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Zr surface diffusion in tetragonal yttria
stabilized zirconia

AKASH, M. J. MAYO
Department of Materials Science and Engineering, The Pennsylvania State University,
University Park, PA 16802 USA

The value for surface diffusivity of Zr tetragonal ZrO,-3mol % Y,03 has been calculated
from measurements of surface area reduction and pore growth in powder compacts during
sintering. The surface diffusivity thereby obtained can be described by D, 7+« =5.52 x 10°
exp[—531(kJ mol~")/RT] m?/s, which is in reasonable agreement with values calculated by
prior researchers from direct TEM observation of neck growth between touching particles.
© 2000 Kluwer Academic Publishers

1. Introduction was in reasonable agreement with the existing data.
Zirconia has been recognized for its applications inJohnson [11] later postulated a hew method to obtain
solid oxide fuel cells, [1] thermal barrier coatings, [2] volume, grain boundary, and surface diffusion coeffi-
superplasticity, [3] and oxygen sensors and pumps [4]cients from sintering data, even when more than one
Knowledge of diffusivities of the constituent ions in mechanism was operating simultaneously.

ZrO, is useful in predicting its performance in these

industrial applications. Direct determinations of self-

diffusion coefficients of the constituentions (ZrO—2,

and various dopant ions) have been conducted only-1. Surface diffusivity from neck

for a few zirconia-based systems. These are primarily ~ growth studies

lattice and/or grain boundary diffusion measurementsOf the different kinds of diffusion, surface diffusion
Specifically, Rhodes and Carter [5] determined catioriS particularly amenable to measurement via sintering
lattice diffusion coefficients in CaO-ZgOsystem by  studies, since it is well understood that surface diffu-
tracer techniques. Oishi, Sakka, and Ando determine8ion is the dominant mass transport mechanism during
Zr-Hf lattice interdiffusion coefficients in a 16CaO- initial stage sintering (neck growth), and under condi-
84(Zr+ Hf)O,, solid solution [6]. In their subsequent tions where the sintering temperature is much below the
work, the same authors calculated the lattice and graifemperature where significant shrinkage commences.
boundary Zr-Hf interdiffusion coefficients in the®s- Hence, using initial stage neck growth data, surface dif-
ZrO,-HfO, system [7]. While most studies have beenfusion data can be calculated with reasonable accuracy.
made in cubic zirconia systems, at least one diffuFor ceramics, it should be noted that the diffusional
sion study has been made to date for zirconium iorfransport of matter during densification is controlled
(Zr+4) diffusion in a tetragonal zirconia. Saklea al. by the slowest-moving species; thus in Zr@intering

[8] chose the Zr@-CeQ, system over the Zr@Y,0;  Measurements reflect the movement of the slowet Zr
system since the narrow single-phase tetragonal regid@ns rather than the faster ®ions.

in the latter makes it an inconvenient system for diffu- During initial stage sintering, neck growth between
sion study. They then described the lattice interdiffusiorParticles (Fig. 1) occurs without any bulk shrinkage

coefficients byD, 7+« = 3.0 (10F exp[-623 (kJ/mol)/  Of the powder compact [9]. Thermodynamically, there
RT] cm?/s and the grain boundary interdiffusion co- is a maximum in the neck size that can be obtained

efficients by Dy, 7+ =0.29 exp-506 (kJ/mol)RT)  during this stage which corresponds to a minimum in
] cm®/s. Thus, the lattice and grain boundary diffu- the surface area of the system [12]. The attainment of a
sivities of Zr* and O? ions have been reasonably maximum in neck size has been experimentally verified
well documented for cubic and tetragonal zirconia sysfor initial stage sintering in several ceramics [13-15].
tems. However, no direct surface diffusion study hasThe maximum value of neck size can be indirectly cal-
been carried out for the case of surface diffusion inculated from the minimum observed surface area by
tetragonal zirconia, especially the Zr+3,03 solid so-  using the following relation [12]:

lution.

An indirect way of measuring self diffusion coeffi- 2
cients is by conducting sintering studies. By this route oA — A i |1+ ¢ (ﬁ) (ﬁ - ) ., andx = RSing,
Kingery and Berg [9] and Kuczynski [10] were able to 4\R/ \R
calculate a self diffusion coefficient of copper which Q)
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Figure 2 Evolution of pore surface (pore smoothing) along its length,
during sintering, stops when the “bumpiness”, or the constrictions along
thelength, disappear, which also marks the end of the pore growth process
(figure not to scale).

A}

lined with spherical particles. As sintering proceeds, the
surface irregularities in the pore channel are reduced,
presumably by a surface diffusion process. The reduc-
tion in pore surface area can be observed directly or
can be measured as an increase in the (measured) pore
size (note that the pore size that is measured by gas ad-
sorption techniques always corresponds to the narrow-
. . . . est constriction of the pore channel). The smoothing
Figure 1 Two sphere model—geometrical calculations (after Kingery . . L. .
and Berg [9]). process continues until the variation in the pore cross-
sections completely evens out (i.e., all the constrictions
disappear), which then also marks the end of the appar-
whereA is the surface area of the system during a cerent pore growth process (Fig. 2). It should be noted that
tain stage of neck growthinitial is the initial surface both neck formation between particles (in initial stage
area of the green compaat|s the neck sizeRis the  sintering) and pore smoothing (in intermediate stage
particle radius (Fig. 1), ancis the coordination number - sintering) will lead to an increase of apparent pore size,
of particles in the compact. Differentiating with respectas measured by the gas adsorption technique, to some
to (x/R) gives the minimum possible value &f which  equilibrium value. However, in the case of neck forma-
corresponds to the maximum possible valuex® tion, the equilibrium pore size persists over a significant
of 0.5: period of time, with no change in sample density. In the
case of pore smoothing, the equilibrium pore size per-
Asinal = Anitial [1 Sy 0_125] (2) sists while the sample is densifying considerably.
4 Since pore smoothing is a surface diffusion driven
o . _ process, a surface diffusivity value can be extracted
The kinetics of neck growth between two particles infrom pore geometry equilibration data using a kinetic
contact can be calculated from Kuczynski's model [10]model for pore smoothing [16]. For this calculation,

if Ds is known: the following relation is used, as defined in an earlier
. communication [16]:
<i> _ 56D5859V5vi ?)
R kT R o Bt _ Dsy @2, @
R4 kT-R*

In this equationx is the neck sizeR is the particle
radius (Fig. 1),Ds is the surface diffusion coefficient, wheret* is the normalized, dimensionless time (note
8sis the surface layer thickness (assumed to be 0.3 nmjhat B/R* has the dimension of 1/time),is the ac-
Q is the atomic volumeys, is the surface energy (as- tual sintering timeB is a temperature dependent term,
sumed to be isotropic},is the time, ankT have their  and the remaining terms are the same as in Equation 3.
usual meaning. Thus, when the measured surface arétere,t* is the time required for completion of the pore
reaches its minimum value, or whg&fR=0.5, Dscan  smoothing process. As derived in Ref. 16=0.5 for
be calculated from Equation 3. In practice, the uncera pore channel lined with spherical particles; this value
tainty in published or assumed values fgrand ysy,  holds irrespective of particle size. Thus, any combina-
often prevents an accurate assessmerDofin this  tion oft andT which results in complete pore smooth-
case Equation 3 provides a measurement of the groupedg (observed in porosimetry as reaching an equilibrium
quantity Dsdsysv)- in pore size) allow a value dDs to be calculated for
that temperature using Equation 4.
In the present work, pore smoothing data from the

1.2. Surface diffusivity from pore shape intermediate stage sintering of nanocrystalline zirconia

equilibration studies are compared to this model in order to back calculate a
A second approach to calculating surface diffusivity surface diffusivity. Thus, in the present work, data from
is suggested by a recent study [16] which describeswo processes—neck growth and intermediate stage
the “bumpiness” of pore channel walls as a direct conpore smoothing—are used to generate an estimate of
sequence of the fact that the pore walls are originallysurface diffusivity of Zr* in ZrO,-3 mol % Y,Os.
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2. Experimental All other samples were furnace cooled to room temper-

2.1. Sample preparation and sintering ature.

Two types of zirconia powders were used. For pore

smoothing studies, a nanocrystalline Zf® mol %

Y .03 powder was used because the absolute time re2,2. Characterization

quired for pore smoothing scales as particle size to the. 2. 1. Density measurements

fourth power [16] and it was desirable to keep the ex-The Archimedes technique was used to measure the

periment on a reasonable time scale. In neck growtlglensity of all green and sintered samples. The Tosoh

studies, a commercial, submicron powder of the samgamples were heated at 6@(3°C/min) for 3hto burn

composition was employed, as it had more reliable ini-off all the binder before conducting any density or pore

tial stage sintering behavior. size measurements. In order to impart coherency and
strength to the nanocrystalline (green) samples when
placed in water, the samples were heatetQ/nin)

2.1.1. Initial stage sintering at 500°C for 2 h. TMA (Thermo-Mechanical Anal-

(neck growth) experiments ysis) results confirmed that no shrinkage occurred in

Commercial zirconia powders (Zg8 mol % Y,0s) the nanocrystalline sampleg until well over 5@
were obtained from the Tosoh company (Tokyo, Japan)?lthough all the nanocrystalline green and Tosoh sam-
The commercial Tosoh powders consisted of aggregatales had undergone some heat treatment prior to sin-
particles, most of which were between 0.08 to Q40), tering, they will still be referred to as green (or initial)
with an average size around 0,3, as measured from Samples in this study. All the nanocrystalline samples
transmission electron microscopy (TEM) [18]. Thesehad an initial (green) density of 49%, while the Tosoh
aggregate particles were comprised of individual crys{green) samples were measured to be 62% dense.
tallites, which were strongly bonded to each other, with
almost no porosity between them. X-ray line broad-
ening (XRLB) results showed the average size of the?.2.2. Grain size measurements
crystallites to be 35 nm. The Tosoh samples were uniGrain size was determined for the nanocrystalline sam-
axially dry pressed at 1.8 GPa. The green samples weigles only, as the temperatures to which the commercial
sintered in air at 870C (heating rate: 5C/min.) for ~ powder was exposed were too low for detectable grain
times ranging from 0 to 25 h. growth. Grain size was measured by XRLB. The grain
diameter (also known as the crystallite size or the do-
main size) was obtained using the Scherrer equation

2.1.2. Intermediate stage sintering [19]:

(pore smoothing) experiments 0.941

The second set of powder called “nanocrystalline”, was ="
prepared by chemical coprecipitation [17]. Prior TEM PriiCog
studies have shown this product to consist of weakly )
agglomerated, well-faceted, and almost equiaxed priwhere, is the X-ray wavelength (in 6 is the Bragg
mary crystallites [18]. A value of 13 nm was obtained angle of the (hkl) reflection, angh is the full width
for the crystallite size, as calculated from gas adsorpat half maximum (FWHM) of the (hkl) reflection pro-
tion analysis, for the powders used in this study. XRLBfile with instrumental broadening removed. The instru-
measurements (Scherrer method) gave a value of 15 nmental broadening was found from the reflection given
for the primary particle size of the powders and greerby a single crystal quartz sample. The instrumental
compacts, which was consistent with the BET resultsbroadening thus calculated was subtracted from that
The powders were then consolidated by centrifugaobtained for the sample, to get the peak broadening or
tion. the FWHM due only to the sample. The X-ray diffrac-

Approximatey 4 g of povder was suspended in tion data was collected in the 2ange of 27-35 cor-
350 ml of ethanol after pH adjustment by nitric acid responding to the [111] reflection of tetragonal zir-
additions to a pH of 0.5-0.6. The suspension was thefionia. To ensure the accuracy of the peak shape, step
put in an ultrasonic bath for 10 min. Next, the suspen-scans were performed at a sufficiently slow scanning
sion was separated into ten 50 ml centrifuge tubes, eadtate of 0.2/min, so that no smoothing of the peaks
containing 35 ml of the suspension, and centrifuged irwas necessary. Background intensity was stripped by
a Beckman model TS-6 centrifuge at 5800 rpm (390@he least squares method. All the samples were pol-
RCF (g) or 0.1 MPa) for 20 min. The supernate was deished to a 0.25 mm finish prior to grain size measure-
canted and the consolidated samples were refrigeraténents.
dried for 4-5 days in an ethanol saturated ambient. The The results obtained by XRLB were compared with
nanocrystalline samples were sintered in air at tempeithose obtained from scanning electron microscopy.
atures ranging from 793 to 105G for times upto 5h. Reasonable agreement was obtained between the two.
A heating rate of 2C/min was used.

Samples that were sintered for 0 and 5 min were im-
mediately taken out from the bottom loading furnace2.2.3. Pore size distribution measurement
(Carbolite 1700) upon completion of their sintering A (nitrogen) gas adsorption technique was used to de-
schedule, and were air quenched to room temperaturéermine the pore size distribution in the green and in

(5)
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the sintered samples. Apparent pore size was calculateshmple (the coordination number,is 7 [16]) equilib-
from the Kelvin equation [20]: rium should be reached &3 = Ainitia /1.28=0.785
Ainitial- The fact that neck growth equilibrium occurs
_ —415 A 6 at exactly the predicted theoretical value suggests the
fe = log (E)( ) 6) corresponding kinetic equation for neck growth (Equa-
Po tion 3) should apply without ambiguity. To obtalDg
from Equation 3, the appropriate values of all the vari-
where P/P,y is the relative pressure of gas at which theab|es are substituted into that equatiﬂ]:{ 0.15 pum;
core of the pore of radiusg, becomes filled, an®, is T =870°:t =16 h:8s=0.3nm;Q =3.35x 10-2°m3;
the equilibrium pressure of gas over a flat surface. Fog = 1.38 x 10723 J/K; andys, = 0.3 J/n?), yielding a
a pore channel of uneven cross-section along its lengtip value of around ® x 10-18 m?/s at 870°C. This
the whole pore channel is filled only when the relativejs in good agreement with the values of surface diffu-
pressure reaches the value corresponding to the maxdion calculated by Rankin and Sheldon [14] on pure,
mum existing cross-section of the pore channel, whilaynstabilized zirconia from their TEM observations at
itis emptied only when the relative pressure decreaseggo°C. These researchers studied the neck growth be-
to a value corresponding to the narrowest pore crosstayior of single crystal particles of pure Zs@sing in
section [19]. A Micromeritics ASAP 2010 was used for sjty transmission electron microscopy. They also ap-
all gas adsorption measurements. plied Kuczynski's [10] relationship for neck growth
to their observations and were able to obtain a value
of 10715-10"1" m?/s for surface diffusion at 89CC.

3. Results an_d discussion A separate calculation obg using high resolution
3.1. Calculation of Ds from neck growth still images of individual atom movements (random-
observations (initial stage sintering) walk of single atoms) on the edges of sintering ZrO

Data from initial stage sintering experiments on Tosohparticles surface gave values B in the range of
zirconia (Table | and Fig. 3) indicates that the total2 x 1017 to 2x 10°18 m%/s [14]. Rankin and Shel-
surface area reaches a minimum @28 of its ini-  don [14] attributed the order of magnitude difference
tial value after sintering for around 15-17 h at 870  in the two predictions to the fact that in reality, atom
Thus, Equation 2 predicts that for a 62% green densitynovement was often taking place by motion of “clus-
ters” of atoms (10-100 atoms) rather than “individual”

toms.
TABLE | Initial stage sintering results for Tosoh (TZ-3Y) samples at

870°C

Ratiooffinalto 3.2, Calculation of Ds from pore smoothing

Time Initial density Sintered density initial surface observations (intermediate
(h) (% theo.) (% theo.) ared\(/Ay) . .
stage sintering)
10 63.7 64.4 0.846 From the pore smoothing model, the valug&adt which
15 64.4 68.7 0.773 the pore geometry equilibration process is complete
175 64.6 68.1 0.790 is 0.5 [16]. It should be noted thét is a dimension-
225 661'5 663'.% g';g !ess parameter, i.e._, different' combinationsToAndt
25 65.1 65.2 0.786 in the above equation can give the same valug*of
30 63.9 65.2 0.759 Results for nanocrystalline Zg&8B mol % Y,03 show

that it requires five hours at 90C for the completion

of the pore geometry equilibration process or 30 min
1.05 at 1000°C or 5 min at 1050C (Fig. 4 and Table II).

[ Because diffusion data are available for several temper-
atures (using Equation 4; see Table Il), it is possible to
calculate both a pre-exponential factor and an activa-
tion energy foDs, as shown in Fig. 5. The resulting ex-
pression foDs is Ds = 5.52 (10f exp[-531 (kJ/mol)/
RT]m?/s. The values oR (= G/2, whereG is the grain
size), T, andt used for these calculations are listed in

initial

0.95 |
0.90 [

TABLE Il Calculation ofDs using the minimum time required at dif-
ferenttemperatures for completion of the pore smoothing (pore geometry
equilibration) process (Equation 4)

Ratio of Surface Areas : Afinal/A

0.80 |

0.785 . o
[ ° B \ N CGrainsize

S e Temperature Minimum &) att=0 Final pore Ds (calculated)
T 5 10 15 20 25 20 35 (°C) time min (nm)  size (A (m?/s)

Time (hrs.) 900 5 h. 20 197 1.38859 (10%

_ - e _ o 1000 30min 28 197 5.7892 (10)
Figure 3 Initial stage sintering of (commercial) Tosoh zirconia at 5o 5 min 34 190 7.8484 (10%

870°C.
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data, inthe previous section, at 8T0[6 x 10~ m?/s].
Further, the calculated values of diffusion coefficient at
900°C (Table II), using the pore smoothing data, are
in reasonable agreement with the values calculated by
Rankin and Sheldon [14] from the TEM experiments
at 890°C (Ds=1.38 x 107 m?/s vs. 2x 10~ m?/s

< Ds< 101" m?/s). In addition, an interesting com-
parison can be made between surface diffusion values
calculated in Table Il and the grain boundary diffusion
values reported in the literature for tetragonal zirconia
(stabilized with ceria). Sakket al. [8] reported a value

of 967 nt/s (assuming the sande= 0.3 nm) for Do gp,

and 506 kJ/mol foQgp. In the present study, th@ for
surface diffusion is found to be 531 kJ/mol (Fig. 2)—
close to Sakkat al. Qg [8]—while the pre-exponential
factor is orders of magnitude larger.$5x 10° vs.

967 nt/s). These results suggest that the local atomic
environment in which atoms are moving is very similar

Figure 4 Pore size-density trajectory for nanocrystalline samples showfor both free surface and grain boundaries (i.e., their

that the pore size reaches a maximum value independent of the sinterégyccessful” jump frequency is similar), but that the
density. Time, in hours, is shown in parentheses.

number of such sites available is vastly increased in the
case of the free surface.

Table Il (all the other constants are identical to those in

Equation 3).

The diffusivity at 900 C, obtained from the above 4. Conclusions
calculations [14 x 10718 m?/s, Table II], are in reason- The surface diffusion values for Zt ions in ZrQ-
able agreement with that calculated from neck growtt8 mol % Y,0O3 have been calculated by comparing neck

y = 5.5121e+05 * e/(-63890x) R= 0.99733

—&— Pore smoothing
(Intermediate stage)

+  Neck growth
(Initial Stage)
X Rankin and Sheldon

D =551*10°

- Q/R =-63890
Q =531kJ/mol

105 ¢
10 |
Q [
“g I
a” L
107 |
108

7410* 7.610°* 7.810*

8104 8210* 8410* 8.610°* 8.810°*

YT XY

Figure 5 Plot of surface diffusivity values versus reciprocal of temperature fopZ8®nol % Y»Oz gives Ds = 5.51 x 10° exp[-531RT (kd/mol)].
Best fit line for data taken from pore smoothing experiments, though data from neck growth experiments are also shown.
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growth and pore smoothing data with available mod- 7.
els. Both methods give surface diffusivity values which 8.
are in reasonable agreement with each other and with
values existing in literature. An Arrhenius relation for
surface diffusivity of zirconiumions in tetragonal ZyO

3 mol % Y,05 is obtained:
531 kJ 12

DS =552 x 105 eXp(—ﬁ m)mz

14.
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