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Abstract

Lattice diffusion coefficients D; and grain boundary diffusion Dy, coefficients of hafnium were studied for 0.5 and 1 mol% cation-doped yttria-
stabilized tetragonal zirconia at the temperature range from 1283 to 1510 °C. The diffusion profiles were determined by two experimental techniques:
secondary ion mass spectroscopy and electron microprobe analysis. Additionally the first principle calculations of the electronic states of Zr*,
dopant cations and O®~ anions and elastic properties in 3Y-TZP were performed. Superplastic strain rate versus stress and inverse temperature
was also measured. For 1 mol% doped samples the significant increase of the grain boundary diffusion and superplastic strain rate was observed.
Correlations between the calculated ionic net charges and D, indicate that enhancement of D, was caused by the reduction of ionic bonding
strength between metal cation and oxygen anion in zirconia. The new constitutive equation for superplastic flow of yttria-stabilized tetragonal

zirconia ceramics was obtained.
© 2009 Elsevier Ltd. All rights reserved.
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1. Introduction

Diffusion plays an essential role in such phenomena observed
in ceramics at high temperatures as: deformations under the
influence of stresses (creep and superplasticity) or electric
conductivity! observed in ceramics at high temperature. Anal-
ysis of the results concerning superplasticity in oxide ceramics
presented in literatureZ8 lead to the conclusion, that the correct
insight into these phenomena requires independently measured
values of diffusion coefficients. One can mention three types
of diffusion in polycrystalline materials: lattice, grain boundary
and surface diffusion. The first and the second type of diffusion
are important in dense materials but the last one is crucial for
materials with large porosity.

One of the most interesting structural materials is 3 mol%
yttria-stabilized tetragonal zirconia (ZrO;) polycrystals (3Y-
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TZP). Simultaneously 3Y-TZP with submicrometer grain
size exhibits superplastic deformation at temperatures above
1200 °C.%"7 Superplasticity creates an opportunity of easy shap-
ing and joining of ceramic elements. However, at present the
effect of cavitation followed by cracking of the ceramics dur-
ing superplastic deformation is a serious limitations for broad
application of this phenomenon in the ceramic technology. Dur-
ing the last years several studies have been reported in order
to improve the situation. For example, addition of some oxides
(as Al O3, SiO,, GeO3, TiO,, MgO) to 3Y-TZP significantly
enhances the superplastic flow in this material.>!® Superplastic
flow in 3Y-TZP is attributed to the grain boundary sliding con-
trolled by the grain boundary diffusion of Zr** ions.> The dopant
cations added to 3Y-TZP, tend to segregate to the grain bound-
aries, thus they could affect grain boundary diffusion of Zr** and
hence they could change the superplastic flow of the ceramics.
The diffusion coefficients in tetragonal ZrO, for Zr** were mea-
sured by Sakka et al.!! and Swaroop et al.!> However the data
reported in Ref. 11 concern the 14 mol% CeO; stabilized zirco-
nia but in Ref. 12. only pure 3Y-TZP is considered. Kuwabara et
al.!3 reported that addition of Ti and Ge ions leads to reduction
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of the ionic bond strength between cation and oxygen ions in
3Y-TZP. They have supposed that it causes the enhancement of
cation diffusion and hence the increase of superplastic flow of
3Y-TZP.

In the present paper we report on:

1. Determination of the lattice and grain boundary diffusion
coefficients for pure and cation-doped 3Y-TZP.

2. Finding the relationship of the ionic bonding strength
between zirconium and oxygen ions with diffusion coeffi-
cients for various dopants.

3. The correlation between the grain boundary diffusion and
superplastic strain rate for various dopants.

2. Experimental procedure

Two methods of diffusion coefficient measurements were
used:

1. With aid of the secondary ion mass spectrometry (SIMS)
using samples with thin layer of hafnia deposited on their
surfaces (Hf was chosen as a tracer for Zr'2).

2. With aid of the electron microprobe analyser (EMA) by
scanning the cross-section of diffusion couple 3Y-TZP and
ZrO5 + 10 mol% HfO, (Zr—Hf interdiffusion!!).

The 3Y-TZP and ZrO, + 10 mol% HfO, composite materials
were prepared. The following powders were used:

1. 3mol% yttria-stabilized tetragonal ZrO, from Zhong-
shun Sci. & Tech., China. Besides HfO, (1.9 wt%) other
impurity content did not exceed 0.05wt% (SiO; <0.005,
Al,03<0.02, Fe;03 <0.006 and TiO; <0.002 wt% accord-
ing to the technology specifications enclosed by the
producer), crystallite size was 20-30 nm.

2. HfO, from Alfa Aesar GMBH, Germany. It contained
98.5 wt% HfO; and about 1.5 wt% ZrO», crystallite size was
0.5+0.3 pm.

3. Al,O3 (AKP-53 type) from Sumitomo, Japan, impurity
content was about 130 ppm and crystallite size was about
0.32 pm.

4. MgAl;O4 (spinel S30CR type) from Baikalox, France, impu-
rity content was about 45 ppm and crystallite size was about
0.2 pm.

5. SiO,, MgO, GeO,, TiO; supplied by various producers, of
purity 99.999%.

The batches of samples with 0.5 and 1 mol% of oxides
(Al,03, Si0,, MgO, MgAl,04, GeO», TiO), pure 3Y-TZP and
zirconia—hafnia composite (containing 10 mol% of HfO;) with
and without dopants (only 1 mol%) were made. In order to obtain
the samples ZrO; powder was mixed with chosen oxide powders
by ball-milling method for 24 h in water. Subsequently, the pow-
ders were dried and uniaxially pressed under pressure of 20 MPa
and then isostatically pressed at 120 MPa. Plates obtained by
this method were sintered at 1350 °C for 2h in air at a heat-
ing and cooling rate of 2 K/min. The samples of dimensions

Table 1
Grain size d in pm for 0.5 and 1 mol% doped oxide 3Y-TZP and 1 mol% doped
Zr0,—10 mol% HfO,;.

Dopant oxide 3Y-TZP Zr0,—10 mol% HfO,
0.5 mol% 1 mol% 1 mol%

- 0.30 &+ 0.06 - 0.25 + 0.04

Al O3 0.19 + 0.09 0.36 + 0.09 0.28 + 0.09

SiOy 0.23 + 0.05 0.27 + 0.07 0.32 + 0.07

MgO 0.18 + 0.12 0.28 &+ 0.06 0.31 + 0.09

MgAl, Oy 0.27 £ 0.13 0.32 £ 0.04 0.32 £ 0.11

GeO, 0.15 + 0.08 0.34 + 0.05 0.33 + 0.09

TiO, 0.18£0.09 0.34£0.08 0.31£0.11

(-): means the undoped sample. Densities of all 3Y-TZP samples were larger than
97% of theoretical density which equals 6.1 g/cm? and for ZrO,—10 mol% HfO,
samples were larger than 94% of theoretical density which equals 6.45 g/cm?.

of:4mm x 11 mm x 1.5 mm and of 4 mm x 4 mm x 2.5 mm for
diffusion measurements (accordingly for SIMS and EMA) and
2.5mm x 2.5 mm x 5 mm for compression tests for superplas-
ticity measurements were cut from the sintered plates. The
samples for the diffusion measurements were polished and some
of them were thermally etched at 1300 °C for 1 hin vacuum. The
electron scanning microscope micrographs of the etched sam-
ples were used for measurements of average grain size by Feret’s
diameter method. Results of grain size measurements are shown
in Table 1.

For SIMS investigation of diffusion coefficients the thin film
tracer of HfO, was deposited by sputtering from Hf target in
an Ar+ 17 wt% O, atmosphere on the polished surface of the
samples. The amorphous films with thickness of about 30 nm
were obtained. Diffusion anneals were carried out in air at
1510-1283 °C for 1-24h. A Cameca IMS 6f SIMS was used
with Cs* as a primary ion beam. In order to reduce charging the
samples were coated with a thin gold layer. The crater depth was
measured by a profilometer in order to convert sputter time into
depth. The analysis area of the craters (about 200 pm x 200 pm)
was large compared to the grain size so the measured intensities
were proportional to the mean concentration c of the tracer (Hf)
monitored at a given depth.

For investigation of diffusion coefficients with aid of EMA
the polished surfaces of a pair of 3Y-TZP and zirconia—hafnia
(undoped and 1 mol% doped) samples were joined together at
temperature 1350 °C under the pressure of 20 MPa for 15 min
using an universal testing machine with a furnace. Diffusion
anneals were carried out at 1510-1355°C for 72-312h in air.
The concentration distributions of Zr and Hf were determined
using EMA Cameca SX-100 by scanning the cross-section of
the diffusion couple perpendicularly to the diffusion direction.
A spatial resolution of the EMA equalled 1 pm. Grain size of
some samples was measured after diffusion annealing.

The superplasticity tests were performed in compression
geometry under constant load in air at 1280-1500 °C and in the
stresses range of 20—50 MPa using Zwick 1446 universal testing
machine. A decrease in stress with an increase in compressive
deformation was recorded. The maximum strains on the speci-
mens attained values about 0.8. Strain rate de/dt versus stress o
was calculated from experimental data according to Ref. 14.
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Fig. 1. The depth profile in terms of relative intensity of !78Hf versus distance
from the surface for undoped 3Y-TZP annealed at 1283 °C for 24 h.

3. Computational procedure

Calculations of electronic and elastic properties of doped
3Y-TZP were performed within density-functional theory
(DFT)" implemented in SIESTA program.'® We have used
generalized-gradient approximation (GGA)!” for exchange-
correlation functional; the Plane-Wave cutoff of 476 eV (350 Ry)
and the k point grid with a step of 0.03 A.

The core electrons are described by effective norm-conser-
ving potentials with Troullier and Martins parameterization. '8
In this work we have used GGA pseudopotentials in Perdew—
Burke—-Ernzerhof parameterization.'® The valence configura-
tions were 2s22p* for O, 3s23p? for Si, 4s24p? for Ge, 3s23p!
for Al and 3s> for Mg. In order to achieve better accuracy 4s
and 4p core electrons of Zr/Y as well as 3s and 3p core elec-
trons of Ti were treated as valence states and were not replaced
by pseudopotentials. Thus the valence configurations were
4524p95524d?* for Zr, 4s24p®5s%4d! for Y and 3s23p%4s23d>
for Ti. The supercell technique was used to various concen-
tration of yttrium and other dopants as described in Ref. 20. The
concentrations of Y and dopant oxides were the same depend-
ing on the size of the supercell (the smaller the cell the larger
the concentration and vice versa). Such approach has limita-
tions on the possible dopant concentrations as it can be changed
only in defined finite steps. The Y/dopant concentrations were
considered for of 2.8 mol% (for Al,O3 and MgO) because of

(@0
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the difficulty of introducing aliovalent dopant metal oxides into
71O, and 6.7 mol% for the rest of dopants. The selected super-
cells contained accordingly 47 atoms for 6.7mol% Y/dopant
concentration and 107 atoms for 2.8 mol% Y/dopant. Elastic
constants of pure and doped ZrO, were calculated by series
of finite deformations of the supercells. More details interested
reader can find in Refs. 20-22.

The net ionic charges were obtained by explicit integration of
the ground state electron density around each atom over a sphere
of selected radius.? The integration radius was 1.2 A for Zr and
(OR 1.16 A for Y, 1 A for Ti, Ge, Si, Al and Mg. The choice of
such radii was done in accordance to atoms electronegativities
and the interatomic corresponding bond lengths.

4. Results
4.1. Diffusion coefficient measurements

An example of the data obtained from SIMS is presented in
Fig. 1.

The lattice D; and grain boundary Dy, diffusion coefficients
were calculated respectively from regions 1 and 2 using Egs. (1)
and (2) from diffusion theory for instantaneous source boundary

condition (thin layer of deposited tracer)**23:
dlnc) !

where ¢ means tracer concentration, r—annealing time,
x—depth:

DI\'?[ 8 1nc] ™

where s—segregation factor (=1 for self-diffusion) and 6—the
grain boundary width (=1 nm).

A plot of log(c) versus the square of the depth yields a straight
line corresponding to region 1 as shown in Fig. 2a. The obtained
slope was used to calculate D; from Eq. (1). Similarly a plot
of log(c) versus x®° yields a straight line corresponding to
region 2 (Fig. 2b) and hence the slope was used to calculate
Dy, from Eq. (2). The procedure described above was carried
out to evaluate the diffusion coefficients for other temperatures

(b) o

In("*Hi°Zr)

0,1 0,2 0,3 0,4

depth% {lum%)

Fig. 2. Methods of lattice (a) and grain boundary diffusion coefficient (b) calculations for the example from Fig. 1.
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Fig. 3. Arrhenius plots of lattice D; and grain boundary Dy, diffusion coefficients for Hf in 3Y-TZP doped with 0.5 mol% (a and b) and 1 mol% (c and d) of oxides
(SIMS measurements). On (c) and (d) there are also plots for ZrO,—10 mol% HfO;. For comparison data from Sakka et al.!'! and Swaroop et al.\2 of Hf diffusivities

in tetragonal zirconia are shown.

and samples mentioned in Table 1. The experimental results are
displayed in Fig. 3 as Arrhenius plot (D = Dy exp(—Q/RT) where
Do—pre-exponential factor, Q—activation energy, R—gas con-
stant, T—temperature in Kelvin) of the diffusivities as a function

these elements in zirconia are equivalent, as noticed in Ref. 26.
The concentration distribution indicates preferential diffusion of
the analyzed cations along grain boundaries (see Fig. 4). Such
concentration distribution is described by Oishi and Ichimura’s

of inverse temperature, using § =1 nm and s=1 and compared equations?’:
with data from Refs. 11,12. Calculated values of Dy and Q (by 2e — ')
the least square method (LSM)) are presented in Table 2. ——— = A exp(—Bx) 3)

There is no significant grain size growth observed in samples "=
annealed for SIMS measurements. where

Almost ideal symmetric Zr and Hf concentration distribu- 6 M= /1 Dim2n?
tion shown in Fig. 4 for diffusion couple of undoped 3Y-TZP A=1-— Z <2> exp (_lmznt) )
and ZrO,—10 mol% HfO, confirms that diffusion coefficients of T\ r
Table 2
Parameters of lattice and grain boundary diffusion coefficients for 0.5 and 1 mol% oxide doped 3Y-TZP, undoped 3Y-TZP and ZrO,—10 mol% HfO, (SIMS).
Dopant oxide 0.5 mol% 1 mol%

log(Dor) log(Dogp) O Qb log(Dor) log(Dogn) O Ogb

- —0.30 £ 2.98 —0.90 £ 3.26 591 + 95 442 + 104
Al,O3 —13.55 £ 3.13 —8.88 £5.77 210 + 100 201 4+ 184 —5.08 £ 1.64 —5.67 £ 2.87 436 + 52 275 £ 92
SiOy —-9.69 £ 1.70 —7.21 £ 5.06 333 £ 54 257 + 162 0.95 £ 5.51 2.38 £+ 10.87 635 + 173 536 + 341
MgO —11.40 &+ 2.85 2.76 £ 4.73 278 + 91 573 + 152 —4.02 £2.93 0.02 + 2.95 470 + 94 460 + 95
MgAl, Oy —10.09 + 1.89 —6.16 £ 7.11 319 +£ 60 282 + 227 -3.98 + 2.18 —4.16 £+ 7.68 471 + 68 332 £+ 241
GeO, —9.00 £ 1.72 1.69 £+ 1.82 353 £ 55 538 + 58 —3.83 £ 1.99 1.30 £+ 0.83 477 + 63 500 £+ 26
TiO, —12.88 + 1.57 —9.19 £ 4.00 227 + 50 198 £+ 127 —3.26 £3.33 —3.17 £ 3.59 494 + 105 365 + 113
HfO, —1.43 £ 4.09 —4.59 + 4.77 554 + 131 310 £+ 152

Where Do and Dy, are pre-exponential factors respectively for lattice and grain boundary diffusion (in m?%/s) and Q; and Qg are activation energies (in kJ/mol)
respectively for lattice and grain boundary diffusion.
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Fig. 4. Concentration distributions of Zr and Hf after interdiffusion at 1458 °C
for 120 h for diffusion couple of undoped 3Y-TZP and ZrO,—10 mol% HfO»
(zirconia—hafnia).
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and x is the diffusion distance from the interface, c is the concen-
tration at x, ¢’ and ¢” are the initial concentrations in both sides
of diffusion couple, r is the grain radius, the rest of symbols was
defined earlier.

Eq. (3) can be written in a logarithmic form as:

/

In [2%] =1InA — Bx ©)
¢ —C

From Eq. (6) A and B were calculated with the least square
method and hence values of D; were determined by solving Eq.
(4) and next Dy, from Eq. (5). Because of long time of diffusion
annealing for EMA measurements significant grain size growth
was observed in studied materials (Fig. 5). The influence of the
grain size on calculated values of diffusion coefficients for pure
3Y-TZP at 1510°C is presented in Fig. 6. One can see rather
significant dependence of the diffusion coefficients in the range
of considered grain sizes.

Due to grain growth the choice of value of r used in Eqgs. (4)
and (5) poses a problem. The grain growth during annealing can

1(:.‘!14 I memmmmm T ng
107%
"-U'l
E
[a] )
10—20-
0 1 2 3 4
d [um]

Fig. 6. The influence of grain sizes on values of diffusion coefficients calculated
from Egs. (4) and (5) for 3Y-TZP at 1510°C.
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Fig. 7. The variation of kinetic constant with inverse temperature for annealed
3Y-TZP samples: pure (signed as ZrO,) and doped by SiO, and GeO5.

be described by Eq. (7)%3:

Q
dV —d) = Kogtexp | ——% 7
0 0gl €Xp ( RT (7)
where d is the grain size after annealing time ¢, dp—initial grain
size, N and Ko,—constants and Q,—activation energy for the
grain growth.

Fig. 5. SEM micrograph of microstructure of undoped 3Y-TZP before (a) and after annealing at 1510 °C for 72 h (b).
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Table 3
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Grain radius r in wm for undoped and 1 mol% doped 3Y-TZP and ZrO,—10 mol% HfO; used in Egs. (4) and (5).

Dopant oxide 3Y-TZP Zr0,—10 mol% HfO,
1350°C/312h 1407°C/240h 1458°C/120h 1510°C/72h 1350°C/312h 1407 °C/240h 1458°C/120h 1510°C/72h

- 0.19 0.29 0.40 0.59 0.21 0.29 0.33 0.41
Al O3 0.20 0.29 0.46 0.77 0.26 0.40 0.52 0.70
SiO; 0.28 0.37 0.42 0.49 0.28 0.35 0.38 0.42
MgO 0.35 0.46 0.51 0.59 0.48 0.48 0.49 0.49
MgAl>Oy4 0.43 0.56 0.63 0.73 0.39 0.44 0.47 0.52
GeO, 0.44 0.72 0.99 1.40 0.25 0.32 0.36 0.43
TiO, 0.48 0.60 0.64 0.72 0.22 0.27 0.30 0.35

Values of r=dy 5 were calculated from Eq. (7) for following times: 156 h for 1350 °C, 120 h for 1407 °C, 60 h for 1458 °C and 36 h for 1510°C.

Fig. 7 shows the variation of kinetic constant K, = @y —
d(l)v )/t with respect to the inverse temperature for undoped and
selected doped samples for N=3.28 The values of initial grain
size dy were taken for undoped and 1 mol% doped samples from
Table 1 and the values of grain size d after annealing were mea-
sured in the same way as dy. Hence the values of Koz and O, were
obtained by LSM. The procedure described above was applied
to the rest of the samples. It was decided that the value of d=d 5
after half of annealing time would be used for calculating the
diffusion coefficients from Eqgs. (4) and (5).

Obtained from Eq. (7) values of grain radius r=d 5/2 were
collected in Table 3.

The diffusion coefficients calculated from Eqgs. (4) and (5)
are shown in Fig. 8 using § = 1 nm and compared with data from
Refs. 11,12.

Calculated values of Dy and Q are presented in Table 4.

4.2. Superplastic strain rate measurements
The variation of the strain rate de/dt as a function of the stress
o and inverse temperature 1/7 respectively for 3Y-TZP 1 mol%

doped and undoped samples are depicted in Figs. 9 and 10. The
strong influence of cation doping on superplastic strain rate can

be seen. The strain rate de/dt could be expressed as>:
de  AoDGb (b p(o)n ®)
d kT \d) \G
T[°C]
(a) 10" (1800 1450 1400 1350
9 -
o Al:Os3
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10" | ¢ Mgl
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E
a
107
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Table 4
Parameters of the lattice and grain boundary diffusion coefficients for 1 mol%
cation-doped 3Y-TZP and ZrO,-HfO, (EMA).

Dopant oxide  log(Dy;) log(Dogpb) 0 Qgb

- —8.04 £ 2.03 —1.14 £2.23 389+ 66 451 £73
AlL,O3 —0.73 £ 3.01 428 £ 145 619 +£98 608 + 47
SiOy —8.12 £ 2.77 —4.75 £553 383 £90 322 4+ 180
MgO 1.38 £0.32 —11.69 £ 142 686 + 10 89 + 46*
MgAl,Oy4 —12.19 + 4.08 —1.59 £ 056 238 £ 132 407 £ 18
GeO, —0.88 £+ 6.52 —2.26 £428 602 £ 212 379 £ 139
TiO, —8.31 £ 1.02 —7.76 £2.54 370 £33 209 £+ 83

2 This value seems to be too small.

where Ag is a dimensionless constant, D is the diffusion coef-
ficient, G is the shear modulus, b is the Burgers vector, k is
Boltzmann’s constant, p is the exponent of the inverse grain size
and n is the stress exponent.

The stress exponent n values (calculated for all temperatures
and dopants) are in the range 1.1-3.3.

4.3. First principle calculations of the electronic states and
elastic properties

The results of the first principles calculations of the Cgg elas-
tic constant, the net ionic charges of metal cations Q., oxygen
anions Q, and the average value of products of net charges ®
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Fig. 8. Arrhenius plots of lattice D; (a) and grain boundary Dy, (b) diffusion coefficients for Hf in 3Y-TZP doped with 1 mol% of cations (EMA measurements). For
comparison data from Sakka et al.!' and Swaroop et al.!? of Hf diffusivities in tetragonal zirconia are shown.
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are presented in Table 5. @ is defined according to Ref. 13 as:
1
©=—-> 000 ©)
Np N

where N}, is the number of cation-oxygen bonds in the first coor-
dination sphere of the dopant atom; Q. and Q, are the absolute
values of the net charges of cations and oxygen ions, respec-
tively. The value of Nj, is 17 for Mg (9 cations are bonded to 17
oxygens) and the number of neighbours is 18 for other cases (9
cations bonded to 18 oxygens). The parameter & corresponds to
Coulomb’s attractive force in the region where the dopant atom
is located.

One has to remember that the strong dopant segregation along
grain boundary in thin layer (of width about 5 nm) takes place in
3Y-TZP.?*-30 In this surface layer a dopant concentration is sev-
eral times higher than in a grain interior. It is known that the grain
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Fig. 10. Strain rate de/dt in function of inverse temperature for undoped and
1 mol% doped 3Y-TZP for 0 =30 MPa and calculated activation energy Q for
superplastic deformation. The thick solid line represents the relationship for
undoped 3Y-TZP.

Table 5

Calculated values of net charges for cations Q., an anion (oxygen) Q,, the
average value of products of net charges ® and Cgg elastic constant for doped
and undoped 3Y-TZP. Q. and Q, are in electron charge units.

Dopant (o8 Qo ® Ce6 (GPa)
Zr* in undoped 3Y-TZP 2.74 —1.27 2.80 177.2
Ti** 2.55 —1.23 2.76 173.1

Sitt 2.49 —1.22 2.73 169.3
Ge*t 2.39 —1.17 2.72 167.8
Mg2* 1.70 —1.12 276 176.9
Mg?* in MgAl,04 1.70

AP+ 2.12 —1.16 2.69 163.7
AP* In MgAl, 04 2.13

Mg?* + AP+ -1.22 252 157.6

boundary diffusion of Zr** plays the main role in superplastic
flow in 3Y-TZP.> Therefore the calculations for higher dopant
concentration than 0.5 or 1 mol% were done. The net charges for
Mg and Al were calculated for 2.8 mol% dopant concentration
and the others for 6.7 mol% as explained in Section 3.

It was shown (Table 5) that the decrease of Cgg elastic con-
stant is accompanied by the decrease of cation and oxygen
ionicity (by absolute value) and the corresponding decrease of
O.

5. Discussion

The diffusion coefficients for 3Y-TZP samples pure and
doped with 0.5 and 1mol% of various oxide are shown in
Figs. 3 and 8. Doping of 0.5 mol% causes significant decrease
of the lattice diffusion coefficient D; (above one order of mag-
nitude in comparison with the undoped 3Y-TZP for the highest
temperature) and decrease of grain boundary diffusion coeffi-
cient Dy, (although less significant). This effect is ambiguous
because at the same time some increase of superplastic strain rate
was observed.3! In order to explain this effect two hypotheses
were proposed: in the first it was assumed that strain rate was pro-
portional to grain boundary diffusion of Zr** and dopant cation,
in the second it was assumed that the strain rate is also propor-
tional to the cavity growth. Details one can find in Ref. 31. It is
not now clear why the lattice diffusion coefficients decrease for
0.5 mol% doped samples. Cations added to ZrO, draw neigh-
bouring O%>~ toward the dopant cations itself and the atomic
distortion probably causes a decrease in lattice diffusion. In
turn for 1 mol% doping 3Y-TZP D is similar to this in pure
sample but Dy, is several times higher than in pure zirconia.
Here probably the change in chemical bonding state counter-
vails the distortion effect and no change in lattice diffusion is
observed but due to dopant cation segregation (near grain bound-
ary) grain boundary diffusion increases. There is the curvature
in the Arrhenius plots in Figs. 3 and 8. This is the strongest in
Fig. 3a (for lattice diffusion for 0.5 mol% doped samples) but it
is also visible in the other plots. At first the experimental proce-
dure was checked and the possibility of making of rough errors
in the measurements was excluded (for instance in setting of
temperature in the furnace or in collecting data by SIMS and
EMA). Another possibility—it is non-Arrhenius behaviour of
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the diffusivity. It appears when more than one diffusion mecha-
nism operates simultaneously or when the change of free energy
of vacancy migration and/or vacancy formation with tempera-
ture occurs due to some physical reasons (for instance for phase
transformation). In the case of yttria stabilized cubic zirconia
Zr self-diffusion occurs via a single vacancy mechanism, i.e.
via point defect V}‘; (Kroger—Vink notation) as it was shown
by Kilo et al.*? and Kilo.?* One can assume that in the case of
our tetragonal zirconia the same diffusion mechanism is and Hf
tracer migrates via zirconium vacancies. For calcia stabilized
cubic zirconia it was assumed>? that cation vacancies are asso-
ciated with oxygen vacancies and association energies in the
order of 1eV per oxygen vacancies were estimated. It causes
that the activation energy decreases in function of temperature.
Maybe the similar phenomenon occurs in the case of our yttria
stabilized tetragonal zirconia.

The comparison of obtained results of diffusivity for pure
zirconia with literature data'’"'?> shows excellent agreement,
especially with data of Swaroop et al.'? for Dyy,. Differences
between data of Sakka et al.'! and the present ones or data
by Swaroop et al.!? result from different chemical composi-
tion of ceramics used by authors of Refs. 11,12 or by us (Sakka
et al. used 14 mol% CeO» stabilized tetragonal zirconia). Con-
sistence of SIMS and EMA data (Fig. 11) especially for Dy,
confirms reliability of the present results. It should be under-
lined that simultaneous measurements of diffusion coefficients
in one batch of tetragonal zirconia by two methods are reported
for the first time.

Values of D, are greater by 4-5 orders of magnitude than
for D; and Oy are usually larger than Q. Diffusion coefficients
for ZrO,—10 mol% HfO, composite are very similar to those for
pure 3Y-TZP.

As the surface diffusion can potentially contribute to the mass
transport in porous materials, it is usually preferable to use sam-
ples with relative densities >99%. The samples prepared from
3Y-TZP have relative densities from 97 to 99% unlike those from
ZrO,—10 mol% HfO; composite which are less dense (94-98%).
Very good agreement between our results and data reported by
Swaroop et al.'? (for specimens with relative densities >99%)
for pure 3Y-TZP can be seen in Fig. 11a. It should be noticed that
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Swaroop et al.'? reports the value of theoretical density of 3Y-

TZP equal to 6.03 g/cm?, but we used 6.1 g/cm?>. For choice of
Ref.12 the relative density of our pure 3Y-TZP equals 99% and it
suggests that the initial densities of samples used by Swaroop et
al.!? and by us are almost the same. During long annealing time
the samples for EMA measurements should attain the theoret-
ical density.?®3% As it was noticed previously EMA and SIMS
results (of Dyp) are similar thus the influence of small porosity
of samples used in the present studies is insignificant for the
diffusion coefficients.

Another problem which requires attention is the solubility
limit of the added oxides in ZrO; and the influence of the sec-
ond phase on diffusion coefficients. From Refs. 35-37 it is
known that GeO,, TiO, and MgO have the solubility limit in
71O, > 1 mol%. But SiO; and Al,03333° have solubility limit
about 0.6 mol%. We are not aware of any strict information about
solubility of MgAl,Oy4 in ZrO, however based on some reports,
for instance,*® one can conclude that it is close to Al;O3. The
second phase locates at multiple grain junction as glass pockets3?
for SiO» or alumina grains>® and there is no amorphous phases
along grain boundaries. Then the grain boundary diffusion of
Hf ions in doped by SiO;, Al,O3 or MgAl,O4 3Y-TZP should
not depend on the second phase precipitation. Only the dopant
cations which segregates in grain boundaries could influence the
diffusion.

The dependence of grain boundary diffusion coefficient Dy,
on the net charges of cations and oxygen is presented in
Fig. 12. The plots in Fig. 12 show that grain boundary diffu-
sivity increases when ionic bond strength @ and the ionicities
of cations and anions decrease by absolute values. The plots in
Fig. 12 are analogous to the results presented for doped alumina
ceramics in Ref. 41. For zirconia one can find first-principles
molecular orbital calculations only for GeO; and TiO, doped
samples.'>*? Results of net charge calculations for Ge**, Ti**
and O~ (Table 5) are similar to those obtained in Refs. 13,42.
The change of Cgg elastic values in function of dopant cation are
not significant (Table 5). It means that changes in shear modulus
G (which is proportional to Cgg) do not influence the super-
plastic strain rate (Eq. (8)) and mainly the changes of Dy, are
important.
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Fig. 11. Comparison of the lattice (empty symbols) and grain boundary (full symbols) diffusion coefficients obtained with two methods in pure 3Y-TZP (the literature
data are added for comparison) (a) and in GeO, doped 3Y-TZP (b). For other dopants both results are very similar.
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Fig. 12. The grain boundary diffusion coefficient Dg, (EMA measurements) for undoped and 1 mol% doped 3Y-TZP at 1400 °C against a value of Q. (a), Q, (b)

and 6 (c). Zr** means undoped 3Y-TZP. Q. and Q, are in electron charge units.

According to Ref. 5 the superplastic flow in 3Y-TZP is
attributed to the grain boundary sliding controlled by grain
boundary diffusion of Zr** ions. The relationship between grain
boundary diffusion coefficient and superplastic strain rate at var-
ious temperatures for 30 MPa for doped 3Y-TZP is shown in
Fig. 13. The linear relationship in Fig. 13 is consistent with ear-
lier assumptions’ and Eq. (8). Using the slope S obtained from
Fig. 13 the unknown parameter Ag in Eq. (8) was calculated
from Eq. (10) (obtained after Eq. (8) transformation) for n=2
and p =2 for various temperatures (n =2 is the average value of

35 obtained results, but p =2 was taken fr0m43):

SkTd*G
"= T (10
The following values of parameters in Eq. (10) were used.
5
T=1400°C GR0

de/dt [10° s

0 1 2 3 4 5 6 7 8
Dy [10™° m?s™]

k=138 x 10723 J/K, d=0.3 pm (Table 1),
G=1.54x10°-352x T (MPa),* »=0.36nm>, oc=30MPa
(d=0.3 pm was taken because, for example a standard deviation
of grain size for undoped 3Y-TZP equals 0.06 (Table 1); all
grain size values for 1 mol% doped samples are in the range of
0.24-0.36 pm).

The value of the slope S (from Fig. 13) equals about
5.7 x 10" m~2 and hence the value of Ag ~ 2.7 x 10° was cal-
culated from Eq. (10). The Eq. (8) can be written as:

3 Db3c?
kTd?G

% _ %10 an
— = 2./ X
dt

where D= Dgp(zy) in m?/s, G and o should be given in Pa, d and
binm, Tin K.
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Fig. 13. The strain rate de/dt versus grain boundary diffusion coefficient Dy, (EMA measurements) for undoped and 1 mol% doped 3Y-TZP at two temperatures for
30 MPa. The values of Dy, were calculated from the Arrhenius plots using parameters from Table 4.
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For pure 3Y-TZP Dgpzr)=7.2 x 1072 exp(—451,000/RT)
(m?/s) (Table 4) and Eq. (11) can be written as:

451, 000

de_B o?
i CTd2G

where By=6.6 x 107*m?KPa~!s .

If we plotted Fig. 13 using the individual points of Dpgy
from Fig. 8b we would obtain the values of slopes S which
equalled 6.2 x 10'!" and 3.0 x 10" m~2 accordingly at 1400
and 1450°C. The value of §=5.7 x 10! m~2 taken here was
obtained using values of Dy, calculated from Arrhenius rela-
tionship using parameters from Table 4. As it is shown there are
not significant differences among these values of S. In Ref. 43
the constitutive Eq. (13) was derived for pure Y,Oj3-stabilized
zirconia:

ds (0 — 09)? ( 460, 000)
— =By———exp| —77—

= RT (13)

da M2
where By =3 x 10'0 um?> KMPa—2s~! and threshold stress
00="5 x 10~*(exp(120,000/RT))/d in MPa.*3

The curves calculated from Eqgs. (12) and (13) for d=0.3 pm
are compared between each other and with experimental data
in Fig. 14. Our relationship (Eq. (12)) predicts well the super-
plastic strain rate in function of stress in the whole range of
applied temperature, but the Eq. (13) proposed by Jimenez-
Melendo et al.*3 seems to be not good at the lowest temperature
because of the high value of threshold stress og at 1280 °C
(about 18 MPa).

Authors tried to determine the threshold stress o for super-
plasticity results (Fig. 9) by plotting the experimental data in the
form (de/dr)'™ versus o on a linear scale. The extrapolations of
the linear least squares fit of the data (for all temperatures) to
zero strain rate gave the negatives values of o and these results
are not physically realistic. We obtained the similar results for
other doped 3Y-TZP. In our case the longest time of heating sam-
ples during superplastic tests was about 3 h (for 1280 °C) then
the grain growth was insignificant and it could not influence our
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Fig. 14. The comparison of the strain rate Eq. (12) for pure 3Y-YZP obtained
here with Eq. (13) proposed by Jimenez-Molendo et al.** for d=0.3 um for
various temperatures (experimental data were taken from Fig. 9).
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Fig. 15. Grain-size-compensated strain rate versus stress at 1450 °C for 3Y-TZP
from Ref. 4. Data were obtained in compression test for samples with various
initial grain sizes (shown in the legend). Solid line was calculated from multiplied
by d* Eq. (12).

data. It seems to us that because values of o are rather small in
comparison with applied in tests stresses it is difficult to obtain
them precisely from the experimental data.

In Fig. 15 strain rate data for 3Y-TZP at 7= 1450 °C taken
from Ref. 4 were presented in comparison with the line cal-
culated from multiplied by @*> Eq. (12). Our relationship (Eq.
(12)) described well Owen and Chokshi* data for stresses above
30 MPa, but below o = 30 MPa stress exponent z seems to be big-
ger than 2 (accordingly to Ref.4 for low stresses n = 3). Another
reason of no compatibility between our relationship and the cited
data at low stresses is a significant grain growth in long-time tests
in Ref. 4. For instance: the final grain size of a sample with ini-
tial grain size d=0.41 pm tested at o =3.3 MPa for about 156 h
equalled 0.95 pm,* but in Fig. 15 the initial grain sizes were
used for calculations of (de/df)d?.

6. Summary and conclusions

In the present paper we report on diffusion measurements
of Hf** ions in 3mol% Y,0; stabilized tetragonal zirconia
(3Y-TZP) doped with 0.5 and 1 mol% of various oxides as:
Al>O3, Si0z, MgO, MgAl>,O4, GeO; and TiO;. The measure-
ments were done by two methods: (1) by SIMS for establishing
tracer (Hf) diffusion profiles from thin layers of HfO, and (2)
by electron microprobe analyser (EMA) for evaluating diffu-
sion profiles in the cross-section of 3Y-TZP and ZrO,—10 mol%
HfO; joints (Zr—Hf interdiffusion) for 1 mol% doped samples.
For samples doped 0.5 mol% measurements were done only by
SIMS. For both cases Hf was used as a tracer, which enabled
to evaluate the matrix cation diffusivity. We have shown that
the diffusivity of Hf ions in 3Y-TZP is the same as for Zr
ions. The superplastic strain rate versus stress and the inverse
temperature were also measured. First principle calculations
of the electronic states of Zr*t, dopant cations and 02~ and
elastic properties in 3Y-TZP are reported to interpret experi-
mental results. The general conclusions of the present studies
are:
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e For addition of 0.5mol% of dopants the lattice diffusion
coefficient D; and the grain boundary diffusion coefficient
Dy, decreased in comparison with pure 3Y-TZP. For 1 mol%
doped samples D; remains unchanged, however Dy, increased
several times. Superplastic strain rate of 3Y-TZP is signifi-
cantly enhanced by cation doping.

e For undoped and 1 mol% doped samples both measurement
methods gave similar results. Additionally the results for pure
3Y-TZP are close to data given by Swaroop et al.'? for the
same ceramics.

e The net charge of 7+, dopant cations, and 0%~ and aver-
age value of products of net charges (corresponding to a
Coulomb’s attractive force) calculated by the first principle
method are correlated with the values of the grain boundary
diffusion coefficient. These relationships show that enhance-
ment of the grain boundary diffusion coefficient Dy, results
from the reduction of ionic bonding strength between cation
and oxygen ion in doped 3Y-TZP.

e The new constitutive equation for superplastic flow of yttria-
stabilized tetragonal zirconia ceramics was proposed.
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