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Abstract

The activation energy for lengthwise and widthwise
precipitate growth in the subeutectoid region of
Mg-PS7Z was measured. The Arrhenius plot for
both lengthwise and widthwise growth exhibited a
two-slope behavior. The change in slope occurred at
approximately the boundary between the tetragonal +
MgO and the monoclinic + MgO two phase regions.
The activation energies for both lengthwise and width-
wise growth in the monoclinic + MgO two-phase
region corresponded to the activation energy for
Mg-Zr ion bulk or grain boundary interdiffusion.
The higher activation energies for the tetragonal +
MgO two-phase region are hypothesized to be due
to interface controlled growth where the interface
mobility is significantly less than the cation
interdiffusion.

Die Aktivierungsenergie des Wachstums in Ldngs-
und Querorientierung von Auscheidungen im unter-
eutektoiden Bereich von Mg-PSZ wurde bestimmt.
Die Arrheniuskurve fiir die beiden Wachstums-
richtungen zeigte ein Zweisteigungsverhalten Die
Anderung der Steigung ergab sich ungefihr an der
Grenze zwischen dem tetragonalen + MgQO und dem
monoklinen + MgO Phasengebiet. Die Aktivierungs-
energie der beiden Wachstumsrichtungen im mono-
klinen + MgO Zweiphasengebiet entspricht der Akti-
vierungsenergie der Korngrenzendiffusion von Mg—
Zr-ITonen im Probeninneren. Die héhere Aktivierungs-
energie im tetragonalen + MgO Zweiphasenge-
biet ist vermutlich auf grenzflichenkontrolliertes
Wachstum zuriickzufiihren, wobei die Mobilitdit der
Grenzfliche bedeutend geringer ist als die Kationen-
diffusion.

On a mesuré l'énergie d’activation de la croissance
de précipités, en largeur et en longueur, dans la
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région souseutectoide de Mg-PSZ. Les traces
d’Arrhenius pour la croissance en longueur ou en
largeur présentent deux pentes caractéristiques. Le
changement de pente se produit approximativement
a la limite des domaines biphasés tétragonal +
MgC) et monocliniqgue + MgO. Dans le domaine
biphasé monoclinique + MgO, les énergies d’activa-
tion correspondent a l'énergie d’activation de !'ion
Mg-Zr pour linterdiffusion en volume ou aux joints
de grains. Les énergies d’activation, plus élevées, du
domaine biphasé tétragonal + MgO pourraient étre
dues d une croissance contrélée par linterface ou lu
mobilité de linterface serait trés inférieure a la
vitesse d’interdiffusion du cation.

1 Introduction

Research and development of partially stabilized
zirconias has led to the industrial production and
application of these various materials. Aspects of
phase equilibria, crystallography, critical grain and
precipitate size, and the resulting properties have
been investigated and reported.! When zirconia is
alloyed with magnesia and properly heat treated,
a transformation toughened ceramic can result.
For Mg-PSZ, the optimum temperature range for
precipitating transformable tetragonal precipitates
has been found to be the subeutectoid region.?
More recent work has identified the critical pre-
cipitate size for optimum transformable tetragonal
phase content and for optimum fracture tough-
ness.’

Important parameters for future technological
development of zirconia alloys are the activation
energy for grain growth and precipitation and the
growth of the various phases related to diffusion
and ionic conduction of the relevant ions. The
activation energy for diffusion and grain growth is
useful for understanding the sintering of com-
ponents and for creep behavior in high tempera-
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ture applications. The activation energy for ionic
conduction is important for various electrolyte
applications while the activation energy for
precipitate growth is important for controlling
properties and size of metastable tetragonal
phases.

Some early work on zirconia alloys involved
calcia stabilized zirconia where Tien & Subbarao*
and Rhodes & Carter’ presented the activation
energy for grain growth and for the diffusion of
the anions and cations. More recently, the problem
of silica and its affect on grain boundary migra-
tion in yttria—zirconia alloys,*® (magnesia, calcia)-
zirconia alloy’ and ceria—zirconia alloys'® was
investigated. However, activation energies for the
grain boundary migration were not presented.

Sintering and grain growth for yttria stabilized
tetragonal and cubic zirconia were analyzed by
Lee & Chen.!! The activation energy of grain
growth was reported as 105 kJ/mol for tetragonal
zirconia and 69 kJ/mol for cubic zirconia. For the
tetragonal case, the activation for grain growth
correlated to the activation energy for self dif-
fusion of the yttria ions in a cubic lattice.'> The
activation energy of 70 kJ/mol for grain growth in
cubic zirconia was attributed by them to the acti-
vation energy for boundary diffusivity in yttria
stabilized zirconia.

Hwang & Chen" further analyzed the grain
growth kinetics of ceria and yttria tetragonal
zirconia polycrystals (TZP) and the effect of dop-
ing by various cations. Grain size control of TZP
ceramics is critical for controlling the resulting
properties. Using the concept of space charge and
electroneutrality of an ionic crystal, additions of
cationic dopants may be used to control the grain
growth, possibly by solute drag on the grain
boundaries. They found that doping 12 mol.%
ceria TZP with 1 mol.% alkali earths, the activa-
tion energy increased from 393 kJ/mol for un-
doped to 517 kJ/mol and 536 kJ/mol for MgO and
CaO respectively. For 2 mol.% yttria TZP, the
dopants segregated to the grain boundaries. In
two other TZPs, In and Sc, the stabilizers also
segregated to the grain boundaries.

With respect to Mg-PSZ, some work has been
done on the grain boundary microstructure by
Drennan & Hannink.'* Silica is known to improve
the sinterability and densification of Mg-PSZ, but
at the expense of properties. Drennan & Hannink
analyzed how additions of SrO improved the
grain boundary such as by the gettering of the
SiO, into the intergranular triple point junctions.
Work on Mg-PSZ was expanded by Drennan &
Swain!®> to include its sintering behavior. The
density versus temperature was measured and the
grain boundary microstructure was analyzed. In

the work by Drennan & Hannink'® and Drennan
& Swain,'’ the activation energy for grain growth
or sintering was not measured.

Precipitation in partially stabilized zirconias was
investigated by Kim et al.'® for the system (6 mol.%
MgO, 4 mol.% CaQO)-PSZ. The (MgO-CaO)-PSZ
was aged at 1450°C for times up to 120 h. Intra-
granular precipitation occurred and the grain
boundaries rapidly migrated. The grain boundary
migration left behind large precipitates in a Ca-
enriched precipitate-free cubic phase. The cause
for this behavior was ascribed to coherency strain
of the dopant cations at the grain—glassy grain
boundary interface. No activation energy for grain
or precipitate growth nor growth exponent for the
precipitate free zone or for precipitate growth was
presented.

For the MgO zirconia alloys, activation energies
for both grain growth and precipitate growth are
important but have not been noted in the litera-
ture. Precipitate growth activation energies are
more important, since control of the precipitate
behavior is critical for controlling the properties.
The purpose of this research is to measure the
activation energy for both lengthwise and width-
wise precipitate growth. The subeutectoid region
of the MgO-ZrQ, phase diagram was investigated,
since this is the region for optimum properties.'’.
The results were related to the phase equilibria of
the MgO-ZrO, system and to existing knowledge
of ionic conduction and activation energies.

2 Experimental Procedure

The 9-5 mol.% MgO-90-5 mol.% ZrO, Mg-PSZ
composition was fabricated using high purity ZrO,
(Z-Tech SF-Super Zirconia powder, Melbourne,
Australia; SiO, < 80ppm) and MgO powders,
sintered at 1700°C for 2 h and rapidly cooled to
the required heat treatment temperatures.® The
heating/sintering schedule is similar to that used
commercially, resulting in a cubic -solid solution
with a grain size of approximately 30-40 um. The
effect of starting microstructure on precipitation
behavior was not investigated.

The isothermal heat treatment temperatures
investigated were 1400, 1380, 1320, 1260, 1200 and
1100°C. The times at these temperatures ranged
from 025 at 1400°C to 20 h at 1100°C. The
samples were ground then polished through 1 um
diamond grit. Polished samples were etched in
concentrated 40 wt % HF acid for approximately
1-5 min. This method was used, since the high
purity Mg-PSZ was very resistant to chemical
attack and etching. After polishing and etching,
the samples were carbon coated and prepared for
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Fig. 1. Arrhenius plot for lengthwise growth of precipitates
in Mg-PSZ. [length*time] versus 1/T°K. The phase lines are
according to Grain.?

analysis by scanning electron microscope (SEM).
Typical regions were identified and electron micro-
graphs were taken. Prints of these micrographs
were enlarged and an average of 60 precipitates
per temperature and time were measured for
length and width.

3 Results

The length and width measurements were analyzed
with respect to the following equation:

S" — St = tAe exp (—(E,/RT))

where 7 is time, A4 is the pre-exponential, E, is the
activation energy, n is the growth exponent, and
S, is the initial precipitate size. The initial precipi-
tate size was assumed to be equal to zero in this
analysis. For lengthwise growth, the growth expo-
nent used for analysis was n = 3, which corre-
sponds to volume diffusion controlled growth. For
widthwise growth, a growth exponent of n = 5
was used, which corresponds to growth across low
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Fig. 2. Arrhenius plot for widthwise growth of precipitates in
Mg-PSZ. [width’ttime] versus 1/T°K. The phase lines are
according to Grain.®

angle grain boundaries, boundary mismatch, or
boundary misorientation. These two growth expo-
nents were found to apply to precipitate growth in
Mg-PSZ."®

In Table I, the temperature, average precipitate
(length)¥/time with its standard deviation, and the
precipitate’s (width)*/time and its standard devia-
tion are listed. In Fig. 1, (length)*/time was plotted,
without error bars, versus the inverse of tempera-
ture in degrees K. The plotted data shows a change
in slope at approximately 1312°C, which is above
the tetragonal + MgO and monoclinic + MgO
phase boundary. Linear least squares analysis was
used to calculate the two slopes. For the tetra-
gonal + MgO region, the data points 1400, 1380
and 1320°C were used. For the monoclinic + MgO
region, the data points 1260, 1200, and 1100°C
were used. The activation energies and pre-expo-
nentials are listed in Table 2.

In Fig. 2, (width)*time is plotted versus the
inverse of temperature in degrees K. The plotted
data also shows a change in slope at approxi-
mately 1281°C just above the phase boundary. As

Table 1. Temperature, precipitate’s (length)*/time, and its standard deviation, and (width)>/time and its standard deviation

Temperature ( length)*/time Standard deviation + (width)>/time Standard deviation +

(°C) (m/s) (m’/s) (m/s) (m>s)

1400 5955 x 1072 0-168 x 107 7-944 x 104 0-082 x 10 *#
1380 2276 x 10 0-022 x 10 % 7-329 x 10°% 0-005 x 10+
1320 3461 x 1072 0-074 x 10 % 4-581 x 10 4 0-447 x 104
1260 1082 x 10 0-012 x 10°%° 8-308 X 107+ 0-108 x 10 %
1200 4-563 X 102 0-012 X 10°% 1.993 x 10 0-009 x 10*
1100 6620 x 1077 0-006 x 10°% 3986 x 104 0-008 x 10%

Table 2. Activation energies and pre-exponentials for precipitate growth in Mg-PSZ

Precipitate Temperature In (pre-exponential ) Activation energy
measurement range (°C) (n(A)) (E, kJ/mol)
Lengthwise 1400-1320 +1-388 £ 0-21 ~765+79
Lengthwise 1260-1100 —33.275+ 0-09 —-308 + 14
Widthwise 1400-1320 —29-055 £ 0-48 —844 + 180
Widthwise 1260-1100 —69-204 £ 0-29 —325+45
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for the lengthwise growth, linear least squares
analysis was used for calculating the two slopes
using the same temperatures.

4 Discussion

4.1 Relationship of results with ZrO,-MgO phase
equilibria

Grain' analyzed the phase equilibria in the ZrO,-
MgO system and reported a eutectoid composition
of 13 mol.% MgO with the tetragonal, + MgO and
monoclinic, + MgO phase boundary at 1240°C.
Echigoya et al.®® analyzed the decomposition of
hypoeutectoid Mg-PSZ from 1000 to 1300°C.
They found that the tetragonal + MgO and mono-
clinic + MgO phase boundary was approximately
1185 + 45°C with the eutectoid composition at
11 mol.% MgO. In the review and re-evaluations
of phase equilibria in the three zirconia systems,
Stubican®' noted the phase diagram presented by
Grain as being currently accepted. More recent
work by Duran er al? also place the phase
boundary at a lower temperature, at approxi-
mately 1120°C. In this research, the change in
slope at approximately 1312°C occurs for the
lengthwise growth of the precipitates. The change
in slope for the widthwise growth of precipitates,
at approximately 1281°C, will not be closely con-
sidered due to the high standard deviation for the
upper widthwise growth pre-exponential. These
results support the higher phase transition temper-
ature presented by Grain for a phase boundary at
1240°C. Future research should investigate differ-
ing compositions with three to four temperatures
analyzed per phase region to more accurately
identify the phase boundary.

4.2 Precipitation behavior and activation energies

4.2.1 Literature review
The precipitates in Mg-PSZ can be described as
ellipsoidal, like disks, where in cross-section at the
edge of the disk, the interface is coherent and the
lattice parameters between the cubic and tetragonal
phase match, dypie = @irg-> Where the interface is
coherent, growth is controlled by volume diffu-
sion. On the broad side of the precipitate, the
interface is semi- or incoherent where the ¢, axis
mismatches the a.y;. axis. The growth on this
interface is controlled by the boundary mismatch
and the short circuit diffusion along low angle
boundaries. In the tetragonal + MgO two-phase
region, the growth exponent is known,'® where for
lengthwise growth, it is 1/3, and for widthwise
growth, it is 1/5.

When the precipitate nucleus forms, MgO is

expelled or exsolves from the precipitate. As it
grows, MgO is expelled from the boundary region
into the cubic matrix, while the zirconia diffuses in
the opposite direction across the boundary into
the precipitate. The segregation of the MgO from
the precipitate has been noted from the phase
equilibria studies of Grain'® and Stubican.?! Grain
and Stubican reported that the solubility of MgO
in the tetragonal precipitates is less than 1 mol.%.
Echigoya et al.”® reported that there was no MgO
in the zirconia precipitates when aged at 1100°C.
The predominant defect within the precipitate
itself is assumed to be anion Frenkels, interstitial
oxygen ilons and oxygen ion vacancies, based on
the work by Douglas & Wagner* on pure mono-
clinic zirconia.

The concentration of MgO in the matrix in-
creases with time to form MgO pipes and to con-
centrate in the cubic center of the grain.?*? At the
boundary of the precipitate, the MgO concentra-
tion was found to be enriched up to 28 mol.%.*
Hannink?® and Farmer e al.* also found that as
the MgO concentration increases in the cubic
phase, the rate of decomposition increases.

The diffusion of oxygen ions in magnesia stabi-
lized zirconia was analyzed by Ando et al.® for
concentrations of 12 to 16 mol.% MgO. As shown
in Fig. 3 for 12 mol.% MgO, the activation energy
increases with decreasing temperature and is tied
to the phase equilibria of the system. Based on
their data points, the activation energy for the
tetragonal, + MgO phase region is —117 kJ/mol
which increases to —195 kJ/mol for the mono-
clinic, + MgO phase region. They also found that
as the concentration of MgO increases, the activa-
tion energy also increases. Similar behavior was
found by Badwal®® for yttria stabilized zirconia
where decreasing temperature or increasing stabi-
lizer content results in increasing activation energy.
Douglas & Wagner* also measured the activation
energy for oxygen diffusion for reduced pure mono-
clinic zirconia. They found that between 450 and
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Fig. 3. Oxygen self diffusion in 12 mol.% MgO-ZrO, show-
ing the effect of phase boundaries on activation energy. From
K. Ando et al.®
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900°C for ZrO, 494, the activation energy for oxygen
diffusion was —277 kJ/mol.

Wen ef al.®! measured the oxygen ionic conduc-
tivity versus temperature and magnesia content
from 6 to 12 mol.%. They found that the ionic
conductivity increased with increasing magnesia
content from 6 to 8 mol.% then decreased. How-
ever no activation energies were given. This
behavior is similar to that exhibited for yttria
stabilized zirconia which has a peak in ionic
conductivity at approximately 8 mol.% yttria.*’

A summary of the results for oxygen ionic
conductivity is that with decreasing temperature
the activation energy increases. Additionally,
increasing magnesia content results in increasing
activation energy as measured by Ando er al
However, there is also a peak in conductivity, as
noted by Wen et al.

Magnesia ion diffusivity in zirconia has been
measured by Sakka er al.** by evaporation of the
magnesia at temperatures of 1800 to 2100°C. They
found that the evaporation kinetics were enhanced
by the presence of grain boundaries and con-
trolled by cationic interdiffusion. The cationic
interdiffusion in MgO stabilized zirconia was
measured by Oishi ez al.** between 1600 and 2000°C.
For lattice interdiffusion, the activation energy
was —293 kJ/mol, while for grain boundary inter-
diffusion the activation energy was —297 kJ/mol.

The individual diffusion activation energies
have been reported by Sakka et al** as being
—285 kJ/mol for magnesia and —381kJ/mol for
zirconia in magnesia stabilized zirconia. They
found that the cation interdiffusion was controlled
primarily by the diffusion of the faster cation. The
contribution by the high diffusivity of the oxygen
ion was considered small by them.

A theoretical analysis of the point defect activa-
tion energies in cubic zirconias for 1250°C was
presented by Mackrodt & Woodrow.*> The heats
of solution listed by them for magnesia are H;, =
300kJ/mol and H, = 154 kJ/mol, where H, is
when there is no association between the impurity
and vacancy defects and where H, is when the
impurity ion completely associates with the defect.
The migration energies are: anion vacancies =
—63kJ/mol; cation vacancies =—826 kJ/mol; neutral
vacancy complexes =—846 kJ/mol; and anion
vacancies in the presence of impurity MgZr + 2
ions =—98 kJ/mol.

4.2.2 Discussion

The activation energies in the monoclinic + MgO
two-phase region corresponds most closely to the
Mg-Zr lattice (-293 kJ/mol) and grain boundary
(-297 kJ/mol) interdiffusion activation energies
reported by Oishi e al.** Differences between the

values reported by Oishi et a/ and the values
measured in this research for lengthwise (—308 kJ/
mol) and widthwise (—325 kJ/mol) growth, can
be accounted for by consideration of changes in
activation energy with changing temperature
regimes, 1600-2000°C by Oishi et al. and 1400
1100°C in this work. This effect was found by
Ando et al.” for oxygen diffusivity in Mg-PSZ. In
the tetragonal + MgO two-phase region, the higher
activation energies do not correspond to any
reported single mechanism,

Changes in activation energy cannot be attributed
to grain boundary drag due to the formation of
the &-phase at the precipitate-matrix boundary.
Farmer et al’® found that at 1100°C, the domi-
nant decomposition mechanism is the formation
of monoclinic ZrO, at the grain boundaries which
propagates into the grain along with pipes of
MgO. Samples with increasing MgO content
resulted in an increasing rate of decomposition.
Their Fig. 3 shows Mg,Zr;O,,, precipitates sur-
rounding a tetragonal ZrO,, precipitate. To pre-
cipitate the & phase, a special heat treatment was
required. This consisted of solution treating in the
cubic solid solution region at 1800°C, cooling to
800°C for 1 h, followed by precipitation at 1100°C
for 10 h.

Interface migration and growth of precipitates
can be controlled by the interface mobilities.**"
Interfaces with high mobilities typically have high
interface energies, such as incoherent precipitates
in metallurgical systems. High mobility interfaces
move as fast as diffusion of the rate-controlling
species allows and growth is considered to be dif-
fusion controlled. Low mobility interfaces typi-
cally have low interface energies and are typically
coherent precipitates in metallurgical systems.
Larger chemical potential differences are then
required to drive the interface and growth is con-
sidered to be either mixed or interface controlled.
The activation energy would then be higher than
for diffusion controlled growth.

In the Mg-PSZ system, surface and strain energies
of the metastable precipitates can be considered to
have an effect. At non-equilibrium conditions in
the monoclinic + MgO two-phase region, a meta-
stable tetragonal phase is precipitating in a cubic
matrix. The strain and surface energies and the
thermodynamic driving force for transformation
of the metastable tetragonal precipitate affect the
interface, raising the total interface energy and
thereby increasing its mobility. The interface be-
comes diffusion controlled and as the experimental
results indicate, the measured activation energy
matches that for Mg—Zr interdiffusion.

In the tetragonal + MgO two-phase region,
stable tetragonal precipitates form in a cubic matrix.
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The tetragonal precipitates are thermodynamically
stable, since they are growing above the tetra-
gonal-monoclinic transition temperature. In the
production of Mg-PSZ, precipitates do not be-
come metastable until cooled below this transition
temperature.! Therefore, the interface energies
can be considered lower than in the monoclinic +
MgO two-phase region. Due to the lower inter-
face energies, the mobility is lower and growth
becomes interface-controlled. Interface controlled
growth would have higher activation energies than
for Mg-Zr interdiffusion.

5 Conclusions

Based on the present results, the following conclu-
sions can be reached.

(a) The change in slope of the activation
energies corresponds to the phase boundary
between the tetragonal + MgO two-phase
region and the monoclinic + MgO two-
phase region. The temperature at which the
change of slope occurs, 1312°C, supports
the higher phase boundary temperature for
the MgO—ZrO, phase diagram presented
by Grain.

(b) The activation energy for both lengthwise
and widthwise precipitate growth in the
monoclinic + MgO two phase region corre-
sponds to the activation energy for Mg-Zr
lattice and grain boundary interdiffusion.

(c) The activation energy for both lengthwise
and widthwise precipitate growth in the
tetragonal + MgO two-phase region does not
correspond to any single diffusion mechan-
ism. It is theorized that since a thermo-
dynamically stable tetragonal phase is pre-
cipitating in the tetragonal + MgO two-phase
region, the interface energies are lower than
in the monoclinic + MgO two-phase region.
The resulting precipitate growth is interface
controlled with a higher activation energy
than for diffusion.
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