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Abstract

(Ko5Nags)NbOj is a potential lead-free piezoelectric ceramic, but often suffers from abnormal grain growth. Previous work on BaTiO; and SrTiO;
has shown that abnormal grain growth can be suppressed by controlling the sintering atmosphere. In the present work, (Ko sNag s)NbO; was sintered
in atmospheres ranging from O, to H, and the effect on grain growth behaviour studied. Sintering in reducing atmospheres causes a delay in the
onset and a reduction in the amount of abnormal grain growth. The effect of sintering atmosphere on grain growth behaviour can be explained using
the 2D nucleation-controlled theory of grain growth. Changes in the grain shape during sintering in reducing atmospheres indicate a reduction in
the edge free energy of (K s5Nags)NbO; caused by an increase in the concentration of oxygen vacancies. This decreases the critical driving force
necessary for rapid grain growth and causes a transition from abnormal to pseudo-normal followed by abnormal grain growth.

© 2009 Elsevier Ltd. All rights reserved.
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1. Introduction

A great deal of effort has gone into finding lead-free
replacements for Pb(Zr,Ti)O3 piezoceramics. One promis-
ing family of ceramics is based on solid solutions in the
KNbO3-NaNbO; pseudo-binary system.! Ceramics of the com-
position (Ko 5Nag 5)NbO3 (KNN) have moderate piezoelectric
properties.”> The properties can be improved by addition of
compounds which form a morphotropic phase boundary with
KNN*3 and many studies have been carried out in which dif-
ferent compounds or additives were added to KNN. However,
in spite of its importance in optimizing properties, few studies
have been carried out on the grain growth behaviour of KNN.

Grain growth behaviour is strongly dependent on the struc-
ture of the grain boundaries. There are two types of grain
boundary—atomically disordered (rough) and atomically ordered
(faceted). Normal grain growth takes place when the grain
boundaries are rough whereas abnormal grain growth can take
place when the grain boundaries are faceted.®’ KNN has a
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cubic grain morphology with faceted grain boundaries>® and
as a consequence is prone to abnormal grain growth.8-10 This
is generally undesirable as it can impede densification and may
lead to unfavourable dielectric and mechanical properties.®!!
In SrTiO3 and BaTiOs, the grain boundary structure and grain
growth behaviour could be controlled by varying the sinter-
ing atmosphere from oxidizing to reducing.®'>!3 In the present
work, the grain growth behaviour of KNN ceramics sintered in
various atmospheres is investigated, and the results discussed in
terms of the 2D nucleation-controlled theory of grain growth.

2. Experimental

The mixed oxide method was used to prepare powders of
KNN.3 C4H4KNaOg-4H,0 (Fluka, 99.5%) and Nb,Os (Grand
Chemical & Material, 99.9%) were mixed in appropriate
amounts and ball-milled in ethanol for 24 h, using ZrO, milling
media and polypropylene jars. The NbyOs5 powder was dried
at 250 °C overnight before weighing to remove any adsorbed
water. After ball-milling the ethanol was evaporated using a hot
plate and magnetic stirrer. The resulting powder was ground
in an agate mortar and pestle and passed through a 180-pm
sieve. The powder was loaded into an alumina crucible with lid
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and calcined in air at 800 °C for 5 h. The calcined powder was
examined by X-ray diffraction (Rigaku D/MAX-IIIC, Tokyo,
Japan) and found to be single phase perovskite. The calcined
powder was ball-milled and sieved as before to break up any
agglomerates. The particle size distribution after ball-milling
was measured using a laser particle size analyzer (Photal Otsuka
Electronics ELS-Z2, Hirakata, Japan). The size distribution had
an asymmetric single peak with a maximum at 0.11 um and a
tail out to 0.5 wm particle radius. The mean particle radius and
standard deviation was 0.14 +0.03 wm.

Samples were made by compressing by hand 0.5 g of pow-
der in a steel die 9 mm in diameter. Samples were then removed
from the die and cold isostatically pressed at 200 MPa. Sam-
ples were sintered in atmospheres of flowing O, N», 75 N»-25
H, (mol%) and H, (flow rate = 150 cm® min~!) at 1100 °C for
periods of 1-5h. Heating and cooling rates were 5°Cmin~".
To reduce volatilization of the alkali elements, the samples were
placed in Pt crucibles with lids and packed in KNN powder in an
alumina crucible with lid. For the samples sintered in 75 Np—25
Hj (mol%) and Hj, the samples were buried in the KNN pow-
der without Pt crucibles, due to the chemical instability of Pt
in reducing atmospheres. Sample masses were measured before
and after sintering. Sample mass decreased by between 0.5 and
0.7% during sintering, with no dependence on sintering time or
atmosphere.

Sintered samples were sectioned vertically with a diamond
wheel saw, polished to a 0.25 pm finish with diamond paste and
thermally etched at 1050 °C for 60 min in air. Scanning electron
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microscopy (SEM) was carried out using a Phillips XL30 SEM
(Phillips, Eindhoven, Netherlands) with an attached Energy Dis-
persive Spectrometer (EDS, Model 6636, Oxford Instruments,
Eynsham, UK) with standard-less quantification and LINK ISIS
software. All samples were Pt coated. Grain size distributions
were measured from the micrographs using an image analy-
sis program (Matrox Inspector 2.1, Matrox Electronic Systems
Ltd., Dorval, Canada). For each sample, at least 400 grains
were measured. The equivalent spherical two-dimensional grain
radii were measured and converted to equivalent spherical three-
dimensional grain radii by dividing by 0.76.'* For Transmission
Electron Microscopy (TEM), samples were prepared by the nor-
mal methods of sectioning, dimpling and ion beam milling.
Samples were viewed in a JEOL 3010 TEM (JEOL, Tokyo,
Japan) with an accelerating voltage of 300kV.

3. Results

SEM secondary electron images of ceramics sintered at
1100 °C for 1h in different atmospheres are shown in Fig. 1.
The samples sintered in O, and N> consist of coarse grains
up to 10 wm in radius (Fig. la and b). The grains are cubic
in appearance with faceted edges. Porosity is present in some of
the grains. Large pores are present between the grains in both
samples. Some grain pull out may also have occurred during pol-
ishing. The sample sintered in 75 N»-25 H» (mol%) (Fig. 1c)
has a bimodal microstructure, consisting of small matrix grains
~0.5 pm in radius and large abnormal grains up to 10 wm in

Fig. 1. SEM secondary electron images of KNN ceramics sintered at 1100 °C for 1 h in: (a) O2; (b) Na; (¢) 75 No—25 H; (mol%) and (d) Ha.
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Fig. 2. SEM secondary electron images of fracture surfaces of KNN ceramics sintered at 1100 °C for 1 h in: (a) O, and (b) Ha.

radius. The sample sintered in Hp (Fig. 1d) also has a bimodal
microstructure, but the matrix grain size is smaller and the num-
ber of abnormal grains is greatly reduced. In the samples sintered
in 75 N»—25 Hy (mol%) and Hj, both intragranular and inter-
granular porosity is present.

In the samples sintered in Oy and N» for 5 h, small amounts
of a second phase are visible at some of the grain boundaries.
EDS of this phase shows it to be alkali deficient compared to
stoichiometric KNN. In the samples sintered in 75 N»—25 Hj
(mol%), no second phase is visible. In the samples sintered in
H, for 3 and 5h, small amounts of a second phase are visible
but they are too small to carry out EDS on.

Fracture surfaces of samples sintered at 1100 °C for 1 hin Oy
and H; are shown in Fig. 2. The sample sintered in O, consists
of cube-shaped grains with sharp edges and corners (Fig. 2a).
The sample sintered in Hy also consists of cubic grains but some
of the edges and corners are rounded (Fig. 2b).

The grain size distributions for the samples sintered in O; are
shown in Fig. 3. The grain size distributions are fitted with two
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Fig. 3. Grain size distributions of KNN ceramics sintered at 1100 °C for 1, 3
and 5hin Oy. 7 = mean matrix grain radius.

Gaussian curves (the dashed lines are the individual curves and
the solid line is the combined curve). The grains that lie within
the first peak can be considered to be the normal matrix grains.
The mean matrix grain radius 7 of the first peak is given next
to each distribution. The grains that lie outside the first peak of
each combined curve are abnormal grains. After 1h, the grain
size distribution of the sample sintered in O; is already abnormal,
with several distinct peaks. As the sintering time increases, grain
growth continues and the grain size distribution shifts to larger
sizes. The distribution becomes more unimodal, but very broad.
The grain size distributions of the samples sintered in N follow
the same pattern, but are slightly narrower.

The grain size distributions of the samples sintered in 75
N>-25 Hj, (mol%) are shown in Fig. 4. A single Gaussian curve
is plotted for each grain size distribution (the solid lines). The
mean matrix grain radius 7 of this curve is given next to each dis-
tribution. The abnormal grains lie outside the curve. The largest
abnormal grain in each distribution is marked with an arrow.
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Fig. 4. Grain size distributions of KNN ceramics sintered at 1100 °C for 1, 3
and 5hin 75 N,-25 Hy (mol%). 7 = mean matrix grain radius.



2584 J.G. Fisher, S.-J.L. Kang / Journal of the European Ceramic Society 29 (2009) 2581-2588

The grain size distribution of the sample sintered for 1 h is much
narrower than that of the equivalent sample sintered in O», but
is still bimodal. As sintering continues, the main peak becomes
broader and the number and size of abnormal grains increases.
After 3 h, grain growth in the main peak stops, but the abnormal
grains continue to grow.

The grain size distributions of the samples sintered in H; are
shown in Fig. 5. Again, a single Gaussian curve is plotted for
each grain size distribution (the solid lines), with the abnormal
grains lying outside the curve. The mean matrix grain radius
7 of this curve is given next to each distribution. The largest
abnormal grain in each distribution is marked with an arrow.
Compared to the sample sintered in 75 N>-25 Hy (mol%), the
sample sintered in H; for 1h has a slightly narrower grain size
distribution and a smaller number of abnormal grains. As the
sintering time increases, the main peak begins to broaden and
more abnormal grains appear. The number and size of abnormal
grains are reduced compared to the samples sintered in 75 No—25
H; (mol%). Again, after 3h, grain growth in the main peak
stops. The abnormal grains continue to grow, but at a slower
rate compared to the samples sintered in 75 N—25 H, (mol%).
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Fig. 5. Grain size distributions of KNN ceramics sintered at 1100 °C for 1, 3
and 5hin Hy. 7 = mean matrix grain radius.
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Fig. 6. TEM images of KNN ceramics sintered at 1100 °C for 1 h in O, [(a) and (b)] and H; [(c) and (d)].
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TEM micrographs of the sample sintered in Oy for 1h are
shown in Fig. 6. The sample has faceted grain boundaries
(Fig. 6a). No secondary phases are visible at the grain bound-
aries or triple junctions. A high-resolution image of a typical
grain boundary is shown in Fig. 6b. The grain boundary is atom-
ically faceted. The inset in Fig. 6b is an enlarged portion of the
image and shows that the grain boundary is free of amorphous
phase. The triple junctions are also free of amorphous phase.
TEM micrographs of the sample sintered in Hy for 1 h are also
shown in Fig. 6. Some of the grain boundaries in this sample are
faceted while others are curved at the triple junctions (Fig. 6c¢).
No secondary phases are visible. High-resolution imaging of the
grain boundaries again reveals faceting on an atomic scale and
no amorphous phase (Fig. 6d). Again, no amorphous phase is
visible at the triple junctions.

4. Discussion

All of the KNN samples show abnormal grain growth (Fig. 1).
Normal grain growth is characterized by a unimodal grain
size distribution, whereas abnormal grain growth is character-
ized by a very broad, bimodal or even multimodal grain size
distribution.” Broad multimodal grain size distributions can be
seen for the samples sintered in O, and N, (Fig. 3). As the
sintering atmosphere becomes more reducing, abnormal grain
growth is impeded. The main peak of the grain size distributions
becomes narrower and the number of abnormal grains decreases
(Figs. 4 and 5), although abnormal grain growth is not entirely
eliminated.

The atomic structure of the grain boundaries (rough or
faceted) plays an important role in controlling the grain growth
behaviour.%”-1213 The influence of grain boundary structure on
grain growth can be explained using theories of crystal growth.
Although originally used to describe crystal growth from solu-
tion, there is evidence that solid-state grain boundaries can
behave in the same fashion.!>~!7 The variation of grain growth
rate with driving force for grain growth is shown schematically
in Fig. 7. In a system with atomically rough grain boundaries,
atoms can attach to any site on a growing grain.'® Grain growth
is controlled by the rate of atomic diffusion across the grain
boundary and the grain growth rate increases linearly with the
driving force for grain growth (the dashed line in Fig. 7). In such
a system, any grain with a positive driving force can grow and
normal grain growth is observed.

In a system with atomically faceted grain boundaries, atoms
cannot attach to a grain unless a low energy site such as a 2D
nucleus is present.'® Consequently, grain growth is limited by
the rate at which stable 2D nuclei can form on the grain surface.
Below a critical driving force AGc, the rate at which stable 2D
nuclei form is very low. Atoms adsorbing on the surface of the
grain will have a low probability of reaching a 2D nucleus before
they desorb again and the grain growth rate will be negligibly
slow. Above the critical driving force, the rate at which stable 2D
nuclei form increases rapidly. Atoms adsorbing on the grain have
ahigh probability of reaching a 2D nucleus and grain growth will
be rapid. Grain growth is then effectively controlled by diffusion,
as in the case of grains with atomically rough boundaries. When

Growth rate R

Medium ¢

0 AG, .«
Driving force AG

Fig. 7. Grain growth rate vs. driving force for growth for diffusion (dotted line)
and 2D nucleation-controlled growth (solid lines).

the driving force is approximately equal to the critical driving
force, grain growth will take place but the growth rate will be low.
The growth rate of a faceted grain does not increase linearly with
the driving force for grain growth but exponentially (the solid
lines in Fig. 7). For a grain growing by 2D nucleation-controlled
growth, the growth rate can be given by'?:

- —Q2e?
R= Ugt €Xp W (1)

where R = growthrate, vg=step velocity of the growing
nucleus, £2 =molar volume, ¢ =edge free energy of the nucleus,
AG =driving force for grain growth, h=step height of the
nucleus, k=Boltzman’s constant and 7T=temperature. For the
case of a grain growing in the solid-state, the driving force is
given by2:

1 1
AG = 02 <_ - ) 2

r r

where o, is the average grain boundary energy, r is the radius of
the growing grain and 7 is the radius of a grain which is neither
growing nor shrinking (usually given by the mean grain radius).
The driving force of a grain is inversely related to the mean grain
radius. The critical driving force is given by!?:

_ Q&2
T 3hkT

The grains will have a range of driving forces for growth,
depending on their radii (shown by the dash—dotted arrow in
Fig. 7). This range of driving forces is initially determined by
the particle size distribution of the starting powder. For a system
where grain growth is controlled by 2D nucleation, the grains
may be categorized into three types: dissolving grains (AG is

3)

Gc
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negative), grains with non-linear growth rates governed by inter-
face reaction, which include stagnant, i.e., non-growing grains
(0< AG< AGc) and slowly growing grains (AG ~ AGc), and
rapidly growing grains with linear growth rates governed by
diffusion (AG > AGc). The largest grain will have the largest
driving force for growth AGpax.

Depending on the relative values of AGc and AGpyx, dif-
ferent types of grain growth behaviour can take place.!>?!-24
If AGc > AGmax, no grains will have AG> AGc and grain
growth rates will be negligibly slow, i.e., stagnant grain growth
occurs. If AGc < AGpax, then most grains will be growing
slowly or not at all, but a small number of grains will have
AG> AGc and will be able to grow rapidly to form abnormal
grains. Because the majority of grains are not growing or are
growing slowly, the mean grain radius 7 remains small. The
driving force for growth of the abnormal grains will remain
high and they will continue to grow until all the matrix grains
are consumed. At this point, 7 will increase abruptly, AG will
decrease and grain growth will slow down. If AGc < AGmax,
a large number of grains have AG > AGc and are able to grow.
Pseudo-normal grain growth takes place. The grain size dis-
tribution will initially be unimodal but abnormal grains may
develop after extended sintering. Finally, if AGc equals zero,
then all grains with a positive driving force can grow and normal
diffusion-controlled grain growth takes place.?>23-24

From Eq. (3), it can be seen that the value of AGg is strongly
dependent on the edge free energy ¢ of the 2D nucleus. The
step energy of steps on a vicinal surface, which is analogous to
g, is inversely related to the configurational entropy.>>~>’ The
configurational entropy can be increased by the formation of
kinks in a step due to thermal excitation?’ or by the creation of
vacancies.”® Therefore, a change in the vacancy concentration
can change the value of ¢ and affect the grain growth behaviour.
In experiments carried out on BaTiO3 and SrTiO3, increasing the
vacancy concentration (by donor doping or sintering in reducing
atmospheres) caused a decrease in ¢ sufficient to change the grain
boundaries from faceted to rough. This in turn caused the grain
growth behaviour to change from abnormal to normal.%!>13

XRD, Differential Scanning Calorimetry and Raman spec-
troscopy carried out on KNN samples sintered in reducing
atmospheres indicate a reduction in the orthorhombic distor-
tion of the KNN unit cell, a lowering of the phase transition
temperatures and an increase in the Nb—O bond length.? These
changes can be attributed to an increase in the oxygen vacancy
concentration, which would be expected to decrease ¢. Indeed,
the rounding of the grain corners and edges of the samples sin-
tered in H, indicates a decrease in ¢ and partial roughening of
the grain boundaries as the sintering atmosphere becomes more
reducing (Figs. 2b and 6¢).3%33 Therefore, the grain growth
behaviour of KNN in different atmospheres can be explained by
considering the change in ¢ and AGc.

The KNN samples sintered in O, have faceted grain bound-
aries (Figs. la, 2a and 6a). This indicates a high value of ¢
and, correspondingly, AGc (AGc () in Fig. 7).31733 In the sam-
ples sintered in O, and N», the microstructure is coarse with
many abnormal grains (Fig. 1a and b) and the grain size dis-
tributions are broad with a main peak and several minor peaks

(Fig. 3). This microstructure is consistent with a system where
AGc < AGpax, as mentioned above. The small number of grains
with AG > AGc will be able to grow rapidly to form abnormal
grains as they have a high growth rate. After sintering for 1 h, the
process of abnormal grain growth is well advanced and almost
all of the original matrix grains have already been consumed
by abnormal grains. The grain growth rate decreases as sin-
tering continues and the grain size distribution becomes more
unimodal, due to impingement of abnormal grains.

In the samples sintered in 75 No—25 H, (mol%), the vacancy
concentration increases and ¢ decreases. A decrease in ¢ will
cause a decrease in AGc (AGc (m) in Fig. 7) while AGpax
remains unchanged. In this case, AGc <« AGnax, a large num-
ber of grains can grow and pseudo-normal grain growth occurs.
In the initial stage of sintering, there is not a large difference
in the growth rates between the growing grains. Grains with
driving forces close to AGmax do not enjoy a significant growth
advantage over other growing grains and so abnormal grains
do not form. As sintering proceeds, the mean grain size 7 will
increase, leading to a reduction in the driving force for each
grain (Eq. (2)), a reduction in AGpax and a decrease in the
number of grains with AG > AGc (m). As the driving force of a
grain becomes approximately equal to AGc (m), its growth rate
will decrease considerably. Once the growth rate of the majority
of grains has decreased, grains which still have AG> AGc (m)
will now be growing at a rate much faster than grains with
AG~ AGc (m) and can form abnormal grains. After 1h of sin-
tering, the process of abnormal grain growth is under way but is
not completed (Figs. 1c and 4). With increased sintering time,
the abnormal grains continue to grow. The matrix grains (the
grains in the main peak of the grain size distribution) are also
growing slowly, which will cause their driving force for growth
to decrease further. Eventually, the matrix grains will have val-
ues of AG < AGc (m) and matrix grain growth will stop. This
happens after 3h of sintering (Fig. 4). The growth rate of the
abnormal grains will also slow down as they impinge upon
each other. Such time-delayed abnormal grain growth has also
recently been observed for liquid phase-sintered ceramics in the
(Nag 5Big 5)TiO3—-BaTiO3 system.34

In the samples sintered in Hy, AGc is reduced even further
(AGc qy in Fig. 7) and the number of grains which are able to
grow will increase. Due to the low value of AGc (1), the majority
of grains can grow for a longer period of time before their driving
force becomes approximately equal to AGc () and their growth
rate decreases. The time that must pass before abnormal grain
growth can start will therefore increase. After 1h of sintering,
abnormal grain growth has only just begun (Figs. 1d and 5).
After abnormal grain growth begins, abnormal and matrix grain
growth continues in parallel. Again, after 3h of sintering all
the matrix grains have values of AG < AGgc () and matrix grain
growth stops. The abnormal grains can continue to grow but at
a relatively slow rate as their driving force for growth is now
low compared to that of the samples sintered in 75 N>—25 H»
(mol%).

Transitions from abnormal to normal grain growth asso-
ciated with roughening of the grain corners and edges have
also been observed in liquid phase-sintered systems such as
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NbC-Co3! and Pb(Mg/3Nb,/3)03-PbTiO3 with excess PbO.3
From the present work, KNN appears to behave in a similar man-
ner to Pb(Mg13Nby/3)O3-PbTiO3, where the transition from
abnormal to normal grain growth was accompanied by a small
amount of roughening at the grain corners and edges.>

Other factors that could affect grain growth in KNN-based
ceramics include porosity and the presence of a liquid phase.
The samples sintered in 75 N>—25 Hy (mol%) and H, appear
more porous than the samples sintered in O, and N; (Fig. 1).
Pores at the grain boundaries of the matrix grains can inhibit
grain growth by pore drag.3 If a grain has a high enough driv-
ing force to grow abnormally, its grain boundaries can break
free of the pores, leaving them trapped in the grain. This can
be seen in Fig. 1. By comparing the values of the mean matrix
grain radius (Figs. 3-5), it can be seen that changing the sin-
tering atmosphere from O, to 75 N>—25 H; (mol%) causes a
decrease in the matrix grain growth rate, but further changing
the sintering atmosphere to H, has no effect. It appears that an
increase in porosity affects the matrix grain growth rate. The
increased porosity may reduce the driving force AG for grain
growth due to an increase in pore drag.>® This would reduce
AGmax, which would reduce the number of grains that could
grow abnormally if AG¢ remains constant. However, AG¢ also
decreases as the sintering atmosphere becomes more reducing.
The effect of increased porosity on formation and growth of
abnormal grains is therefore minimized, as it is the relative val-
ues of AGc and AGpax which determine whether abnormal
grains are formed.

Zhen and Li, and Li et al. observed abnormal grain growth in
Li/Ta-doped KNN ceramics, which they attributed to the pres-
ence of a liquid phase caused by alkali volatilization.*” In the
present work, it is possible that the samples sintered in O, or
N> may have suffered alkali volatilization,?®3% which could
lead to the formation of a liquid phase. Small amounts of an
alkali-deficient second phase were visible at some of the grain
boundaries in samples sintered in O, and N> for Sh or in H»
for >3 h. This second phase may have been liquid at the sinter-
ing temperature.*’ However, a liquid phase is not present at the
grain boundaries or triple junctions of the samples sintered for
1 h, irrespective of sintering atmosphere (Fig. 6band d). After 1 h
of sintering, the microstructure of the samples has already devel-
oped and further sintering does not produce any drastic changes.
In addition, recent work on KNN and BaTiO3 has shown that
the presence of a liquid phase can reduce the mobility of grain
boundaries.*!*2 Therefore, we consider the decrease in the edge
free energy € of samples sintered in reducing atmospheres, as
shown by roughening at the grain corners and edges, to be the
cause of the change in grain growth behaviour.

In the samples sintered in 75 N»-25 H; (mol%) and Hj, the
matrix grain size increases with sintering time up to 3 h and then
stops (Figs. 4 and 5). This is expected as the driving force for
grain growth decreases as 7 increases (Eq. (2)). However, grain
growth continues in the samples sintered in O, and N, even up to
5h (Fig. 3). This may be due to the broader grain size distribution
of these samples, as in the case of BaTiO3 doped with Al,O3 R
In a sample with a bimodal grain distribution, 7 may be deter-
mined by the grains in the first peak, as these are dissolving.**

The grains in the second peak then may have a large enough
driving force to continue growing. Repeated waves of abnormal
grain growth have recently been predicted in model calculations
of grain growth in liquid phase-sintered systems.?>23-24

5. Conclusions

KNN ceramics were sintered in atmospheres ranging from
O3 to Hy. All samples display abnormal grain growth, but the
amount of abnormal grain growth is reduced as the sintering
atmosphere becomes more reducing. In addition, samples sin-
tered in reducing atmospheres show a time delay in the onset
of abnormal grain growth. Samples sintered in H, show par-
tial roughening of the grain edges and corners. This indicates
a decrease in the edge free energy of the grains caused by an
increase in vacancy concentration. The decrease in edge free
energy decreases the critical driving force necessary for 2D
nucleation-controlled grain growth, causing the grain growth
behaviour to change from abnormal to pseudo-normal followed
by abnormal growth.
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