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ABSTRACT

The goal of this study is to clarify the effect of the addition of Al;03 on the grain boundaries of yttria
stabilized zirconia using high resolution transmission electron microscopy. Basically excessive concen-
tration of alumina, which is not solved in YSZ, segregates within YSZ matrix. Alumina segregates as grains
between YSZ grains and as particles within YSZ grain boundaries.

t' metastable phase was detected within the grains of the sintered YSZ powders. By adding alumina
into the primary YSZ powders and sintering it all together, metastable tetragonal phases appear in the
grain boundaries between YSZ and segregated alumina grains. Similar phenomenon was detected in the
boundaries of the two neighboring grains of YSZ doped with Alumina. Appearance of these phases might
be due to the accumulated strain energies which are generated because of the alumina segregation into
grain boundaries and matrix of YSZ. Hence, by controlling the dopant concentration, it could be possible
to form YSZ structured by t' metastable phase. Fabrication of this material is in the great attention of the
high temperature applications due to the high resistive properties of the t metastable phase against high

temperature degradation of the YSZ.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

Technological use of pure zirconia as a structural material
is suppressed by spontaneous tetragonal to monoclinic phase
transition. This transformation occurs during cooling from ele-
vated temperature. Large destructive volume change occurs due
to this phase transformation. Therefore, any application of zir-
conia requires cubic or tetragonal phase which are stable at
room temperature. Zirconia is mostly stabilized by addition of
alkaline earth or rare earth oxides. Lower dopant concentra-
tions stabilize tetragonal phase while larger concentrations are
required for cubic phase to become stable. The tetragonal phase
could be formed by three methods; (1) annealing in the tetrag-
onal stability regime (2) precipitating from cubic phase, and
(3) cubic to tetragonal displacive transformation. The first two
methods lead to the formation of tetragonal phase which is not
favorable. In fact, tetragonal phase is metastable at low temper-
atures and transforms into monoclinic phase when it undergoes
a stress induce transformation in the immediate vicinity of a
crack tip. This transformation enhances the toughness by the
well known transformation toughening mechanism. Therefore,
transformation toughening is responsible for the volume change

* Corresponding author. Tel.: +34 934037094.
E-mail addresses: snazarpour@ub.edu, nazarpour@ub.edu (S. Nazarpour).

0925-8388/$ - see front matter © 2010 Elsevier B.V. All rights reserved.
doi:10.1016/j,jallcom.2010.05.136

and pseudoplasticity when tetragonal phase (t) transforms into
monoclinic [1,2].

The propensity to this transformation depends upon the grain
size of tetragonal phase; the larger the grain size, the greater is the
tendency to transform. Therefore, the grain size must be carefully
controlled to prevent this transformation. The critical grain size
above which spontaneous transformation occurs depends upon the
dopant type and concentration.

The third way introduces metastable tetragonal phase (t') which
is formed by a cubic to tetragonal transformation (ferroelastic
transformation). Previously, Yashima et al. [3] showed that tetrag-
onal YSZ can be classified into three forms, t, t’, and t”, and all three
forms belong to the P4, /nmc space group [4] where t corresponds to
tetragonal phase. The high temperature cubic phase may also trans-
form martensitically into metastable tetragonal phases (t' and t”).
The axial ratio c/(a./2) (tetragonality) of the t and t’ phase is larger
than unity. These phases appear due to oxygen displacement along
c-axis [4]. The axial ratio equal to unity has been seen in t” phase.
This phase has the dimensionality of a cubic phase with a tetrago-
nal symmetry. Therefore, it is extremely difficult to distinguish t”
phase from cubic one by TEM images. In fact, t” phase as well as t’
phase appears due to the oxygen displacement along lattice c-axis
[4-7]. Crystallographically, the t’ phase is identical with the t phase;
however, its morphology is quite different. The ¢’ phase consists of
extremely fine domains which makes this phase highly resistant to
martensitic transformation. In t’ phase materials, therefore, it is not
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the grain size that matters insofar as martensitic transformation
is concerned, but the critical parameter is the domain size. Since
the cubic phase is stable at elevated temperatures, the formation
of t' phase requires that the temperature be raised high enough.
Treatment at high temperatures is not favorable for technological
process doe to the extra costs and production time. Therefore, it
would be entirely interesting to form t' phase without modifying
the fabrication process of the device. In this study, we study the
generation of t' metastable phase as a consequence of YSZ over-
saturation by alumina. Since oversaturation of alumina results in
large accumulated strain energy in YSZ matrix, martensitic trans-
formation may occur. By this transformation, cubic or tetragonal
phases of YSZ transforms into t’' phase. There are numerous reports
in the literature concerning the effect of alumina on ameliorating
the weak mechanical properties of YSZ. Previously, effective role
of Al 03 on decreasing the sintering temperature of CaO-stabilized
ZrO, were studied by Beekmans and Heyne [8]. They showed that
alumina enhances the mechanical properties of YSZ. This enhance-
ment in mechanical properties might be limited because of the
limited solubility of alumina into zirconia. There are reports in the
literature which indicate that the solubility of Al;03 into ZrO is
quite limited [9-11]. However higher solubility of alumina into
zirconia has been reported by Stough and Hellmann [12]. Basi-
cally, addition of the Al,03 into ZrO, within solubility limit slightly
increases the bulk resistivity and dramatically increases the resis-
tivity of the grain boundaries [9]. Extra addition of Al,03 above
solubility limit until 5 wt% increases the bulk resistivity and reduces
the resistivity of the grain boundaries [13,14]. Excessive addition of
Al,03 more than 5 wt% brings about further increase in the bulk and
grain boundary resistivity [15-17]. It has been found that oversat-
urated Al,03 segregates [9] and forms precipitates predominantly
at grain boundaries [18,19], but also reportedly within the ZrO,
grains. Hence, variation of electrical resistivity of zirconia could
be considered as a consequence of alumina segregation [20-22].
Theoretically, residual stress which arises due to the alumina seg-
regation modulates the electrical resistivity. The relation between
electrical resistivity, residual stress, and alumina segregation is dis-
cussed partly in this article and the next article (part 2) as well.

2. Experimental procedure

Two series of specimens were sintered at 1450 °C for 3 h. First one consists of zir-
conia with 4.5 mol% Y03 (YSZ) and the second is zirconia with 4.5 mol% Y,03 and
9.4 mol% Al,03 (YSZ-Al). Further details on sintering process are given by Lopez-
Gandara et al. [23]. The crystalline structure was determined by X-Ray Diffraction
(XRD) analyses in 6-26 scan by means of a 4-circle X-ray diffractometer with Cu-
Ka radiation (MRD PHILIPS) and high accuracy XRD (Pananalytical) to analyze in
6-260 scan mode from 70° to 80°. Raman spectrometry (Jobin Yvon T64000) with
a visible Ar* laser has been used to investigate the zirconia tetragonal crystals.
The microstructure was examined by Scanning Electron Microscopy (SEM) (ESEM
Quanta 200 FEI), Transmission Electron Microscopy (TEM) (Hitachi 800MT, 300 kV)
and High Resolution Transmission Electron Microscopy (HRTEM) (JEOL JEM 2100,
200KkV). Besides, nanoprobe Energy Dispersive Spectroscopy (EDS) was used to
investigate the segregation of the dopants into the grain boundaries. The nanoprobe
EDS measurement were performed with probe size of 0.5 nm at every 1 nm across
the grain boundaries.

Specimens for TEM observations were prepared via conventional preparation
techniques, polishing, dimple grinding, and ion milling to obtain electron trans-
parency.

3. Results and discussion

Fig. 1 corresponds to XRD diffractions of YSZ without alumina
(sample 1) and YSZ doped with 9.4 mol% Al, 03 (sample 2). It is well
known that 4.5 mol% yttria partially stabilizes tetragonal phase and
sintered material is a mix of cubic and tetragonal phases. Presence
of (400) crystal diffraction at 26 equal to 74° confirms the exis-
tence of cubic phase [24]. Tetragonal phase was detected as well
by the presence of six active modes in Raman spectra (not shown).

Fig. 1. XRD results of YSZ and YSZ-AL. The shifting of the (1 0 1) diffraction is notice-
able.

No monoclinic phase was detected from XRD and Raman results. In
the second sample, by adding alumina into YSZ, 20 positions in the
intense (10 1) diffraction peak shifted toward higher degrees. Sim-
ply, it could be concluded that by adding alumina into YSZ, spacing
between YSZ-Al (101) planes became smaller in comparison with
YSZ (101) planes. Esquivias et al. [25] showed that shifting of the
ZrO, main diffraction peak toward higher 20 might be due to par-
tially transition of the tetragonal phase to metastable ones. Hence,
electron microscopy was used to reveal the phase transition in the
grain boundaries of the samples. Alumina diffraction peaks were
not detected because of its low concentration in comparison with
YSZ.

Fig. 2(A) presents the TEM images of YSZ sample. There is no
clue for any segregation of yttria. In the second sample, by adding
alumina into YSZ, the grain size is roughly in the same order of the
first sample (YSZ) (Fig. 2(B)). This reveals that in these samples, any
effect of the grain size on the metastable phase transformation is
negligible.

Fig. 2(C) presents the TEM image of the second sample (YSZ-AI).
Fast Fourier transform (FFT) of the shiny particles confirmed that
they are alumina grains that segregate within the host matrix.

By taking into account that alumina particles initially segre-
gate in the grain boundaries of YSZ-AI [9,18,19], grain boundaries
were studied using HRTEM. Fig. 3(A) and (B) presents the HRTEM
images of YSZ (sample 1) and YSZ-Al (sample 2), respectively.
Fig. 3(A) shows two neighboring grains of YSZ and the grain bound-
ary between them. Neighboring grains are labeled with (a) and
(c) while the grain boundary in between is marked (b). FFT image
of grain (a) shows different diffractions with d-spacing between
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Fig. 2. TEM image of YSZ (A), SEM image of YSZ-Al (B), TEM image of YSZ-Al (C). SAED of a Shiny grain of YSZ-AI (right top image in (C)) confirmed that these grains are
segregated alumina.

Fig. 3. HRTEM images of YSZ (A) and YSZ-Al (B). Three different areas of YSZ (A) were analyzed which are two neighboring grains (a) and (c), and the grain boundary between
them (b). HRTEM image of YSZ-Al (A) consists of several regions as well which are described in the text. It contains YSZ grains (a) and (e), segregated alumina grain (c), the
boundaries between YSZ grains (f), and the boundaries between YSZ and alumina grain (b) and (d). Corresponding FFT image of each region was obtained and metastable
phases were detected in the grains of YSZ and in the boundaries of YSZ-Al.
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2.7113 Aand 2.9885 A. These values correspond to (1 0 1) tetragonal
YSZ plane (260=30.135° in XRD results). Theoretically, the spacing
between each plane should be a constant value. Hence, the pres-
ence of t’ phase inside the grain (a) may be suggested because of the
second value of d-spacing. In fact, the d-spacing of (101) tetrago-
nal YSZ plane shows the value of c-axis of the lattice. In the other
words, two different values of d-spacing present two different c-
axes. From a crystallographic point of view, the ratio of the cell
parameters can be used to distinguish between the two tetrago-
nal phases (t and t’). Since evaluation of tetragonality by means
of Bragg’s law may face with accuracy problems, variation of d-
spacing of lattices could be an appropriate way for evaluation of the
dimensions of the lattice. Hence, FFT spots in the vicinity of the main
(101)spots confirm the appearance of metastable phases with dis-
similar d-spacing than tetragonal. Basically one of the diffractions
confirms that ¢ parameter of the lattice became smaller and there-
fore, t' phase may appear. The reason for the existence of tetragonal
lattices with different d-spacing might be owing to irregular distri-
bution of yttria within the matrix. In fact, it could be possible that
yttria has not been solved homogeneously in the zirconia lattices.
Therefore, some lattices may contain lower concentration of yttria
than 4.5 mol%. This results in a second phase with higher tetrago-
nality. It should be noted that by increasing the concentration of
yttria, c parameter of the lattice decreases (lower tetragonality). As
mentioned before, due to the partially stabilizing the zirconia by
yttria, cubic phase is presented in YSZ sample as well as tetrago-
nal phase. However, cubic phase was not detected in region (a) of
Fig. 3(A).

The structure of grain (c¢) consists of a perfect t phase lattice
with (101) direction. However, the lattices of region (b) which is
the grain boundary between grains (a) and (c), is a mix of cubic and
tetragonal whereas there is no clue for existence of t' phase.

Fig. 3(B) presents the HRTEM images of a triple grain boundary.
This boundary is between two YSZ-Al grains (a) and (e) and an alu-
mina segregated grain (c). FFT results of grain (a) shows the (101)
tand (112)t plane. Since the structure of another YSZ-Al grain (e)
is (101) ¢, it could be concluded that the structure of these grains
is fully tetragonal. This finding has been checked out in different
grains and fairly comparable results have been seen, although cubic
phase was detected in some grains of YSZ-Al

It should be noted that the structure of the grains of YSZ sam-
ple consists of t and t/, whereas by adding alumina it became
fully tetragonal. Furthermore, FFT results of the grain boundary (b)
between YSZ grain (a) and alumina segregated grain (c) shows the
presence of t, t', and alumina. Therefore, by comparing FFT images
of region (a)-(c), presence of t' phase in the boundaries would be
confirmed. Comparable phenomenon occurred in the region (d).
Grain boundary (d) contains t metastable phase while there is no
t' phase inside the grain structures.

Essentially, YSZ-Al samples made of two kinds of grain bound-
aries; one is the boundary between YSZ grains and the other is the
boundary between YSZ and Alumina grains. The grain boundaries
made by alumina grains are all comparable, including triple grain
boundaries. However, the grain boundaries (f) between two YSZ
neighboring grains (a) and (e) contain t, t’, and cubic lattices. There
is no way to distinguish t” from cubic structure with FFT diffractions
since their lattice dimensions are equal.

The reason for the appearance of tetragonal metastable phases
might be the segregation of alumina into the grain boundaries. In
fact, alumina and yttria dissolve in zirconia similarly though the
interstitial dissolving of alumina is energetically unfavorable [26].
Therefore, higher concentration of alumina most likely leads to an
increase in the oxygen vacancy in the vicinity of the grain bound-
aries whereas transformation of the t phase to t’, t’, and cubic phase
may happen. Previously, Balmer et al. [27] proposed high solu-

Table 1
Phases which constructed out the grains and grain boundaries of YSZ and YSZ-Al,
obtained by HRTEM.

Figure (a) (b) (© (d) (e) )
3(A) t+t t+cubic t - - -
3(B) t t+t' +Al Al t+t' +Al t t+t

bility limit (up to 40 wt%) of alumina into metastable tetragonal
zirconia. This high solubility limit appears because by addition of
aluminainto the structure, d-spacing of the lattice will be increased.
Therefore, metastable phase may transform to the tetragonal phase
which is energetically stable. Phases in each area were mentioned
as well in Table 1.

The obtained FFT results may not be able to distinguish accu-
rately the crystal direction of the grain boundaries due to possible
overlapping of the crystallographic planes of neighboring grains
in the vicinity of the grain boundaries. Therefore, Selected Area
Electron Diffraction (SAED) analysis was carried out obtaining
diffraction of the two neighboring grains and their boundary in
between (Fig. 4(A)). It should be noted that the SAED analyzing
area is not the same as Fig. 3. This may help to achieve better statis-
tics on the obtained results. By patterning the lattice of each grain
(numbers 1 and 2 in Fig. 4(A)) and superimposing them onto the
last SAED image (number 3 in Fig. 4(A)), a pattern will remain.
Remained pattern could roughly illustrate the main crystal direc-
tion of the grain boundary without overlapping of the neighboring
grains. Fig. 4(B) shows the SAED of the first neighboring grain of
YSZ sample (sample 1). The shiny dots are equal to 2.778 A and
2.140 A which are related to (101) and (102) crystal directions,
respectively. As shown with circles in Fig. 4(B), two shiny diffrac-
tions are found with small difference in d-spacing. This proves that
metastable tetragonal phases appear in the matrix of tetragonal
grain. Therefore, this grain is constructed by t and t’ phase. In addi-
tion, there is no clue for existence of cubic phase in this grain. Other
neighboring grain showed tetragonal and cubic phase. Since the
analyzing area of the SAED is wider than width of the grain bound-
aries, a mix of two neighboring grains and grain boundary has been
captured (Fig. 4(C)). Circles in Fig. 3(B) are the remained SAED pat-
tern of YSZ sample (sample 1) after superimposing process. Hence,
remained pattern corresponds to the planes of YSZ grain boundary
with 2.088 A, 1.218 A, and 1.188 A d-spacing. Thus, one could be
concluded is that 2.021 A d-spacing corresponds to (102) t phase.
Besides, 1.218 A is the d-spacing of the cubic (004) planes. There-
fore, it could be suggested that in YSZ sample, the structure of the
grains are t, t’, and cubic phase, and the grain boundaries mostly
consists of cubic + t phase. The similar process has been done in dif-
ferent areas of YSZ and the results were coherent. Obtained results
are in agreement with Table 1.

Fig. 4(D) and (E) is the SAED of the grain and grain boundary
of YSZ-Al sample (sample 2), respectively. These grains are both
YSZ and no alumina grain was considered. Fig. 4(D) shows the first
neighboring grain with (11 2) planes. The other neighboring grain
consists of tetragonal and cubic phase with 1.433 A d-spacing. After
reducing the pattern of two neighboring grains from SAED of YSZ-Al
grain boundary, perfect cubic diffraction has been seen, showed by
circles in Fig. 4(E). However, rectangles in Fig. 4(E) show the pres-
ence of metastable phases in the grain boundary. Once again, the
attendance of two side by side diffraction spots illustrates the pres-
ence of metastable phase with slight variation in d-spacing which
corresponds to t and t’ phase. However, during superimposing the
spots, tetragonal diffraction spots may diminish in large portion
because the d-spacing of the tetragonal phase in the neighboring
grain is equal to the d-spacing of the tetragonal phase in the grain
boundary. Hence, during the superimposing process, a number of
diffraction spots will be filtered which is due to the diffraction of
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Fig. 4. The selected areas for electron diffraction are identical with circles in (A). Area with numbers 1 and 3 are related to two neighbouring grains whereas area with number
2 corresponds to the two neighbouring grains with grain boundary between them. SAED of the YSZ neighboring grain (B), YSZ grain boundary (C), YSZ-Al neighboring grain

(D), YSZ-Al grain boundary (E) were presented.

second neighboring grain. This is the reason that different diffrac-
tion spots are not presented in these images.

Metastable phases mostly present in the grain boundaries of
YSZ-Al (sample 2). Table 2 shows the existed phases in YSZ and YSZ-
Al using SAED analysis. These results are comparable with Table 1
and the only difference is related to YSZ grains in sample 1 and the
phases in the grain boundaries of YSZ-Al (sample 2). This difference
probably is due to the dissimilar analyzing area of HRTEM and SAED.

Table 2
Phases which constructed out the grains and grain boundaries of YSZ and YSZ-Al,
obtained by SAED.

Sample YSZ grain 1 YSZ-YSZ grain boundary YSZ grain 2
YSZ t+t t+c t
YSZ-Al t+cubic t+t' +cubic t

Additionally, Matsui et al. [28] showed the presence of cubic
region in YSZ doped with alumina which forms mostly in the vicin-
ity of the grain boundaries. However, this cubic phase may coexist
with t' phase as well. In order to investigate the effect of yttria
and alumina segregation, variation of yttria and alumina concentra-
tion within the grain boundaries were determined using nanorpobe
EDS. Fig. 5(A) presents the typical yttria distribution profile across
the grains of YSZ sample. It can be seen that yttria segregated in
the YSZ grain boundaries and its concentration reaches to 7 mol%.
This high concentration of yttria within grain boundaries leads to
appearance of cubic phase in the boundaries of YSZ sample. This
is in agreement with HRTEM and SAED results. However, it can be
seen that the concentration of yttria in first neighboring grains is
a little bit higher than the interior grain. Hence, presence of cubic
phase in the grain structure of YSZ sample is inevitable. By com-
paring the results of HRTEM and EDS, it can be concluded that
the appearance of t' phase is in connection with yttria segrega-
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Fig. 5. YSZ and alumina concentration profile were presented in the grain boundaries of YSZ (A), and YSZ-Al (B) and (C). Segregation of yttria was detected in grain boundaries
of YSZ (A). In addition concentration of yttria is slightly higher in first neighboring grain than interior one. The boundaries in YSZ-Al (B) and (C) consist of boundaries between
YSZ grains (B) and the boundaries between YSZ and segregated alumina grains (C). Presence of alumina in the boundaries of YSZ-Al sample is significant which led to

appearance of t' phase in the boundaries.

tion as well. Fig. 5(B) shows yttria and alumina profile across grain
boundary of two YSZ grain in the YSZ-Al sample. An increase in
the grain boundary length is evident in compare with YSZ sam-
ple. It can be seen that yttria and alumina segregates into the grain
boundaries. In fact, alumina increases the density of the oxygen
vacancy in the zirconia in the same way that yttria does. Therefore,
dissolved alumina in the YSZ grain may change some metastable
phases into cubic. This could be the reason that after adding alu-
mina (YSZ-Al sample), t’ phase has not been seen within YSZ grains.
It is well known that the segregation of elements into the grain
boundaries brings about accumulation of strain energy along the
boundaries. We do believe that these stresses affect on the appear-
ance of metastable phases inside and besides the grain boundaries
due to the fact that tetragonal to metastable phase transformation
is martensitic. Since the solubility limit of alumina into zirconia
is entirely limited, extra alumina segregates on the grain bound-
aries and displaced the oxygen vacancies of the tetragonal phase
which leads to appearance of metastable phases. It should be noted
that in Fig. 5(B), alumina concentration profile was not equal to
zero in the vicinity of the boundary. Therefore, it could be sug-
gested that t’ phase could be presented as well in the vicinity of
the grain boundaries. However, it needs further studies. Further-
more, Fig. 5(C) shows the yttria and alumina concentration profile

across grain boundary between YSZ and interior segregated alu-
mina grains (Fig. 3(B), area (b) and (d)). It can be seen that yttria
did not segregate into the grain boundary whereas concentration
of alumina is significant. In addition, composition of yttria became
negligible in the alumina grain. However, based on the obtained
results from Fig. 3(B), the boundary between alumina and YSZ
grains consists of t’ phase. This, in turn, confirms the relation within
presence of alumina and appearance of t’ phase. Obtaining t' phase
YSZ is extremely important in the industrial application due to
their excellent resistance to destructive martensitic transforma-
tion which is common in large-grained t phase materials. Besides,
its excellent toughness, good strength, and excellent creep resis-
tance make this phase remarkable as well. Because of its properties,
the t' phase material would seem to be ideally suited for elevated
temperature applications such as heating elements, and the like.
However, t' phase systems have been very difficult to manufac-
ture in form that is suitable for applications. Most of the literature
reported on the t' phase is either arc melted samples or in sam-
ples containing over 6 mol% yttria. Arc melted materials can only
be used for microstructural characterization, which are not in a
functional form for applications. The properties of the latter, high
yttria content materials are not attractive. They contain t' phase
with too small of a tetragonality, and have properties not much
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better than the cubic phase. However, after adding alumina into
YSZ, the tetragonality of the t phase decreased slightly and t’ phase
appeared. Besides, the principal limitation in manufacturing a t/
phase zirconia with low dopant content has been the high fabrica-
tion temperatures required. However, addition of alumina leads to
appearance of t’ phase without any extra fabrication process. In fact,
this phase appears during sintering of YSZ and alumina powders.
Therefore, addition of alumina is beneficial as well for high tem-
perature application. However, its limitation is that t’ phase did not
appear inside the grains. In fact, enhanced mechanical properties
after addition of alumina which has been reported previously else-
where are because of the presence of t' phase in the boundaries of
YSZ.

4. Conclusion

As conclusion, it has been seen that grains of YSZ sample with-
out alumina consists of t, ' and cubic phase while t' phase is not
existed in the grain boundaries. The structure of the grains in YSZ-
Alis t and cubic phase. Besides, YSZ-Al grain boundaries are mostly
a mix of ¢, t’, and cubic phases which are essentially dependent on
the concentration of segregated alumina in the boundaries. More-
over, addition of alumina into YSZ caused higher concentration of
cubic phases appeared in YSZ-Al grains. It could be concluded that
by oversaturation of YSZ with alumina powder, over the solubil-
ity limit, ¢’ phase appears around segregated alumina particles. It
could be suggested that t' phase forms in the grain boundaries due
to accumulated strain energy owing to alumina segregation. This
stress affects on the appearance of metastable phases inside the
grain boundaries due to the fact that tetragonal to metastable phase
transformation is martensitic. Since the solubility limit of alumina
into zirconia is entirely limited, extra alumina segregates on the
grain boundaries and displaces the oxygen vacancies of the tetrag-
onal phase which leads to the appearance of metastable phases.
However, further study is essential to investigate the appearance

of t' phase in the vicinity of grain boundaries as well as inside the
boundaries.
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