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The role of phase transformation mechanism on the development of the grain boundary network in a com-
mercially pure Ti was investigated using five-parameter grain boundary analysis along with an analysis of the
triple junctions among intervariant boundaries. High temperature 3 was subjected to three different cooling
regimes (i.e., 175 °C/s, 1 °C/s and 0.02 °C/s) to stimulate shear, diffusion-assisted and pure diffusional B-to-a
phase transformation mechanisms, resulting martensite, Widmanstatten, and coarse-grain microstructures, re-
spectively. The phase transformation mechanism appeared to significantly alter the grain boundary network in
pure Ti. There was a distinct difference in the misorientation angle distribution among microstructures formed
through different phase transformation mechanisms, though the peaks were largely consistent with the Burgers
orientation relationship. The 60°/[112 0] intervariant boundary had the highest population (~60%) in the
martensitic/shear transformation, because of a local variant selection mechanism (i.e., three variant clustering)
influenced by the transformation strain. However, the local variant selection associated with the transformation
strain gradually diminished with a decrease in the cooling rate, leading to a progressive decline in the 60°/
[1120] population (i.e., the random distribution of intervariant boundaries). The 60°/[112 0] intervariant
boundary had symmetric tilt (110 1) plane characteristics with a low energy configuration in the martensitic
microstructure and an asymmetric tilt character in both diffusion-assisted and diffusional transformations. The
three-variant clustering during the martensitic transformation significantly enhanced the connectivity of the
60°/[1 1 2 0] intervariant boundaries at the triple junctions, though it became progressively less connected as the
mechanism altered towards diffusion-assisted and diffusional phase transformations.
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1. Introduction [15-17] and the elastic anisotropy [18-20]. The introduction of crystal

defects into the parent B phase, such as deformation twins [11] and

Most attractive properties of titanium alloys arise from the complex
structure of its major allotropic forms (i.e., a-hcp and f-bcc phases)
achieved through different thermomechanical or heat treatment pro-
cedures [1,2]. Therefore, the 8 — a phase transformation occurring
during Ti processing has long been investigated, as it plays a crucial role
on the texture development and microstructural characteristics [3-5].
The phase transformation in Ti alloys follows the Burgers orientation
relationship (OR) [6] producing 12 distinct a variants from a given
parent 3 grain. The presence of all or fewer a variants in the final
microstructure has a direct impact on the transformation texture, and
thus changes the final mechanical properties [2,7-10].

The preference in the nucleation of a given variant/s, known as
variant selection, is commonly linked to specific mechanisms, which are
related to the defect structures [11-14], prior  grain boundaries
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dislocation structures [11,12,21] encourages a preferred a variant
precipitation on the (3 3 2)[1 1 3] twin systems and the {1 1 2}4[1 1 11
slip systems, respectively. When the (3 grain boundary is the preferred
nucleation site for a variants, the characteristics of a given 3 boundary
(i.e., misorientation and grain boundary plane orientation) act as an
important variant selection rule [17,22], which in fact alters the a-
nucleation barrier energy (AG*) [23,24]. In specific circumstances, si-
milarly oriented a colonies are formed on a special 3 grain boundary,
which maintain the Burgers OR with both adjacent B parent grains
[16,17,25,26]. This appears as a thin layer of a specific a variant along
the B boundary, which may dictate the orientation of side plates in the
Widmanstatten microstructure of Ti alloys (i.e., limited number of
variant formation from a given [ grain; variant selection) [16,25,27].
This leads to the formation of textured regions in the vicinity of prior B
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boundary known as “macrozones” [28,29]. On the other hand, the
development of all 12 o variants is facilitated during high undercooling
(e.g., the martensitic transformation), weakening the a overall texture
[30,31]. However, the surge for accommodating the strain energy as-
sociated with the crystallographic shape change of the B-to-a trans-
formation produces a local variant selection mechanism to maintain the
material integrity [20,32,33]. The change in the variant selection me-
chanism for different processing routes is, therefore, expected to lead to
different intervariant boundary characteristics that result from the in-
tersection of distinct crystallographic variants during the § — a phase
transformation. This is an area which has received little consideration,
despite the significant body of work dealing with the processing para-
meters affecting the variant selection mechanism/s through the phase
transformation.

A recent boundary characterization breakthrough coupling con-
ventional EBSD mappings with a stereological interpretation of the data
[34] has made it possible to measure the distribution of all five in-
dependent crystallographic boundary parameters. This approach was
successfully employed to measure the grain boundary character dis-
tribution for different alloys [35-39]. It has been demonstrated that the
boundary plane character distribution is sensitive to the intrinsic (i.e.,
chemical composition [40,41] and the crystal structure [42-45]) and
extrinsic (i.e., processing [46] and transformation routes [35,43])
parameters. Among different parameters, the impact of phase trans-
formation on the grain boundary network has received limited atten-
tion, specifically for titanium alloys [20,37,39,47]. The recent work on
the martensitic transformation in Ti alloys revealed that the crystal-
lographic constraints associated with the phase transformation (rather
than the plane interfacial energy) largely influence the characteristics
of boundary plane orientation [31,48]. However, it is not clear to what
extent the phase transformation path (i.e., variant selection me-
chanism) can alter the grain boundary network characteristics (i.e.,
plane orientation, population and connectivity) in Ti alloys.

The current study, therefore, aims to examine the role of phase
transformation mechanisms (e.g., diffusional versus shear) on the in-
tervariant boundary network characteristics in a commercially pure Ti.
In the present work, the material was subjected to different phase
transformation routes to obtain three distinct morphologies, namely
coarse-grain, Widmanstitten and martensitic microstructures. The
grain boundary network characteristics were then examined using the
five-parameter grain boundary analysis along with an analysis of the
triple junctions among intervariant boundaries. The former determined
the grain boundary plane orientation for a given intervariant boundary
and the latter analysed the boundary triple junctions as a function of
intervariant boundary type arrangement. The current findings ulti-
mately enable us to disclose novel ways to engineer the grain boundary
network in Ti alloys through the phase transformation routine for
specific application/s.

2. Experimental Procedure
2.1. Material

An extruded grade 2 commercially pure titanium alloy rod with an
initial diameter of 20 mm was utilized for different heat treatment
procedures. The as-received microstructure consisted of equiaxed
grains with an average size of 10.9 = 0.1 pm (Fig. 1a). The extruded
rod was initially machined to a diameter of 10 mm. Then, a 2 mm width
line was machined through the length of extruded rod along the ex-
trusion direction. This made it possible to align all processed samples
along the same coordinates for the texture measurement. The samples
with a dimension of 15 mm length and 10 mm diameter were machined
from the extruded rod. They were then immersed in the dilute delta
glaze to minimize the titanium oxidation at high temperatures during
the heat treatment procedure. The samples were subjected to different
heat treatment procedures using either a servo-testing machine, which
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described in detail elsewhere [49], or a muffle furnace depending on
cooling rate. The samples was initially reheated to 950 °C (i.e., the p-
stable region) and held isothermally for 180 s in the servo-testing ma-
chine. They were then cooled through two different cooling rates,
namely ~175 °C/s (i.e., water-quenching, Fig. 2) and 1 °C/s, resulting
in martensitic and Widmanstétten microstructures, respectively. An-
other sample was heat treated in a muffle furnace at 950 °C for 3 min
followed by furnace cooling (i.e., ~ 0.02 °C/s, Fig. 2) to room tem-
perature, hereafter called the coarse-grain microstructure. To analyse
the microstructure and texture changes taking place in @ on heating,
one sample was reheated to 850 °C (i.e., below a-to-f transformation
temperature of 882 °C) at a rate of 5 °C/s followed by water-quenching
(hereafter called the annealed microstructure) using the servo-testing
machine.

2.2. Microstructural Characterization

The microstructure of heat-treated samples was examined using
electron backscattered diffraction (EBSD). The samples were ground
and polished using a 0.04 um OPS suspension. The EBSD measurements
were conducted using a FEG Quanta 3-D FEI SEM with the beam op-
erated at 20 kV and 8 nA. TSL software was used to acquire the EBSD
data using a hexagonal grid. For each heat treatment condition, mul-
tiple EBSD scans were executed (Table 1). The step size for the coarse-
grain, Widmanstitten and martensitic microstructures was assigned to
be 5 pm, 3 um and 0.3 pm, respectively. The average confidence index
for the coarse-grain and Widmanstitten microstructures were higher
than 0.70 and for the martensitic microstructure was measured to be
about 0.50. TSL OIM Analysis V6.1 software was used to perform the
post-processing analysis on the EBSD data. First, the unclear data ob-
tained through the EBSD measurements were cleaned using the grain
dilation function. Then, the neighbouring pixel groups with a similar
orientation (less than 5°) were related to one single grain by applying
the single average orientation function. Finally, the boundary line
traces/segments were extracted by the reconstructed grain boundary
function and a boundary deviation limit of 2 pixels (e.g., 2 X 0.3 um
step size = 0.6 pm). The obtained boundary segments were used to
measure the intervariant boundary plane character distribution through
an automated stereological approach, which is described in detail
elsewhere [34]. To reliably determine the grain boundary plane dis-
tribution in a material with hexagonal symmetry, around 200,000 grain
boundary line segments are required [50]. Although acquiring this
amount of segments can be obtained in a reasonable time frame for the
fine martensitic structure, for the slower cooling rates with coarse mi-
crostructures this can be difficult to conduct in a timely manner. As
discussed later, the crystallographic constraints associated with the
B — a phase transformation resulted in the formation of interfaces with
a few nearly discrete misorientations. Because all of the observations
are clustered at these misorientations (rather than being spread over all
possibilities), it is possible to reliably measure the grain boundary plane
orientation distribution at these specific misorientations with a smaller
number of boundary line segments; here with use approximately
100,000 boundary segments. The measurement was conducted with 9
bins per 90°, providing 10° resolution. Moreover, the EBSD measure-
ments were conducted on two perpendicular surfaces (i.e., parallel and
perpendicular cross sections to the extruded axis of samples) for all
microstructures to reduce the texture bias in the distribution of inter-
variant boundary planes. The measured EBSD area and number of
boundary segments were summarised in Table 1 for each heat treat-
ment condition. It should be emphasised that some of the data related
to the martensitic microstructure was already presented in [46]. In
parallel, the connectivity of the grain boundary network was char-
acterized using the triple junction analysis. In this approach, the grain
boundary triple junctions were classified as a function of a specific
boundary type (i.e., a given lattice misorientation). Here, the classifi-
cation was only performed for the intervariant boundaries associated
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Fig. 1. the image quality map of the (a) as-received condition and, (b) the annealed sample.
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Fig. 2. Schematic illustration of the heat treatment procedure in this study.

with the f — a phase transformation following the Burgers OR, since
their total length fraction was more than 96%, as shown later. A
thorough description of the triple junction analysis is mentioned in
reference [51].

2.3. Texture

To measure the overall texture, multiple EBSD maps were recorded
for samples subjected to all heat treatment conditions except the coarse-
grain microstructure, using a Zeiss LEO 1530 field-emission gun SEM
operated at 20 kV. The detail of EBSD measurements were summarised
in Table 1. The data post-processing was conducted using HKL Channel
5 software. The texture of coarse-grain microstructure was measured

Table 1

using the EBSD maps obtained for the grain boundary measurement
(Table 1).

3. Results
3.1. Texture Evolution

The (0 0 0 1) pole figure of the as-received material revealed a basal
fibre texture (i.e., ~6.18 multiples of random distribution (MRD),
Fig. 3a), spreading from the normal direction (ND) towards the trans-
verse direction (TD). On the other hand, the (101 0) and (112 0) pole
figures displayed a moderate peak mostly centred at ED with an in-
tensity of ~3 MRD. After reheating to the 850 °C, the (0 0 0 1) pole
figure showed a centralized peak at the ND position perpendicular to
the extrusion direction with a significantly higher intensity (i.e., ~10
MRD, Fig. 3b). The a-axis became uniformly spread around the ED and
TD directions with a peak intensity more or less similar to the as-re-
ceived condition (i.e., ~3 MRD).

The overall texture for different § — a phase transformation routes
was qualitatively similar to both annealed and as-received conditions
(Figs. 3 and 4). However, the overall texture intensity was significantly
affected by the cooling rate, as it progressively increased in the (000 1)
pole figure from ~5.0 MRD for the water-quenched condition to ~14.6
MRD for the slow-cooled (i.e., coarse-grain) condition (Fig. 4a-c). In-
terestingly, the (101 0) and (112 0) pole figures were also influenced
by the cooling rate (i.e., transformed products). In the water-quenched
sample, a strong peak existed with an intensity of ~5.7 MRD about the
ED position in the (1120) pole figure (Fig. 4a), while the intensity
decreased to ~3.8 MRD in the air-cooled condition (Fig. 4b). On the
other hand, the slow-cooled/coarse-grain condition revealed multiple
peaks in the (1 12 0) pole figure with a moderate intensity of ~5 MRD
slightly deviated from ED towards ND (Fig. 4c). The slow-cooled con-
dition also displayed a strong peak with an intensity of ~10 MRD,

The EBSD conditions for grain boundary and texture measurements of the martensitic, Widmanstétten, coarse-grain and annealed microstructures.

Microstructure Grain boundary measurements Texture measurements

Step size (um) EBSD area Line segments Step size (um) EBSD area
Martensite 0.3 14 x 250um X 250pm ~2,000,000 30 um 30 X 4.17mm X 3.12mm
Widmanstatten 3 34 x 1500um x 1500um ~100,000 30 pm 52 X 4.17um X 3.12um
Coarse-grain 210 x 2400um x 2400um ~100,000 Same” Same™
Annealed - - - 30 pm 10 X 4.17mm x 3.12mm

2 The texture measurements data used from the same EBSD maps obtained for the grain boundary measurements.
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Fig. 3. The corresponding pole figures of (a) as-received and (b) annealed conditions.
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Fig. 5. (a) The image quality (IQ) map of the martensite microstructure and the (0001) poles corresponding two separated parallel variants, (b) the misorientation
evolution along the white arrow in (a), (c¢) V-shape variants, parallel laths and three variant clusters of martensite deviated by 60° [1 12 0] and separated by white

lines.

which appeared about the ED position in the (1010) pole figure
(Fig. 4a), while showing a significant weakening of this peak to ~2
MRD for the air-cooled and ~ 2.6 MRD for the water-quenched con-
ditions, respectively (Figs. 4b and c).

3.2. Microstructural Observations

A change in the cooling rate resulted into three distinct micro-
structures, namely: i) the martensitic microstructure showing relatively
thin martensite laths with an average thickness size of 1.95 = 0.02 pm
(Fig. 5), which were mostly confined within a narrow region in the
vicinity of surface of the water-quenched sample due to the low heat
conductivity of pure titanium [52], ii) Widmanstitten microstructure
consisted of coarse patches of a (i.e., an average size of 71 + 5 um
surrounded by irregular and serrated boundaries formed at a moderate
cooling rate of 1 °C/s (Fig. 6), and iii) coarse-grain microstructure with
an average grain size of 129 + 38 pym formed through a very slow
cooling rate of 0.02 °C/s (Fig. 7).

The martensitic microstructure consisted of fine laths, arranged in
two distinct morphologies. The first morphology appeared as elongated
packets of parallel aggregates/laths separated either by low (i.e., lower
than 5° depicted by a white arrow in Fig. 5a and b) or high mis-
orientation angle boundaries (i.e., having 60°/[1 1 2 0] misorientation,
Fig. 5¢). The second morphology was a set of laths forming a triangular
shape or V-shape variant arrangement, also separated by 60°/[112 0]
misorientation. These large triangles were filled with smaller triangles
and separated by the 60°/[1 1 2 0] misorientation (Fig. 5a and c).

The microstructure cooled at 1 °C/s had a relatively thicker a-lath
structure than the martensitic condition, consisting of parallel ag-
gregates with very close orientations (i.e., white arrow in Figs. 6a and
b), hereafter called Widmanstétten a-grains. A triangular morphology
was occasionally observed within the Widmanstatten microstructure
(Figs. 5¢ and d), being separated either by 60°/[1120] similar to
martensite (Figs. 5c and 7d) or different high angle boundaries
(Fig. 6¢). For the slow-cooled condition, the microstructure was very
coarse and grains had an elongated morphology. It appeared that each
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Fig. 6. (a) The image quality (IQ) and IPF map of Widmanstétten microstructure, (b) the point to point misorientation evolution along the white arrow in (a), (b) The
point to point misorientation evolution along the white arrow, and (c) and (d) The boundary map of the two triangular morphologies. Here the red, green, blue and
orange lines indicate the 60°/[1 1 2 0], 60.83°/[1.377 1 2.377 0.359], 63.26°/[10 5 5 3] and 90°/[1 2.38 1.38 0], respectively. The black line represent boundaries lower
than 2°. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

grain was made of parallel a-aggregates separated by low misorienta-
tion angles of less than 2° (Figs. 7a and b).

3.3. Intervariant Boundary Distribution

In theory, the f — a phase transformation follows the Burgers or-
ientation relationship (Burgers OR) [6] where the close packed planes
and the nearest neighbour direction for the parent ($-bcc) and the
daughter phase (a-hcp) are parallel (i.e., the {1 1 0} and {0 0 0 1},
planes and <1 1 1 > 4 and <112 0>). Based on this orientation re-
lationship, the 8 — a phase transformation results in the formation of
12 distinct a-variants and their intersections produces 5 distinct inter-
variant boundaries [53] (Table 2). Interestingly, the grain boundary
misorientation angle distribution revealed multiple peaks at positions
(i.e., angles of ~10°, 55-65° and ~ 90°) close to the lattice mis-
orientation angle/axis expected from the Burgers OR in all transformed
microstructures (Fig. 8 and Table 2). This suggests that the Burgers OR
was closely followed for all transformation mechanisms. The position of
main peak/s appearing in the range of 55-65° was qualitatively similar

for all phase transformation mechanisms, though the peak/s differed
significantly in intensity (Fig. 8). As discussed later, the approximate
parent {3 phase grain size was estimated to be in a range of 600-800 pm
by considering the spacing of grain boundaries, which were not related
to the Burgers orientation relationship (i.e., <7.5°, 12.5-57.5°
65-87.5°).

The length fraction of intervariant boundaries was calculated for
each phase transformation path and depicted in Fig. 9. Overall, the
measured fractions showed a significant discrepancy from the theore-
tically calculated values for all phase transformation mechanisms. In
addition, the intervariant boundary length fraction was considerably
affected by the phase transformation mechanism. The martensitic phase
transformation had the 60°/1120] as the dominant intervariant
boundary sharing about 60% of the length fraction. On the other hand,
the 10.53°/[0001]1, 60.83°/[1.37712.377 0.359], 63.85°/[105 5 3] and
90°/[1 2.38 1.38 0] intervariants had populations of ~2%, 12%, 13% and
5%, respectively. For the Widmanstitten microstructure, the inter-
variant boundaries with the highest length fractions were 60.83°/
[1.377 1 2.377 0.359] (~29%) and 63.85°/[10 55 3] (~21%). The other
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Table 2

Individual variants of Burgers OR corresponding to the B matrix and the a

product phase [53].

Variants Orientation relationship Intervariant boundary (from V;)
1 (110)//(0001)s, [111]//[1120] -

2 (101)8//(0001)q, [111]g//[1120] [1120]/60°

3 (011)8//(0001)g, [111]g//[1120] [1120]/60°

4 (110)5//(0001)g, [111]5//[1120] [12.38 1.38 0]/90°

5 (101)g//(0001)g, [111]5//[1120] [10 5 5 3]/63.26°

6 (011)g//(0001)g, [111]5//[1120] [1.377 1 2.377 0.359]/60.83°
7 (110)8//(0001)q, [111]5//[1120] [1238 1.38 0]/90°

8 (101)8//(0001)q, [111]5//[1120] [1.377 1 2.377 0.359]/60.83°
9 (011)//(0001)q, [111]3//[1120] [10 5 5 3]/63.26°

10 (110)8//(0001)g, [111]5//[1120] [0001]/10.53°

11 (101)//(0001)g, [111]5//[1120] [1.377 1 2.377 0.359]/60.83°
12 (011)g//(0001)g, [111]5//[1120] [1.377 1 2.377 0.359]/60.83°

intervariant boundaries totalled about ~11%, 16% and 15% for 10.53°/
[0001],60°/1120]and 90°/1 2.38 1.38 0], respectively. Interestingly,
the 60.83°/[1.377 12.377 0.359] (~32%) and the 60°/[1120] (~23%)
intervariant boundaries were the most populated ones for the coarse-
grain microstructure and the 10.53°/[0 0 0 1], 63.85°/105 5 3] and
90°/[1 2.38 1.38 0] had length fractions of about ~9%, 17% and 13%,
respectively.
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Fig. 9. The length fraction of grain boundaries associated with the Burgers
orientation relationship (i.e., intervariant boundary population) for different
microstructures. The intervariant between the V1 and Vi (i = 2-12) has been
indicated in Table 6. The theoretically calculated fractions is based on the as-
sumption of all variants having equal statistical probability during phase
transformation [20]. The “=" sign shows equivalent intervariant interfaces.
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Fig. 10. The distribution of grain boundary planes depicted in the fundamental zone for all misorientations in (a) martensite from ref. [46], (b) Widmanstétten and

(c) coarse-grain microstructures.

In total, the intervariant population for the Widmanstitten and
coarse-grain samples were much closer to the one expected from the
theoretical Burgers OR in comparison to the martensitic microstructure.
The length fractions of boundaries misoriented by more than 5° from a
Burgers OR were ~ 6.58%, 7.55% and 9.72% for coarse-grain,
Widmanstétten and martensite microstructures, respectively.

3.4. Intervariant Boundary Plane Distribution

The intervariant boundary plane distributions for the three samples,
which show the relative areas of boundary planes for all misorienta-
tions, are plotted in a stereographic projection (Fig. 10). The distribu-
tion for the martensitic microstructure was significantly different from
the coarse-grain and Widmanstétten samples. The overall intensity of
the intervariant boundary plane distribution for the martensite was
~1.62 MRD (i.e., 62% more than expected for a random distribution)
centred around two main peaks. The first peak was positioned at a
prismatic plane orientation of {4 1 3 0}. The second peak appeared at the
position of the pyramidal {101 1} orientation (Fig. 10a). For the Wid-
manstétten, the maximum intensity was ~2.2 MRD (i.e., 120% more
than a random distribution), spreading from {1 0 1 0} towards {52 3 0}
(Fig. 10b). The coarse-grain had a maximum that spread between
{1010} and {1120} having a maximum intensity of ~2.1 MRD
(Fig. 10c). Interestingly, the minimum was positioned at the {0 0 0 1}
planes for all microstructures (Fig. 10).

The aforementioned misorientation angle distributions for the
transformed microstructures were clustered around theoretical mis-
orientations expected from Burgers OR (Fig. 8). This specific mis-
orientation angle distribution makes it possible to measure the dis-
tribution of boundary plane orientations at certain misorientations that
are over represented in the distribution. To confirm this, the boundary
planes character distribution for 60°/[1 1 2 0] misorientation was mea-
sured for 10,000, 40,000, 80,000 and 100,000 boundary segments of
the coarse grain microstructure (Fig. 11). In the distribution, the {0 0 0
1} basal plane was placed in the centre while the prismatic planes (i.e.
{1120} and {1 0 1 0}) were located at the circumference of stereogram.
It was observed that the boundary plane peak position was clustered
around a specific orientation for all boundary segments and its intensity
remained nearly constant above 80,000 boundary line segments
(Fig. 11c). Therefore, 100,000 boundary line segments could safely be
used to reliably calculate the boundary planes character distribution in
the current study.

The distributions of intervariant planes for specific lattice mis-
orientations associated with the Burgers orientation relationship are
plotted in Fig. 12. The characteristic boundaries associated with each
intervariant boundary were also derived using the Glowinski's grain
boundary toolbox software [54]. For the martensitic microstructure, the
10.53 ° /[0 0 0 1] intervariant included only ~2% of total boundary
length fraction (Fig. 9). Therefore, its distribution was not considered
significant. However, boundaries with this misorientation accounted
for more than 10% of total population for the Widmanstitten and
coarse-grain microstructures, which made the measurements

meaningful. The 10.53°/[0001] intervariant boundary plane had a
diffuse peak around prismatic planes and mostly clustered around
{91100} and {73 40} tilt/twist orientations with an intensity of ~2.7
and 2.4 MRD for the Widmanstétten and coarse-grain microstructures,
respectively (Figs. 12b and c).

For the 60°/[1 1 2 0] misorientation, the distribution of intervariant
boundary planes in the martensitic structure revealed a sharp peak with
an intensity of ~500 MRD around the (110 1) orientation having an
ideal symmetric tilt/twist character (Fig. 12d and Table 3). The max-
imum was reduced significantly with a decrease in the cooling rate to
~89 MRD and ~ 96 MRD for Widmanstétten and coarse-grain micro-
structures, respectively (Figs. 12e and f). In addition, the distributions
for Widmanstétten and coarse-grain microstructures revealed no spe-
cific peak and the maxima were spread along the tilt boundary planes
(i.e., asymmetric tilt character) from the (1 1 0 0) prismatic to the (0 0 0
1) basal planes (Figs. 12e and f).

The intervariant boundary plane distribution for the 60.83°/
[1.377 1 2.377 0.359] showed a rather similar distribution for all trans-
formed microstructures (Figs. 12g-i). The distribution displayed a peak
around the (4310) orientation with an intensities of ~14, ~ 39
and ~ 26 MRD for martensite, Widmanstitten and coarse-grain mi-
crostructures, respectively (Figs. 12g-i). This peak deviates from the
(5320) tilt boundary character by 9° (Table 3). The distribution of the
intervariant boundary planes for the 63.26°/[10 5 5 3] misorientation
was qualitatively similar for all transformation paths showing a strong
peak around the (321 0) plane (Figs. 12j-1), which had the twist char-
acteristics. However, the distribution intensity differed significantly as
the maxima were ~ 204, 235 and 153 MRD for the martensitic, Wid-
manstétten and coarse-grain microstructures, respectively.

The distribution of intervariant boundary planes character for the
90°/[1 2.38 1.38 0] misorientation revealed a sharp peak around (110 1)
orientation with a maximum of ~60 MRD, having the quasi-symmetric
twist character (Fig. 12m and Table 3). However, the Widmanstétten
microstructure revealed multiple peaks, with an intensity of ~63 MRD,
around (3210) and (121 3) orientations deviated by 6° and 10° from
(7430) and (1212) tilt boundaries, respectively (Fig. 12n and
Table 3). The grain boundary plane distribution for the coarse-grain
microstructure had a spread peak along (321 0) and (121 3) orienta-
tions with an intensity of ~31 MRD (Fig. 120).

3.5. Grain Boundary Network Connectivity

Fig. 13 shows the number fraction of different classes of triple
junctions for all five types of intervariant boundaries in martensite,
Widmanstitten and coarse-grain microstructures. Total numbers of
35,530, 1644 and 850 triple junctions were detected in the martensitic,
Widmanstatten and coarse-grain microstructures, respectively. For the
martensitic microstructure, the number fraction of triple junctions
consisting of three 60°/[1 1 2 0] intervariant boundaries (i.e. class 3) was
high (53%) and only 6% of the triple junction did not contain any 60°/
[1120] boundary (i.e. class 0, Fig. 13a). The other intervariant
boundary types largely belonged to the class 1 triple junction in the
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Fig. 11. The grain boundary plane distribution for the 60°/[1 1 2 0] misorientation of (a) ~ 10,000, (b) ~ 40,000, (c) ~ 80,000 and (d) ~ 100,000 boundary segments
in the martensite microstructure. All the intensities are described in multiples of random distribution (MRD).

martensite, though type 1 intervariant boundaries (10.53°/[0001]) had
the smallest frequency (Fig. 13a). With an increase in the cooling rate,
the class 3 triple junction frequency for the type 2 intervariant
boundary significantly reduced to 5% and 3% for the Widmanstétten
and coarse-grain microstructures, respectively (Fig. 13). However, a
decrease in the cooling rate resulted in a weak presence of other types
of intervariant boundaries in class 3 and 2 triple junction categories. In
general, the frequency of class 1 triple junction was enhanced for most
intervariant boundary types with increasing cooling rate (Fig. 13).

4. Discussion

The current results reveal that the phase transformation mechanism
significantly alters the overall texture (Fig. 3), microstructure and grain
boundary network characteristics (i.e., population, plane orientation
and connectivity, Figs. 8, 9, 10, 12 and 13). These changes can be at-
tributed to the mechanism and extent of variant selection occurring
during different phase transformation routes.

4.1. Transformation Texture and Variant Selection

The governing Burgers OR [6] in the a <= 3 phase transformation

theoretically leads to the formation of six distinct § variants from a
given a parent grain during reheating (@ — f3) and twelve possible a-
orientations from a single 3 grain upon cooling (8 — a). Accordingly, if
the formation of all variants takes place with the same probability, a
relatively weak overall texture is expected upon the transformation.
However, titanium alloys are known for their tendency to preserve their
texture components during a <> 8 phase transformation (i.e., known as
texture memory effect [26,55]), which is widely related to the pre-
ference of specific variant/s forming during the phase transformation
[3,4,7,56,57]. However, the current observation reveals that the phase
transformation mechanism significantly alters the resultant overall
texture, being different from the as-received condition.

During reheating to 850 °C, the a overall texture significantly
changed, showing a pronounced peak about TD, prior to the a — 8
phase transformation (Fig. 3b). This distinct change can be related to a
grain growth and/or a recrystallization [58,59]. As the o grain size
largely appears similar to the as-received condition (i.e., grain size of
~11.2 + 0.1 pym for the annealed sample, Figs. 1a and b), it suggests
that the change in a overall texture is mainly due to the recrystalliza-
tion process occurring upon reheating. Therefore, if the texture memory
fully takes place during the  — a phase transformation on cooling, the
a overall phase transformation texture is expected to be largely similar
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Fig. 12. Distribution of intervariant interface/boundary planes character for different intervariants and the corresponding calculated geometrically characteristic
boundaries for different phase transformation paths. (d), (), (j) and (m) are from ref. [46].

to the recrystallized o texture. However, a distinct a overall texture is
observed for each phase transformation path, which is different from
the a recrystallized texture. This can be explained through the variant
selection mechanisms and/or the possible 3 grain growth taking place
on reheating above @ — f transient temperature (i.e., 890 °C). In the
pure Ti alloy, the (} grain growth is inevitable due to the absence of
alloying elements, and a relatively coarse f grain is obtained as a result
of reheating at 950 °C (i.e., 600-800 um). Therefore, the alternation of
a overall texture is to some extent related to the 3 grain growth (i.e.,
change in 3 overall texture). As the reheating profile is similar for all
the phase transformation routes, the main change in the a overall
texture can be mostly related to the variant selection mechanism on
cooling.

The variant selection is largely related to the nucleation barrier
energy (AG") associated with each variant [15,23,60,61], leading to the
formation of energetically favoured a variant/s. The crystallographic
characteristics between the 3-f grain boundaries dictate the a variant
formed during the phase transformation, which has the lowest AG*. For
specific crystallographic orientations between adjacent [} grains, the
minimum AG" is obtained through different means, namely a rotation of
10.5° about a < 110 > axis or a twin relationship between two ad-
jacent (3 grains [16,25], a maximum deviation angle (i.e., < 15°) of the
a-variant from the adjacent B grains [17,22], low energy o/} facets/
interphases [15,16], and elastic strain energy [22]. In these crystal-
lographic conditions, similarly oriented a variants (i.e., known as grain
boundary a) at either side of a prior -grain boundary are formed,
meaning that the Burgers orientation relationship can be maintained
between two adjacent $-grains [15-17,22,25].

In the current experiment, intense grain growth is expected during
the reheating, which affects the high temperature f-grain boundary
texture, leading to the termination of boundaries at low energy plane/s
(i.e., the interfacial energy between two adjacent [-grains, yg_p)
[22,57,59], such as {1 1 0} [22], and increasing the population of low
angle and X3 (i.e., 60 ° /[1 1 1]) boundaries [59]. Therefore, variant
selection through the formation of grain boundary a can be enhanced
for all transformation mechanisms, as it can be observed in Figs. 14a-c.
Interestingly, the grain boundary a variant orientation in the (0 0 0 1)
pole figure corresponds well with the (0 0 0 1) pole figures depicted for
different phase transformations in Fig. 4, mostly located along ND-TD
plane (i.e., perpendicular to ED). This suggests that the grain boundary
a orientation predominantly follows the initial (recrystallized) texture
components (i.e., texture memory).

Although, grain boundary o is present in all transformed micro-
structures, the extent of its formation changes with the phase trans-
formation route (i.e., cooling rate), resulting in different phase trans-
formation texture development (Fig. 14 and Fig. 4). With an increase in
the cooling rate, the start and finish temperatures of the phase trans-
formation are decreased, leading to a higher 8 — a phase transforma-
tion driving force and greater § phase strength [62]. The former pro-
motes the nucleation of a number of possible variants on a given prior 8
boundary due to the reduction in the difference between the nucleation
driving force among different theoretical a variants (i.e., variant mul-
tiplication). This can be clearly observed in Fig. 14 where the number of
a variants formed on prior f grain boundaries increases with the cooling
rate. Moreover, an increase in the 8 phase strength with the cooling rate
enhances the self-accommodation of elastic strain between a variants,
ultimately restricting their growth [62-65] (i.e., microstructure re-
finement). As a result, the grain boundary a variant volume fraction
reduces with an increase in the cooling rate, resulting in the weakening
of (0 0 0 1) texture from 14.6 MRD to 5 MRD for the coarse a micro-
structure (i.e., slow cooling) and martensite (i.e., water-quenching),
respectively. It should be also mentioned that an increase in the cooling
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rate also limits the growth of grain boundary a formed at special (3 grain
boundaries, further weakening the (0 0 0 1) pole figure texture in-
tensity.

Beside the microstructure refinement, the cooling rate appears to
promote specific variant arrangements in the microstructure. The nu-
cleation of variants during the § — a phase transformation provides a
large elastic strain, which can be largely relaxed in the high transfor-
mation temperature regime (i.e. slow cooling). However, the elastic
strain is minimised by different mechanisms when the transformation
takes place at lower temperature (i.e., water-quenching/martensitic
transformation). It is well demonstrated that the overall elastic strain
associated with the phase transformation is reduced through specific
variant arrangement/s [20,66,67]. Interestingly, three-variant clus-
tering is frequently observed in the martensitic microstructure (Fig. 5),
which is known to self-accommodate the shear strain associated with
the martensitic transformation [20,68]. In general, the cooling rate
changes the dominant variant selection mechanism from grain
boundary a formation at slow cooling (i.e., coarse grained o micro-
structure) towards three-variant clustering at high cooling rate (i.e.,
martensitic structure), which results in a distinct difference in the mi-
crostructure arrangement and o overall texture.

4.2. Characterization of Intervariant Boundaries

4.2.1. Intervariant Boundary Distribution and Variant Selection

As discussed above, the change in the transformation driving force
alters the variant selection mechanism, which leads to either variant
multiplication (i.e., the formation of up to 12 variants; martensitic
transformation), or a limited number of variants (i.e., coarse-grain
microstructure) from a given [ grain. In the martensitic transformation,
variant multiplication can increase the variety of a variant intersections
and thus, the distribution of intervariant boundaries may follow the
theoretical distribution. On the contrary, limited variant formation
during slow cooling condition is expected to restrict the possible variant
intersections (i.e., intervariant boundaries), enhancing the populations
of specific intervariant boundary/ies [20]. Interestingly, the current
observation is, to some extent, different from what is expected from the
extent of variant multiplication taking place at different cooling rates.
Despite significant variant multiplication through the martensitic
transformation, the intervariant boundary distribution differed from
the theoretical distribution, showing strong maxima at a misorientation
of 60°/1120] (Fig. 9). Interestingly, it appeared that the deviation
from the theoretical distribution is reduced with a decrease in the
cooling rate (i.e., towards slow cooling, Table 4). This can be explained
by the influence of the variant selection mechanism on the local ar-
rangements of a variants that results from different § — a phase
transformation mechanisms.

The dominant variant selection mechanism for the slow cooling
regime is identified as the formation of grain boundary a at the vicinity
of special ( grain boundaries. The selection of variants for the grain
boundary o depends on the crystallographic characteristics of the f3
grain boundaries; including the interfacial energies [17,22,23,60,69]
and the elastic strain energy of the transformation [20,26,33,70,71].
The elastic strain energy is largely relaxed if the transformation takes
place in the high temperature regime (e.g., coarse-grain micro-
structure). Moreover, because of the interfacial energy constraint, only
certain a orientations will form at a specific grain boundary [22]. In-
deed, the nucleation of the energetically favoured grain boundary o
variant can differ from one prior B grain boundary to another. There-
fore, no specific variant arrangement is preferred when the grain
boundary a is the dominant variant selection mechanism (i.e., the
coarse-grain microstructure). In other words, a specific intervariant



E. Farabi, et al. Materials Characterization 169 (2020) 110640

boundary may be prominent in one prior B grain boundary, but a si-
milar arrangement is not necessarily followed in other prior 3 grains.

With an increase in the cooling rate, the phase transformation
mostly takes place in the low temperature regime (e.g., martensitic
transformation) in the pure Ti. Besides the variant multiplication, the
high cooling rate alters the variant selection mechanism from grain
boundary a formation towards the three-variant clustering to accom-
modate the transformation strain (Figs. 5-7). The intersection of var-
iants in a given cluster crystallographically leads to a specific inter-
variant boundary, having a misorientation of 60°/[1120] (Fig. 5).
Therefore, the presence of significantly populated 60°/[112 0] inter-
variant in the martensite intervariant boundary distribution suggests
that the three-variant formation overshadows the possible randomisa-
tion of intervariant boundary distribution due to variant multiplication.
Indeed, the other intervariant boundaries associated with the Burgers
OR resulted from the intersection of two distinct three-variant clusters
in the martensitic microstructure. In the case of the Widmanstétten
microstructure, the observed cluster population is very low (Fig. 6d) as
most of the elastic transformation strain can be accommodated at the
relatively higher temperature. Accordingly, the intervariant boundary
distribution leans towards the theoretical distribution even though
having a considerable deviation (Fig. 9 and Table 4).

9 ° away from (532 0) tilt

boundary

Twist
Quasi symmetric twist

Symmetric tilt-twist

Character

Martensite microstructure
1101

Dominant plane
(1101)
@310)
(3210)

4.2.2. Intervariant Boundary Plane Distribution

The intervariant boundary plane distribution is anisotropic for all
microstructures formed through different transformation paths (Fig. 10
and Table 3). However, the distribution is relatively different for each
transformation mechanism. In general, the grain boundary network
(i.e., population and/or plane orientation) is largely influenced by alloy
composition [40,41], texture [72-75], interfacial energy [72,76-78]
and phase transformation mechanism [46]. The role of alloying ele-
ments on grain boundary characteristics can be ruled out here as the
same alloy (commercially pure titanium) was used throughout the
study. Moreover, the change in the overall texture characteristics
mostly affects the boundary population rather than the grain boundary
plane orientation [46]. This is consistent with the current result, where
the boundary plane orientations are largely similar for all phase
transformation routes (Fig. 12). However, it is anticipated through both
simulations [72,73,79] and experimental studies [31,34,79,80] that the
boundaries having high populations lie with the planes with the least
energy. For the current study, an estimation of a relative interface/
boundary energy was obtained from the interplanar spacing of the re-
lated boundary planes [81], assuming a large interplanar spacing re-
presents an interface with better fit and a correspondingly low surface
energy, and that the opposite is true for small interplanar spacings.
Accordingly, the interplanar spacing values calculated for the boundary
planes identified in the stereological projections in Fig. 10 are sum-
marised in Table 5. The interplanar spacing are 2.0284, 1.8019, 1.7038
and 1.4755 A for the (0 0 0 1), (1011), (1010) and (112 0) planes,
respectively. Therefore, the lowest energy is attributed to the (0 0 0 1)
boundary plane, though it appears to have the lowest population in all
transformation paths (Fig. 10). Assuming the interplanar spacings are
correlated to relative energies, then we must conclude that in these
cases, the energy does not have a strong effect on the distribution of
grain boundary planes.

The intersections of two distinct variants associated with the
Burgers OR are schematically presented in Fig. 15, which corresponds
with the intervariant plane distributions measured experimentally for
the intervariant boundaries formed during the different phase trans-
formation paths (Fig. 12). It appears that the crystallography of the
phase transformation path potentially dictates the termination of in-
tervariant boundary planes on prismatic, pyramidal, near prismatic/
pyramidal and/or basal orientations. The latter is likely to be observed
for the 10 ° /[0 0 0 1] intervariant boundary. However, the distribution
of 10 ° /[0 0 0 1] intervariant boundary displays a minimum at the (0 0
0 1) orientation (Figs. 10a-c), suggesting that it tends to terminate on
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The dominant intervariant boundary planes and their characteristics.
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Fig. 13. Fraction of specific types of intervariant boundaries present in different types of triple junctions for (a) martensite, Widmanstétten and (c) coarse-grain
microstructures. Triple junction classes of 0 through 3 represent the number of a given intervariant boundary present at the triple junction, as shown schematically in

Fig. 3.

the prismatic planes rather than the basal planes for all phase trans-
formation mechanisms. This can be a result of phase transformation
crystallographic constraints rather than low energy interfaces, as (0 0 0
1) plane orientation is expected to have the minimum energy based on
the interplanar spacing calculation (Table 5). It is worth mentioning
that the population of this plane is also minimum among the different
intervariant boundaries associated with the Burgers OR for all phase
transformation routes (i.e., < 10%, Fig. 9). Therefore, the basal plane is
expected to have a minimal influence on the overall boundary plane
distribution (Fig. 10).

The most obvious effect of the phase transformation route on the
grain boundary plane distribution is the presence of strong peak at the
{1011} pyramidal orientation for the martensitic structure, which is
absent for both Widmanstédtten and coarse-grain microstructures
(Fig. 12). This results from the preference for the triangular variant
selection arrangement in the martensitic transformation, which sig-
nificantly increases the population of intervariant boundaries with the
60°/]1 12 0] misorientation (Fig. 9) and (1101) boundary plane or-
ientations (Fig. 11d). Interestingly, this plane orientation was shown,
using a molecular dynamics calculation, to have a minimum energy
arrangement [82]. In other words, the local variant selection in the
martensitic transformation leads to the formation boundaries with the
minimum energy to accommodate the strain associated with the mar-
tensitic transformation. In general, the phase transformation strongly
dictates the grain boundary network characteristics (i.e., population

and plane orientation) through the Burgers OR crystallography and the
variant selection mechanism, which may not necessarily result the in-
tervariant boundary plane/s with the minimum energy configuration.

4.3. Connectivity of the Grain Boundary Network

The boundary triple junction analysis reveals a significant change in
the grain boundary network that depends on the phase transformation
mechanism (Fig. 13). Class 3 triple junctions, with three 60°/[1 12 0]
intervariant boundaries appear in triple junction class 3 in the mar-
tensite. This suggests that the grain boundary network is largely con-
nected by the 60°/[1 12 0] intervariant boundaries. However, the class 3
triple junction frequency significantly reduces with a slower cooling
rates to ~5% and 3% for the Widmanstétten and coarse-grain micro-
structures, respectively. This is consistent with the triangular mor-
phology, which is frequently observed in the martensitic microstructure
(Fig. 5) and also demonstrated through the phenomenological theory
[48]. Based on the fact that the 60°/[1 12 0] intervariant is mostly ter-
minated at the pyramidal (101 1) planes, it can be concluded that the
martensite transformation results into a more connected network of this
type of intervariant boundary in comparison with the Widmanstétten
and coarse-grain microstructures. With a decrease in the cooling rate,
most types of intervariant boundaries appear with a similar frequency
in class 3 triple junctions. This suggests that the slow cooling rate
promotes the randomly connected intervariant boundaries at the triple
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Fig. 14. The image quality map and imposed grain boundary map of (a) diffusional, (b) diffusional-assisted and (c) martensitic microstructures. The (0001) pole
figures of variants formed in a prior beta grain (the highlighted region) corresponding to (d) diffusional, (e) diffusion-assisted and (f) martensite transformation.

Table 4 Table 5
Calculated absolute deviation percentage (i.e., A) of intervariant boundary The interplanar spacing (dkl) for different measured intervariant planes and
population from the possible random intersection of a-variants during different their corresponding population.
transformation path naming diffusional, diffusional-assisted and martensitic R T
. Intervariant boundary Interplanar spacing (A)
transformation.
Transformation path Intervariant Diffusional ~ Diffusional- Martensite Axis/angle Plane
boundary assisted
Fig. 10 All boundaries (1010) 0.8519 or 1.7038"
10.53 ° /[0001] A = 0.4% A = 1.77% A = 7.5% (1120) 1.4755
60°/[1120] A=283% A=32% A = 40.7% ©001) 2.0284
60.83°/[1.377 1 2.377 0.359] A =3.07% A =6.73% A = 24.86% (1011) 0.3604 or 1.8019"
63.26°/[10 55 3] A=168% A=287% A = 4.78% 4130) 0.2363 or 0.4725"
90°/[1 2.38 1.38 0] A=138% A= 318% A = 13.18% Fig. 12 60°/[1120] 1101) 0.3604 or 1.8019"
60.83°/|1.377 1 2.377 0.359] (@310) 0.2363 or 0.4725"
(5320) 0.1954 or 0.3908"
junctions. 63.26'/[105 53] @311) 01164 or 0.5819°
90°/[12.38 1.38 0] aion) 0.3604 or 1.8019"
(3210) 0.3219 or 0.6439°
(1101) 0.1662 or 0.8308"

5. Conclusion

@ Taking into account the structure factor as the plane passing through an

In the current study, the influence of the phase transformation additional atom [81].

mechanism on the grain boundary network characteristics was in-
vestigated in a commercially pure Ti through a five-parameter analysis
of the boundary character distribution and an analysis of the triple
junctions. The followings are the notable findings on this investigation:
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Fig. 15. The crystallographic orientations of two different a-variants and the corresponding crystallographic plane orientation.

1) The texture of the commercially pure titanium subjected to different

2

—

phase transformation mechanisms was qualitatively similar to the
as-received material. However, the overall transformation texture
changed with the transformation route. Variant multiplication in the
martensitic transformation decreased the strength of the texture
while the nucleation and growth of variants selected through special
prior [ grain boundaries in the more slowly cooled samples
strengthened the overall texture.

Despite significant variant multiplication through the martensitic
transformation, the intervariant boundary population in the mar-
tensite was governed by the local variant selection mechanism in-
fluenced by the transformation strain (i.e., three variant clustering).
This led to a significant population of twin related 60°/1 12 0] in-
tervariant boundaries. On the other hand, the Widmanstétten and
coarse-grain structures had no specific variant arrangement re-
sulting from a decrease in the role of transformation strain, leading
to a more nearly random distribution of intervariant boundaries.

3) The intervariant boundary plane distribution was anisotropic for all

the microstructures. It was demonstrated that the boundary planes
were mostly terminated on high energy prismatic {hkiO} orienta-
tions for all transformation paths. However, the martensitic trans-
formation showed an extra tendency for pyramidal (110 1) planes,
which were associated with the highly populated symmetric tilt 60°/
[112 0] intervariant boundaries.

15

4) The change in the phase transformation greatly influenced the
connectivity of the intervariant boundaries in the corresponding
microstructure. It was shown that the local variant selection me-
chanism significantly enhanced the connectivity of the 60°/[112 0]
intervariant boundaries in the martensite. With a decrease in the
cooling rate, the connectivity of intervariant boundaries was sig-
nificantly reduced.
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