pulses per sec and a flux of 4 x 10* neutrons car2 sec1 , were counted for about 90

minutes in each constant temperature experiment. These experiments were

therefore not meant to measure the kinetics of transformation but rather the degree

of completion of transformation in a collection of 20-30 single crystals at a number

of constant temperatures.



Figure 1 is a typical double logarithmic plot of S(Q) vs. Q showing the Porod

law behavior of Eq. (1) with a constant slope of approximately -4 and an intercept

that changes with temperature as the transformation occurs and reaches a

saturated value when all crystals have been transformed. The sequence of events is

as follows. The pristine m Z1O2 single crystals were untransformed at 816°C and

remained so at 1155°C. As the temperature was raised to 1176°C, m-»t

transformation occurred resulting in a drastic increase of surface area. The m-*t

transformation became completed before the temperature reached 1298°C. The

reverse t-»m transformation did not take place when the sample was cooled down to

1144°C. It then became complete when further cooled to about 1004°C. One notices

from Fig. 1 that (1) there is a small departure from the Porod law for the low

temperature (816°C) run manifested in the small bending at low Q and (2) the

signal to noise ratio was generally poor at high Q.

The summed intensities are plotted in Fig. 2 which summarizes the results

for all three samples. Sample 1 was heated up from room temperature through the

regime of m-»t transformation at a number of equilibrium temperatures. One

notices (1) the flat initial trend indicating constant surface areas for the original

crystals before transformation, (2) a regime of increasing surface areas for which

some crystals (or parts of some crystals) have transformed into the t phase, and (3)

a flat final trend indicating constant but larger surface areas when all the crystals

have transformed. During cooling, the summed intensity traces the same upper

plateau of the heating results but stays flat until a lower temperature is reached

when the t—>m transformation began. Thereafter the total surface areas increased

until the t-»m transformation was complete. Sample 2 was heated from room

temperature in one step to 1300°C so that all the crystals were transformed into the

t phase. It was then cooled down in equilibrium temperature steps and the neutron

scattering counted at each constant temperature indicated. Sample 3, which was



mounted in a different configuration, was also heated up in one temperature step

and then cooled down in successive small steps similar to that for sample 2.

Comparing the three sets of results, one notices that they are internally consistent

showing a temperature regime from 1170 to 1205°C for the m-»t transformation

and one from 1100 to 1000°C for the t—>m transformation with a possible error of a

consistent shift of ±10°C (rather than a random one). The increase in intensities

associated with the increase in total surface areas in these two temperature ranges

indicates that the forward or reverse transformation was incomplete for the entire

collection of crystals but does not answer the question of whether each individual

crystal in a sample was fully or only partly transformed at each temperature. The

amorphous quartz windows used to contain sample 3 were found after the

experiments to have degraded somewhat leading to minor reduction in the

transmission coefficient for neutrons. Most likely the degradation occurred towards

the end of the series of experiments. The effect is reflected in the anomalous drop of

the summed intensity for sample 3 at the three temperatures between 990 and

910°C.

IV. DTA Experiments

To determine whether or not each crystal was fully transformed at a given

temperature within the two temperature ranges (i.e., whether the transformation

was isothermal or athermal), thirteen single-domain single crystals of ZrO2 of

masses ranging from 3 to 120 mg were selected for their very high degree of

perfection as indicated by their optical properties. DTA experiments were carried

out on each crystal by heating at specified rates up to and beyond the temperature

of transformation, then cooling at the same rate past the transformation and finally

repeating the heating and cooling cycle again. The results are summarized in Table

I for the first cycle and in Table II for the second. Figure 3 is an illustration of the



DTA curves during the first and the second heating-cooling cycles for a typical

crystal. For all the crystals investigated, the m-*t transformation during the

heating part of the first cycle took place isothermally within a time duration

controlled by heat transport from the crystal to the furnace. The actual

temperatures of transformation for the thirteen different crystals varied from

1181°C to 1201°C and were independent of sample masses. After the m-»t

transformation, the original single crystal apparently became a polycrystal with

several grains of crystallites sticking together. During the cooling part of the first

cycle, these crystallites transformed back into the m phase individually at different

temperatures within the range 1115°C to 1060°C. The durations of transformation

were somewhat longer for the t-»m transformation than for the m-*t. In the second

cycle, the m-*t transformation of each sample took place with several sharp

absorption peaks, indicating that the crystallites that had transformed once before

transformed again but at different temperatures. The number of m-»t endothennic

peaks in the second cycle appeared to be less than the number of t-»m exothermic

peaks in the first cycle. The reason is not clear. However, some of the small t-»m

exothermic peaks in the first cycle could have been noise. There was no correlation

of the temperature of m-»t transformations between the first cycle and the second

for the same sample. Similarly, there was also no correlation of the temperature of

the t—>m transformations between the two cycles for the same sample.

V. Conclusions

The results of the investigations with SANS and DTA techniques point to the

following conclusions:

(a) Each pristine single crystal of m Z1O2 and each cycled crystallite of t Z1O2 or

mZrO2 transformed spontaneously at a temperature within the range

1170-1205°C for the m-»t transformation and the range 1115-1000°C for the



t-»m transformation. The upper limit of stability of unconstrained m Z1O2 is

T* ~ 1205°C and the lower limit of stability of unconstrained t ZrC>2 is

Tc ~ 1000°C. The mid-point between the starting temperatures 1170°C and

1115°C of the forward and the reverse transformations leads to a hypothetical

coexistence temperature between the t and m phases of To = 1143°C. These

characteristic temperatures T*, To and Tc are, within the limits of experimental

error (±10°C), consistent with what was previously suggested7 of very

asymmetric (1:3) temperature fields for superheating and supercooling based on

theoretical considerations and collation of other experimental data.

(b) The DTA results indicate that a transformation, once started, would proceed to

completion very rapidly, in agreement with an early investigation based on

smaller single crystals.8 There is no evidence of coexistence of the t and m

phases within a pristine single crystal or a grain of a once-transformed

polycrystal through a stationary or slowly moving interface.

(c) At least for the pristine single-domain m Z1O2 crystals, there is no correlation

between the mass of a crystal and its temperature of spontaneous

transformation, insofar as all the crystals are of mm size. The question of what

physical factor controls the nucleation and growth at a given temperature

remains intriguing. Our conjecture is that each crystal has a somewhat

different geometry with somewhat different stress concentrated regions. These

buildups in stress concentrations, which depend on geometry and possibly also

extended imperfections but not the mass of the crystal, provide the prerequisite

for critical nuclei to grow.

(d) The SANS experiments indicate that some crystals or grains of polycrystals

remained untransformed within the aforementioned temperature ranges for the

entire duration of the neutron experiments (- a day) and became transformed
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only when the temperature was increased to approach T* or decreased to

approach Tc.
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Table I

Sample

1

2

3

4

5

6

7

8

9

10

11

12

13

Weight
(mg)

30.0

16.8

39.5

95.3

67.7

43.7

27.8

9.0

3.1

3.3

120.2

64.3

22.0

Rate
(°C/min)

1

1

1

1

1

1

1

1

1

0.2

0.2

20

20

Peaks

S

S

S

S

S

S

S

S

S

S

S

S

S

m—»t
Temperature

(°C)

1181.2

1200.6

1191.4

1180.6

1187.1

1165.5

1187.1

1193.9

1189.2

1198.3

1189.9

1179.4

1183.8

Time
(sec)

10

10

10

12

12

12

10

10

7

7

15

12

10

Peaks

M

M

M

M

M

M

M

M

M

M

M

M

M

t—>m
Temperature

<°C)

1093-1059

1108-1069

1110-1067

1098-1058

1086-1060

1088-1060

1091-1058

1106-1086

1089-1066

1113-1089

1111-1071

1095-1056

1094-1059

Time
(sec)

10-25

10-40

15-60

15^0

10-30

15-35

15-40

20-50

10-15

15-40

15^0

15-30

15-35

S: Single Peak M: Multiple Peaks Time: from onset to top of a single peak

Table U

Sample

l

2

3

Weight
(mg)

30.0

16.8

39.5

S: Single Peak

Rate
(°C/min)

1

l

1

Peaks

M

M

M

M: Multiple Peaks

m-»t
Temperature

(°C)

1175-1188

1184-1191

1184-1188

Time
(sec)

10-25

15-25

10-25

Peaks

M

M

M

t-»m
Temperature

(°C)

1091-1074

1099-1094

1098-1061

Time: from onset to top of a single peak

Time
(sec)

15^0

15-40

15-50
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Figure Captions

Fig. 1. The scattering intensity S(Q) vs Q on logarithmic scales showing the

Porod law behavior for various temperatures. Each temperature was

maintained for 90 minutes to obtain reasonable statistics.

Fig. 2. The summed intensity (normalized to the same time duration for each

experiment) as a function of temperature for sample 1 during heating up

and cooling down in equilibrium steps and for samples 2 and 3 during

cooling down in equilibrium steps. Each point represents 90 minutes

counting at an equilibrium temperature.

Fig. 3. Right: Endothennic peaks at the m-»t transformation during heating.

Left: Exothermic peaks at the t-»m transformation during cooling. The

scales (in arbitrary units) are different for the heating (right) and the

cooling (left) curves.
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