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Abstract

The transformation texture was studied in a Ti-6Al-4V alloy for two microstructures produced through different phase transforma-
tion mechanisms (i.e. diffusional vs. displacive). Both microstructures revealed qualitatively similar crystallographic texture characteris-
tics, having two main texture components with Euler angles of (90°,90°,0°) and (90°,30°,0°). However, the overall o texture strength was
considerably weaker in the martensitic structure (i.e. displacive mechanism) compared with the o + B microstructure produced through
slow cooling (i.e. diffusional mechanism). The intervariant boundary distribution in martensite mostly revealed five misorientations asso-
ciated with the Burgers orientation relationship. The five-parameter boundary analysis also showed a very strong interface plane orien-
tation texture, with interfaces terminated mostly on the prismatic planes {4ki0}, when misorientation was ignored. The highest
intervariant boundary populations belonged to the 63.26°/[10 5 53] and 60°/[1 12 0] misorientations, with length fractions of 0.38
and 0.3, respectively. The former was terminated on (4 13 0), and the latter was a symmetric tilt boundary, terminated on (101 1).
The intervariant plane distribution in martensite was determined more by the constraints of the phase transformation than by the relative
interface energies.
© 2014 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.
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1. Introduction

Phase transformations in metals are the most effective
way to tailor their microstructure and properties. The
transformations often follow particular relationships
between lattice orientations in the parent and daughter
(transformed) phases. In titanium and zirconium alloys,
the most commonly cited relationship is the Burgers orien-
tation relationship, where the phase transformation takes
place between a high-temperature body centered cubic
(bcc) phase B, and a low-temperature hexagonal close
packed phase o during both cooling (B — o) and heating
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(oo — B) [1]. Here, two parallel planes correspond to both
close-packed planes, (101),[ (0001),, whereas the two
parallel directions relate to the nearest-neighbor directions,
[11 1], [1120], (Fig. 1) [2]. Therefore, a single B grain
can potentially transform to 12 possible orientations/vari-
ants during the B — o phase transformation. This should
lead to a weak (random) final o texture if all variants are
formed with equal statistical probability during the f — o
phase transformation.

The texture resulting from diffusional phase transforma-
tions in Ti and Zr alloys, however, differs significantly from
the theoretical texture expected from the Burgers orienta-
tion relationship [3-5]. In other words, diffusional phase
transformations lead to the occurrence of specific orienta-
tions/variants through a phenomenon known as variant
selection. Four possible mechanisms have been linked to
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Fig. 1. Schematic representation of (a) hexagonal o phase, (b) bce f phase and (c) the Burgers orientation relationship between the o and B phases during

phase transformation.

variant selection: (i) the retained stress in the high-temper-
ature phase, due to a volume change on heating [4,6] and/
or externally applied deformation [7], biases the transfor-
mation product characteristics on cooling; (ii) the existence
of metastable o at high temperature, which acts as nuclei
for growth on cooling [3,8]; (iii) the self-accommodation
of the strains produced by the P — o transformation
through the formation of specific variant cluster arrange-
ments [9,10]; and (iv) the presence of specific grain bound-
ary characteristics in the high-temperature B phase,
enhancing the nucleation of certain orientations/variants
during phase transformation [11-15]. Among the different
hypotheses, the latter was considered the best possible rea-
son for the strong variant selection observed during phase
transformations for both Ti and Zr alloys. Bhattacharyya
et al. [11] were among the first to demonstrate that high-
temperature B grain boundaries in Ti have a tendency to
terminate on {110} planes, resulting in the nucleation of
o variants with close alignment of their (0001) poles on
both sides of the f boundary.

The extent of variant selection (texture development)
through the B — o transformation may, however, be influ-
enced by high-temperature p phase characteristics (texture
[3,16] and grain size [15]), as well as heat treatment param-
eters (annealing temperature and cooling rate [3]). Among
the different parameters affecting the variant selection
mechanism, the effect of cooling rate on the variant selec-
tion during the f — o phase transformation in Ti alloys
has received the least attention. For comparison, it is
known that the promotion of the displacive phase transfor-
mation (increasing cooling rate or undercooling) weakens
the variant selection in Zr alloys [3] and steels [17,18].
Therefore, the first objective of this paper is to describe
the influence of cooling rate on the variant selection mech-
anism during the B — o transformation in a Ti-6Al-4V
alloy (i.e. diffusional vs. displacive phase transformation).

Accelerating the cooling rate promotes a displacive phase
transformation mechanism, leading to the formation of a
martensitic microstructure consisting of laths/plates with a
high dislocation density and/or twins, depending on compo-
sition [9,10,19]. The crystallography of the B — o martens-

itic transformation has been comprehensively studied over
the past decades. The core emphasis was given to morphol-
ogy [10], orientation relationship [19], habit plane [19,20],
lath/plate dislocation substructure [10,21] and self-accom-
modation effects [9,10]. A limited attempt was also made
to characterize the intervariant interfaces formed through
the martensitic transformation using transmission electron
microscopy (TEM), though it was restricted to only one
boundary type [9,10]. This is not surprising, as the conven-
tional techniques for the characterization of interface/
boundary planes, such as TEM and three-dimensional elec-
tron backscatter diffraction (EBSD) techniques, are still rel-
atively complex and time consuming.

Recent developments in characterization techniques
make it feasible to statistically measure all five independent
boundary parameters (i.e. three lattice misorientations and
two plane orientations) in polycrystalline materials with dif-
ferent crystal structures [22-31]. This approach measures all
five macroscopic parameters from conventional EBSD
maps using automated trace analysis software [32]. Only
one five-parameter analysis has been carried out for Ti-
6Al-4V alloy so far, and it did not exactly examine the
boundaries expected from the Burgers orientation relation-
ship [29]. The second objective of the current work is, there-
fore, to provide a detailed description of the intervariant
interface/boundary character distribution in a martensitic
microstructure formed in a Ti-6Al-4V alloy using the five-
parameter grain boundary analysis approach. The motiva-
tion for this quantitative analysis of the interface distribu-
tions is to develop structure—property relationships for this
important alloy. Knowledge of the evolution of the grain
boundaries and interfaces during phase transformations
and their relationship to properties could ultimately be used
to control the mechanical properties of the Ti-6Al1-4V alloy.

2. Experimental procedure
2.1. Material

The alloy used in the current study had a composition of
6.05Al, 3.98V, 0.120, 0.092Fe, 0.0IN, 0.04C, 0.002H and
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balance Ti (in wt.%). The material was received as a hot-
rolled plate with a thickness of 5.75 mm, having a micro-
structure that consisted of o with a plate morphology,
delineated by fine B phase films (Fig. 2a). The as-received
plate was subjected to two heat treatment conditions: (i)
reheating to 1100 °C in an argon atmosphere and annealing
for 30 min, followed by ice-water quenching to obtain a
fully martensitic microstructure (i.e. o; Fig. 2¢, d); and
(i1) reheating to 1020 °C in an argon atmosphere and
annealing for 30 min, followed by slow cooling, at a rate
of 1 °C min~", resulting in a lamellar o + p microstructure
(Fig. 2e, f).

2.2. Microstructural characterization

The microstructures formed from both heat treatment
conditions were examined using different characterization
techniques, such as optical microscopy (OM), scanning
electron microscopy (SEM) equipped with electron back-
scattered diffraction (EBSD), and X-ray diffraction
(XRD). For OM, the specimens were mechanically pol-
ished and then etched in Kroll’s reagent (i.e. 2% HF, 6%

HNO; and 92% H,0). The specimens for SEM, EBSD
and XRD characterization were further polished by a col-
loidal silica slurry solution after standard mechanical
polishing.

A field emission Zeiss-SUPRA 55-VP scanning electron
microscope integrated with a Zeiss angle selective backscat-
tered (AsB) electron detector was also employed to reveal
the microstructure through backscattered imaging at high
magnification. This technique provides greater spatial reso-
lution over traditional high-angle collection detectors and
enables the observation of detailed microstructural infor-
mation about features such as subgrains, dislocations and
nano-scale mechanical twins [33].

2.3. Texture measurement

Phase identification and texture measurement were per-
formed with a PANalytical X-ray diffractometer using Cu
K, radiation in point focus. The texture measurement
was performed on the rolling direction—transverse direction
(RD/TD) plane using X-ray diffraction. Owing to a coarse
prior B grain structure (i.e. >420 um) formed through the
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Fig. 2. (a, c—f) Microstructure of Ti-6Al-4V alloy at different heat treatment conditions: (a) as-received (EBSD inverse pole figure (IPF)); (c) martensite
(OM); (d) martensite (EBSD IPF); (e) lamellar o + B microstructure (OM); and (f) lamellar o + B microstructure (EBSD IPF). (b) The point to point
misorientation angle profile across the o plates (line A — B) in (a). The B phase is indicated by the white arrows in (a). Insets in (a) and (f) represent the
color codes for o and B phases, respectively. ND and RD are normal and rolling directions, respectively.
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heat treatment schedule of both martensitic and lamellar
o+ B microstructures, a relatively large specimen
(~35 x 35 mm) was prepared for each condition. The stage
oscillation technique, with 10 mm linear movement, was
employed to cover a large area (i.e. >14 x 12 mm?) for
the XRD texture measurement. Indeed, this method
enables analysis of more than 650 prior B grains.

2.4. EBSD measurement

The EBSD measurement was performed using a field
emission gun Quanta 3D FEI scanning electron micro-
scope operated at 20kV and 4 nA. The instrument was
equipped with a fully automated EBSD device attachment.
Data acquisition and post-processing were performed using
TexSEM Laboratories, Inc., software (TSL). Multiple
EBSD maps were acquired using a spatial step size of
0.1 ym and 1 um on a hexagonal grid for the martensitic
and lamellar o + B microstructures, respectively. The total
area covered ~280,500 um” for the martensitic structure.
The average confidence index generally varied between
0.48 and 0.60, depending on the step size and
microstructure.

2.5. Intervariant interfacelboundary character distribution

A stereological procedure was employed in the current
study to measure the intervariant boundary character dis-
tribution from the EBSD data, as described in detail else-
where [32]. This procedure mainly requires a sufficient
number of traces, i.e. the intersection lines between a
boundary (here in two adjacent interface variants) and
the surface. The traces are characterized by the lattice mis-
orientation and orientation within the section plane.
Although it is impossible to determine the orientation of
the actual plane for each trace, the plane must be located
in the zone of the trace. Therefore, if sufficient traces
(e.g. more than 200,000 boundary traces for a hexagonal
material [32]) are collected from the EBSD data, it is pos-
sible to determine the distribution of the grain boundary
plane orientations. The grain boundary character distribu-
tion A(Ag,n) is the relative areas of distinguishable bound-
aries characterized by their lattice misorientation (Ag) and
boundary plane orientation (n). It is measured in multiples
of a random distribution (MRD), where values >1 mean
that planes were observed more frequently than expected
in a random distribution.

The TSL software was initially employed to extract the
intervariant boundary lines/segments to measure the inter-
variant interface/boundary character distribution using the
stereological procedure. Briefly, a grain dilation clean-up
function was first applied to all orientation maps to elimi-
nate ambiguous data. A single orientation was then
assigned to a given grain by averaging all orientation data
belonging to that grain. The EBSD data were then used
here to collect the required information for calculating
the intervariant plane character distribution. The line

traces/segments were extracted after smoothing uneven
grain boundaries using the reconstruct grain boundaries
function in the TSL software, using a boundary deviation
limit of two pixels (i.e. 0.2 um). There were ~600,000 line
traces after excluding the boundary segments of <0.3 pum.
These line traces were employed to calculate the five-
parameter boundary character distribution.

3. Results

The as-received microstructure was dominated by coarse
o colonies (Fig. 2a). Some colonies consisted of parallel
plates with similar orientation having misorientation angles
in the range 0.2-2.5° (Fig. 2b). However, there were also
regions where o plates were mostly fragmented into small
segments, suggesting that the as-received microstructure
was subjected to deformation. The o plates had an average
thickness of 2.4 um, delineated by fine B layers with a typ-
ical thickness of 0.1-0.5 um (shown by white arrows in
Fig. 2a). The XRD results also revealed the presence of
the  phase in the as-received microstructure. However, it
was not possible to measure the  phase texture by XRD,
because it made up such a small fraction of the microstruc-
ture in the as-received condition (Fig. 3).

3.1. Microstructure and texture development through the [3-
to-o. phase transformation

The XRD analysis of the as-quenched specimen did not
reveal any B phase peaks (Fig. 3), suggesting that the coarse
prior B grains, with an average size of ~450 um, were fully
transformed to martensite through reheating at 1100 °C
followed by ice-water quenching. The microstructure was
comprised of a-martensitic laths with different orientations
distributed throughout the microstructure, with an average
lath thickness of ~0.4 uym (Fig. 2¢, d). The prior B grain
boundaries are preferential sites for nucleation of martens-
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Fig. 3. XRD patterns of the Ti-6Al-4V alloy in different thermomechan-
ical conditions: as-received, martensitic and lamellar o+
microstructures.
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ite laths at an early stage of the phase transformation. It
appeared that the laths nucleated on opposite sides of a
given 3 boundary mostly had different orientations (shown
by white boxes in Fig. 2d). However, there were some prior
beta boundaries where martensitic variants that formed on
both sides of the same part of the boundary had very close
orientations (shown by the black box in Fig. 2d).

In terms of martensite lath size, two types of martensitic
laths were regularly detected in the microstructure and are
referred to as primary and secondary laths. The former
were parallel-sided coarse laths, which stretched across
the parent B grain. They were most likely formed at an
early stage of the martensitic phase transformation. The
latter were characterized as fine laths and largely observed
between the primary coarse laths (Fig. 4). This suggests
that they were formed at a later stage of the phase transfor-
mation [10]. SEM-AsB examination revealed very fine par-
allel lines in some of the primary coarse laths (shown by the
arrows in Fig. 4). These fine features were characterized as
twins. The size of the twins was in the range 20-50 nm [10],
which is much smaller than the activation volume, gener-
ated through the interaction of electron beam with the
specimen at 20 kV for EBSD measurement. Therefore, it
would be expected that these twins would not be readily
detected by the conventional EBSD measurement.

The martensitic texture revealed two relatively strong
texture components in the (0002) pole figure, representing
the Euler angles of {90°,90°,0°} and {90°,30°,0°} (Fig. 5a,
b). The martensitic texture had a maximum strength of 7.8
times random (Fig. 5a, b). The main texture component
was {90°,90°,0°} with the maximum intensity of 7.8 times
random, corresponding to the basal pole orientated
towards the RD in the (0002) pole figure (Fig. 5a, b).
The {90°,30°,0°} texture component, with a maximum
intensity of 5.5 times random, refers to basal poles rotated
~30° away from the normal direction towards the RD in
the (0002) pole figure (Fig. 5a, b). This is a typical texture

Fig. 4. AsB-SEM image of martensitic microstructure.

observed in the B — o phase transformation of a Ti-6Al-
4V alloy, taking place through a diffusional mechanism
(i.e. slow cooling) [12,15], as described in detail below.

The microstructure of the slow-cooled specimen con-
sisted of continuous films of o, with thickness of ~15 pm,
decorating the prior B grain boundaries and large colonies
of Widmanstétten o, nucleated mainly on the grain bound-
ary o film (as shown by the black arrows in Fig. 2e, f). The
formation of an o film on prior B grain boundaries enables
measurement of the prior B grain size. The average size of
the prior B grains was estimated to be ~420 pm. The aver-
age sizes of the Widmanstétten o plates and colonies were
~13 um and ~105 pm, respectively. The Widmanstéitten o
plates were mostly separated by a fine  phase layer, with
thickness ~1-3 um (Fig. 2e, f). The volume fraction of
the B phase was estimated by XRD to be ~8% (Fig. 3).

The o texture in the slow-cooled condition (i.e. the
lamellar o + B microstructure) revealed two major orienta-
tion components at the Euler angles of {90°,90°,0°} and
{90°,30°,0°}, similar to the martensite texture (Fig. 5c,
d). However, the texture strength was much higher (i.e.
13.9 times random) compared with the martensitic trans-
formation taking place through a displacive mechanism
(i.e. rapid cooling, 7.8 times random). These texture com-
ponents have been observed frequently in the Ti-6Al-4V
alloys transformed through slow cooling [12,15].

The B texture in the slow-cooled microstructure showed
one main orientation component of {112}(110) corre-
sponding to the Euler angles of {0°,33°,45°} (Fig. 5e).
The retained B phase in the slow-cooled sample provides
a measure of the texture of parent B because of the texture
memory effect [12]. Indeed, the retained B phase in the as-
received microstructure can act as pre-existing nuclei dur-
ing reheating from ambient to above the 3 transus temper-
ature. Hence, the pre-existing  phase grows preferentially
during phase transformation rather than nucleating new 3
grains. As a result, the P texture can be imitated from the
pre-existing  orientation in the as-received microstructure,
although it might be altered somewhat by grain growth.

In the current study, two different cooling rates were
used to obtain the f — o phase transformation. However,
the reheating conditions (temperature and holding time)
were designed so that a comparable prior B grain size
(i.e. ~450 um for martensite and ~420 um for lamellar
o + B microstructure) was obtained before the phase trans-
formation for both cooling paths. Therefore, the extent of
B grain growth was expected to be the same for both heat
treatment conditions. The B texture, measured from the
slow-cooled microstructure, should also provide a good
representation of the parent B texture prior to the martens-
itic phase transformation.

3.2. Intervariant crystallographic plane distribution in the
martensitic phase transformation

Theoretically, the transformation of the parent f phase
(i.e. bee) to the o phase with the hexagonal crystal structure
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Fig. 5. The pole figure and ODF section of ¢, = 0° for o texture of the Ti-6Al-4V alloy at different phase transformation conditions: (a, b) martensitic
and (c, d) lamellar o + B microstructures. (e) The ODF section of ¢, = 45° for the B in the lamellar o + B microstructure. RD and TD are rolling and
transverse directions, respectively. O {90°,90°,0°}; & {90°,30°,0°}; OJ {0°,33°,45°}.

(e.g. martensitic phase transformation) follows the Burgers
orientation relationship, where it is assumed that the close-
packed plane of the parent § (i.e. {110}) would be parallel
to the close-packed plane of the transformed product (i.e.
o, {110} (0001), and (11T), | (1120),) during the
phase transformation (Fig. 1). As a result, each prior 8
grain can transform up to 12 different orientation variants
of a, as listed in Table 1. By comparing all 12 variants, 11
misorientation angle/axis sets can be computed (Table 1).
Some of these intervariant interfaces are identical as a
result of the crystal symmetry (e.g. V-V, and V;-V3), as
reported earlier by others [9]. Hence, the comparison of
all 12 variants in the case of the Burgers orientation rela-
tionship reduces to only five independent misorientations.
Consequently, the misorientation angle distribution of
martensite was quantitatively different from that of the ran-
dom distribution (see Fig. 6). The misorientation angle dis-
tribution showed four distinct peaks in the angular ranges

8-12°, 55-65° (two peaks) and 88-92°. These misorienta-
tion ranges were closely correlated to the possible intervari-
ant misorientation angles for the Burgers orientation
relationship (Fig. 6 and Table 1). Similarly, the axes for
each of these misorientation ranges corresponded closely
to the theoretical axes computed for the Burgers orienta-
tion relationship (Fig. 6 and Table 1). The greatest peak
at ~63° was close to the [10 55 3] misorientation axis.
The peak at the misorientation angle range of 55-62° was
associated with both the [1 12 0] and [1.377 1 2.377 0.359]
misorientation axes. The peaks at the misorientation angles
of 8-12° and 88-92° corresponded to the misorientation
axes of [0001] and [1 2.38 1.38 0], respectively (Fig. 6).
Fig. 7 shows the total population fraction of intervariant
interfaces related to the Burgers orientation relationship. It
appeared that most intervariant boundary fractions
belonged to the laths with misorientation angles/axes of
63.26°/[10 5 5 3] and 60°/[1 12 0], with ~0.38 and ~0.3 of




484 H. Beladi et al. | Acta Materialia 80 (2014) 478-489

Table 1

Twelve possible variants generated by the martensitic § — o phase transformation through the Burgers orientation relationship [9].

Variant Plane parallel Direction parallel Rotation angle/axis from V1
\4! (1T0)g [ (0001), 11| [1120], -
V2 (10D)g[| (0001), 111 [1120], 60°/[1120]
V3 01T),1(0001), 11 [1120], 60°/[1120]
V4 (110)g[I(0001), 11l [1120], 90°/[1 2.38 1.38 0]
\E (101),1(0001), M1 [1120], 63.26°/(10 5 5 3]
V6 (01T [l (0001), 11|l [1120], 60.83°/[1.377 1 2.377 0.359]
V7 (110)g[I(0001), T, [1120], 90°/[12.38 1.38 0]
AL} (10T)g[| (0001), T [1120], 60.83°/[1.377 1 2.377 0.359]
V9 O11),01(0001), T [1120], 63.26°/(10 5 5 3]
V10 (1T0)g [ (0001), 1T |l [1120], 10.53°/[0001]
Vi1 (101),1(0001), 1T, [1120], 60.83°/[1.377 1 2.377 0.359]
V12 (011)g[|(0001), 11T [1120], 60.83°/[1.377 1 2.377 0.359]
12 0.4
| = Martensite [ IMeasured
————— Random distribution 1 calculated [9] — [
107 0001 1210
9 S~ e . 03 ]
Z 81 4 / 0001 | _1210 X
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Fig. 6. The dashed line represents the random distribution of the
misorientation angle. The black line is the misorientation angle distribu-
tion of martensite along with misorientation axes for specific disorienta-
tion angles associated with the Burgers orientation relationship: (i.e.
1=10.53°/[0001], I1=60°/[1120], III=60.83°/[1.37712.377 0.359],
IV = 63.26°/[10 5 53], and V = 90°/[1 2.38 1.38 0].

total population, respectively. The lowest population was
related to the 10.53°/[0001] misorientation, covering
<0.02 of the total population, where this is the interface
that forms as a result of the intersection of two distinct
crystallographic laths bounded with a given B phase habit
plane. In general, the frequency with which the different
variants were adopted closely correlated with the misorien-
tation angle distribution (Figs. 6 and 7).

The relative area distribution of boundary planes A(#n) is
plotted in stereographic projection to investigate the distri-
bution of intervariant interface/boundary planes in the
crystal reference frame (see Fig. 8). Here, the basal orienta-
tion (i.e. (0001) plane) was located in the center of the ste-
reogram, and the prismatic orientations (e.g. {1 0 1 0} and
{1120} planes) were positioned at the stereogram circum-
ference. The stereological calculation of the boundary/
interface character distribution assumes that the grain pairs
are uniformly distributed in orientation space. In other
words, each group of bicrystals in the data set with identi-
cal misorientation must be randomly orientated. However,
where the sample is textured, similar to the present case,

Fig. 7. The length fraction of total population of interfaces that belong to
the Burgers orientation relationship, comparing intervariant interfaces
between V1 and Vi (i = 2-12) for the martensite: (a) measured and (b)
theoretically calculated fractions, assuming that all variants are formed
with equal statistical probability during martensitic phase transformation
[9]. Because of symmetry, there are only five independent intervariant
interfaces, and the = sign shows equivalent intervariant interfaces.

this assumption cannot be employed. In the current study,
the texture-induced bias in the distribution of observed
bicrystal orientations was first removed to calculate the
grain boundary character distribution. In this approach,
all observations related to a specific misorientation type
were weighted inversely according to their frequency of
appearance in a given range of orientation space. This pro-
cedure, indeed, recovers the desired random distribution of
orientations for each bicrystal type and removes texture-
induced bias in the stereological calculation. The analysis
was carried out at 9 bins per 90° level of discretization,
which offers ~10° resolution in the current study. At this
resolution, 97% of the bins contained at least 10
observations.

The intervariant plane distribution of martensite inde-
pendent of misorientation, A(n), where n is the normal to
the intervariant boundary, was anisotropic. It displayed a
maximum value of 1.63 MRD at the {1 010} orientation
that spread towards the {4 1 3 0} planes (Fig. 8). This sug-
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—

Fig. 8. Distribution of intervariant boundary/interface planes for all
misorientations in martensitic microstructure. MRD represents multiples
of random distribution. {) is the position of (0001) plane.

gests that most intervariant interfaces were terminated on
prismatic planes (i.e. {hki0}) ranging mostly from the
{1010} and {4130} planes, as the population of these
planes was 63% greater than expected in a random distribu-
tion. The minimum of the distribution was centered at the
(0001) basal plane with 0.37 MRD (Fig. 8). The distribu-
tion at the position of {1120} prism planes was moder-
ately high, having a value of ~1.2 MRD.

The intervariant plane distributions were also plotted
for specific misorientation types associated with the Bur-
gers orientation relationship, using five macroscopic
boundary parameters (Fig. 9). Overall, significant differ-
ences were observed in the distribution of intervariant
planes as a function of misorientation. The distribution
of intervariant planes at 10.53°/[000 1] had multiple max-
ima, mostly along the zone of tilt boundaries (i.e. the great
circle perpendicular to the [0001] axis). The maxima were
spread along the positions of the {1010} and {1120}
prism planes with ~0.9 MRD (Fig. 9a). In other words,

(a) 10.53°/[0001]
MRD

-0.100 0.1 0.2 03 0.4 0.5 0.6 0.7 0.8 0.9

(d) 63.26°/[-10 5 5 -3]

0 100 200 300 400 500 600 700

(b) 60°/[1 1-20]
[

0 40 80 120 160 200 240 280 320 360

the normals to these planes were perpendicular to the mis-
orientation axis of [0001], indicating that the boundary
planes had a tilt character. Here, when a lath/crystal is,
for example, terminated by the {1 0 1 0} plane, the geomet-
rically required parallel plane complement is a crystal
rotated by 10.53° around the [0001] axis, which would
be close to the (20 9 29 0) plane. Therefore, the complemen-
tary planes perpendicular to the [0001] axis were not the
same, suggesting that they had an asymmetric tilt
character.

At a misorientation of 60°/[1120], the intervariant
planes distribution showed a pronounced peak, with a
maximum of ~372 MRD at a position close to the
(101 1) pyramidal plane. This boundary, in fact, had a
symmetric tilt character as the plane normal is perpendicu-
lar to the misorientation axis (Fig. 9b). The distribution of
intervariant planes at 60.83°/[1.377 12.3770.359] had a
moderate maximum of ~26.5 MRD between the (011 0)
and (1120) planes (i.e. close to (4 13 0) plane; Fig. 9c).
Similar to the misorientation angle distribution, a very
strong peak was observed in the intervariant planes distri-
bution at 63.26°/[10 5 5 3]. The maximum was ~716 MRD
at a position near the (4 1 3 0) plane (Fig. 9d). At the mis-
orientation of 90°/[1 2.38 1.38 0], a moderate single peak
was revealed in the intervariant planes distribution with
~42 MRD, close to (101 1) pyramidal plane (Fig. 9e).
Apart from 10.53°/[0001] and 60°/[1 12 0], the intervari-
ant plane distributions of the other misorientations did
not reveal any twist or tilt character (Fig. 9). Though, it
is possible they have tilt or twist character in some other
representation [34].

4. Discussion
4.1. Variant selection during the p-to-o phase transformation

The texture developed through the martensitic phase
transformation (i.e. rapid cooling) is qualitatively similar

(c) 60.83°/[-1.377 -1 2.377 0.359]
[

0 3 6 9 12 15 18 21 24

(e) 90°/[1 -2.38 1.38 0]

0 5 10 15 20 25 30 35 40

Fig. 9. Distribution of intervariant interface/boundary planes for different misorientations associated with the Burgers orientation relationship. MRD and
Q in (a) represent multiples of random distribution and the position of (0001) plane, respectively.
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to the B — o phase transformation texture that results from
slow cooling (i.e. diffusional mechanism), where the two
main texture components with the FEuler angles of
(90°,90°,0°) and (90°,30°,0°) are present in the (0002) pole
figure (Fig. 5a—d). Here, the main difference is the overall
texture strength, where the slow-cooling condition reveals
greater texture strength (i.e. 13.9 times random) compared
with the martensitic structure (i.e. 7.8 times random,
Fig. 5a-d). In Ti alloys, the phase transformation texture
characteristics are attributed mainly to the presence of a
strong crystallographic variant selection mechanism gov-
erned by the Burgers orientation relationship during the
B — o phase transformation [11,12,15], where under spe-
cific circumstances certain orientations/variants are formed
more frequently than others.

It is well demonstrated that the crystallographic variant
selection significantly depends on the c-axis alignment of o
variants initially nucleated on both sides of a B grain
boundary. The formation of the (90°,30°,0°) component,
for example, is a result of the nucleation of a given o var-
iant on both sides of B grain boundaries terminated by
{110} planes [11,12,15]. On reheating, the inverse oo — 8
phase transformation produces six distinct crystallographic
B variants from a given o variant/grain. These B variants
share common (110) planes with a twin relationship, as
shown by others in pure Ti [14,35]. Interestingly, the
(110) plane is the close-packed and minimum energy plane
in the bece crystal structure [36]. In other words, the inverse
o — B phase transformation promotes the low-energy
(110) planes, which can enhance the formation of the
(90°,30°,0°) component as a result of the preferential
nucleation of a given o variant on both sides of B grain
boundaries with a common (110) normal [11,12,15].

There are different factors influencing the extent of crys-
tallographic variant selection during the B — o phase trans-
formation in Ti alloys, such as alloy composition [15,37],
prior B grain size [14,15], initial B texture, and phase trans-
formation path (i.e. cooling rate) [37]. Alloys with different
additions (e.g. B stabilizers) can alter the phase transforma-
tion product characteristics [37]. As the composition of the
alloy is the same for both the martensite (i.e. rapid cooling)
and lamellar o + B (i.e. slow cooling) microstructures in the
current study, the effect of composition on the variant
selection mechanism can be ruled out. The coarsening of
the parent  grains also enhances the crystallographic var-
iant selection resulting a strong (90°,30°,0°) component in
the phase transformation texture [15]. Interestingly, the
grain size prior to the martensitic transformation is
~450 um (Fig. 2¢, d), which is comparable with the B grain
size (i.e. 420um) that transformed to the lamellar o + f
microstructure on slow cooling (Fig. 2e, f). This suggests
that the observed phase transformation texture in the mar-
tensitic structure is related mostly to either the B texture
and/or phase transformation path (i.e. cooling rate).

In the current study, the reheating schedule was the
same for both the martensitic and lamellar o +  micro-
structures. Therefore, it would be expected that the texture

of B formed on reheating would be similar before the p — o
transformation for both heat treatment conditions (i.e.
cooling rates; Fig. 5e). The initial B texture in the current
study is very similar to the earlier work [14], where they
used the measured P texture to calculate the o texture
assuming no variant selection taking place during the
B — o phase transformation [14]. Interestingly, the calcu-
lated o texture is very similar to the martensite texture
formed in the current study, though it shows slightly stron-
ger texture strength (~10 times random) than the present
martensite (i.e. 7.8 random times). This suggests that the
reduction in the texture strength is attributed mainly to
the phase transformation path (i.e. martensitic transforma-
tion/cooling rate) through weakening of the crystallo-
graphic variant selection.

The nucleation of a preferred a-variant on a [ grain
boundary reduces the boundary energy and the strain
energy induced during the B — o phase transformation
[17,18]. The phase transformation driving force is small
at a high transformation temperature, which is what hap-
pens during slow cooling. This results in the selection of
a specific variant to nucleate preferentially on a given 3
grain boundary. The differences in the activation energies
for the nucleation of different o variants reduces with an
increase in the cooling rate (i.e. a decrease in the transfor-
mation temperature). In addition, the B phase strength
enhances with a decrease in the phase transformation tem-
perature (e.g. rapid cooling), promoting different variant
formation to self-accommodate the transformation strain.
In other words, the martensitic transformation, taking
place as a result of rapid cooling, significantly weakens
the crystallographic variant selection during the B — o
phase transformation. Similar observations were reported
for the variant selection mechanism in the bainitic phase
transformation in steels [17,18]. Consequently, the forma-
tion of multiple variants is frequently observed on either
side of a given prior B boundary in the martensitic structure
(shown by the white boxes in Fig. 2d), which reduces the
strength of the texture (i.e. weakening the variant selec-
tion). Occasionally, o variants with a similar orientation
are found on both sides of a given B grain boundary in
the martensitic microstructure (shown by the black box
in Fig. 2d), which can contribute in the formation of the
(90°,30°,0°) component in the martensitic texture.

4.2. Intervariant crystallographic plane distribution in the
martensitic phase transformation

The current intervariant plane distribution analysis
clearly demonstrates that only five misorientation types fre-
quently result from the martensitic phase transformation.
These misorientations are all associated with the Burgers
orientation relationship. However, they have significantly
different frequencies and are terminated by distinct crystal-
lographic planes.

The highest intervariant boundary fractions between
adjacent laths belong to misorientations of 63.26°/
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[10 5 53] and 60°/[1 12 0], making up ~0.38 and ~0.3 of
the total population, respectively. In other words, more
than two-thirds of all interfaces have this character. This
is much higher than would be expected if all 12 variants
were formed with equal statistical probability (Fig. 7). Sim-
ilar observations were reported in martensitic microstruc-
tures formed in pure Ti [9], although they had different
populations, which may be due to the composition. In
the prior work on pure Ti, it was demonstrated that specific
variant clustering arrangements take place during the mar-
tensitic transformation to self-accommodate the shape
strains produced through the displacive transformation.
The variant clusters promote mainly the formation of
two intervariant misorientations of 63.26°/[10 5 5 3] and
60°/[1 12 0]. The other three intervariant misorientations
(i.e. 10.53°/[0001], 60.83°/[1.377 12.377 0.359] and 90°/
[12.38 1.38 0]) are, indeed, the result of impingement of
these variant clusters [9].

The grain boundary population has, on average, an
inverse relationship with the relative grain boundary
energy in microstructures produced by normal grain
growth, as demonstrated by various simulations [38-40]
and experiments for materials with different crystal struc-
tures [24,41,42,36,43]. In other words, the most frequently
observed boundaries appear to have the lowest energies,
and the least populated boundaries, in contrast, have high
energies [24,41,42,36,43]. Here, the interplanar spacing of
planes (i.e. dj;;) can be used as a measure to compare the
relative grain boundary energy for different planes
[31,44]. Generally, the interfaces consisted of planes with
large interplanar spacings, which have lower energies as
they are relatively flat, and two smooth facets match better
than two rough ones. In other words, improved fit at the
interface increases the attractive forces across the boundary
and reduces the repulsion, which consequently lowers the
boundary energy [31,44]. The interplanar spacings of some
common planes observed in the intervariant interface dis-
tribution produced by the martensitic phase transforma-
tion are summarized in Table 2. Here, it appears there is
no direct relationship between the interplanar spacings
with the populations. For example, the most frequently
observed plane of (4130) has the minimum interplanar
spacing of 0.70 A, while the (0001) plane, with an interpla-
nar spacing of 4.7 A, has the smallest population in the dis-
tribution (Fig. 9 and Table 2). In other words, the planes
with the highest energy have the greater population and
vice versa, suggesting that the interface distribution pro-
duced by the martensitic phase transformation is not inver-
sely related to the grain boundary energy.

Interestingly, the (1 0 1 1) plane, which has the second
highest population (Fig. 9b), has the minimum energy
among the [12 1 0] symmetric grain boundaries, as mea-
sured by molecular dynamic simulation [45]. This plane,
indeed, corresponds to the {101 1}(1 0 1 2) twin boundary
in the hexagonal crystal structure (i.e. 61.35°/[1210])
[9,10]. The calculated energy of [12 1 0] symmetric grain
boundaries as a function of misorientation also reveals

Table 2
The interplanar spacings (dj,,) for different measured intervariant planes.

Plane Interplanar spacings (A)
(10-10) 2.54

(11-20) 1.47

(-1011)" 0.37 or 1.86

(4-1-30) 0.70

(0001) 4.7

" For (-1011) plane, the structure factor was taken into account as the
plane passing through an additional atom [48].

three other cusps at the positions of twin boundaries of
31.39°/[1013], 42.47°/[1012], and 74.7°/[2021] [45].
Interestingly, the current result does not show the presence
of any of the other three misorientation angles (31.39°,
42.47° and 74.7°) in the misorientation angle distribution
(Fig. 6). This suggests that the presence of a high fraction
of (1011) in the current study is not specifically due to
the low-energy configuration, as suggested earlier [9,10].

The current results also differ from the grain boundary
plane distribution observed in WC at a steady-state condi-
tion, where the boundaries are expected to have the mini-
mum energy configuration [30,31]. The most common
planes observed in WC were {1010}, (0001) and
{1120}, revealing low-energy interfaces [30,31]. One
could argue that the difference between the boundary plane
distribution in WC and the current result arises from the
difference in the ¢/a ratio of WC (i.e. 0.976 [31]) compared
with Ti-6Al1-4V alloy (i.e. 1.598 [35]) or its multi-atomic
basis. Therefore, the observation that low-energy interfaces
are qualitatively similar for a given cubic crystal structure
in both experiments [42,43] and modeling [45-47] does
not necessarily apply to a comparison between Ti-6Al-
4V alloy and WC.

Recently, the grain boundary plane distribution of a Ti-
6A1-4V alloy with two different heat treatment conditions
was examined for a limited number of misorientations
[29]. The misorientation angle distribution was qualita-
tively similar to the martensitic structure, although the
peak intensities were much lower. Interestingly, the misori-
entations examined revealed a plane character similar to
that of martensite. However, the population was much
lower than in the current study, especially for the sample
subjected to annealing. These distributions were attributed
mostly to the p — o phase transformation rather than low-
energy configuration [29]. This is not surprising, as the pro-
cessing path can greatly influence the grain boundary plane
distribution [28], even overwhelming the effect of the grain
boundary energy [24,41,42,36,43].

During the martensitic shear phase transformation in Ti
alloys, a strong crystallographic relationship is present
between the parent (i.e. f) and the product (i.e. o lath mar-
tensite), which follows the Burgers orientation relationship.
According to the ideal Burgers orientation relationship, the
close-packed planes of the o lath martensite (i.e. basal
plane) match the close-packed planes of adjacent B (i.e.
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{110},](0001),; Fig. 1). Considering constraints asso-
ciated with the shear transformation and the hexagonal
crystal structure, two adjacent martensite laths would be
expected to, most likely, impinge on prismatic {hki0}
planes after the completion of the phase transformation
(i.e. growth). This strongly agrees with the current observa-
tion, where the distribution of intervariant planes for all
misorientations reveals more frequent prism planes
{hkiO} than any other plane orientations (Fig. 8). As an
example, the frequency of {1010} prism planes is more
than 5.5 times greater than that of the (000 1) basal plane,
suggesting relatively high anisotropy in the distribution of
intervariant planes in the martensitic microstructure
(Fig. 8). Interestingly, the population of planes is not inver-
sely correlated with energy, as the interplanar spacing of
the (0001) plane (i.e. 4.7 ;&) is much greater than that of
{1010} planes (i.e. 2.54 A; Fig. 8 and Table 2). In other
words, the distribution of intervariant interfaces in mar-
tensite is governed mostly by the phase transformation
and crystal structure constraints rather than low-energy
grain boundary configurations.

5. Conclusions

In the current study, the effect of the phase transforma-
tion mechanism on texture development was investigated in
a Ti-6Al-4V alloy. The crystallographic texture character-
istics were relatively similar for microstructures formed by
displacive (i.e. martensite) and diffusional (i.e. o +  micro-
structure) phase transformations, revealing two main tex-
ture components with Euler angles of (90°,90°,0°) and
(90°,30°,0°). Nevertheless, the martensitic transformation
considerably reduced the overall o texture strength com-
pared with the o + B microstructure. The crystallographic
variant selection was, in fact, weakened through the mar-
tensitic transformation. The ability to measure all five inde-
pendent crystallographic grain boundary parameters in the
current study enabled the present authors to comprehen-
sively survey the intervariant boundary distribution in mar-
tensite transformed in a Ti-6Al-4V alloy. The
misorientation angle distribution of the martensitic struc-
ture presented only five misorientations associated with
the Burgers orientation relationship. The five-parameter
boundary analysis of the intervariant interfaces also
revealed very strong plane texture, mostly terminated on
prismatic planes, {hki0}. The 63.26°/[10553] and 60°/
[1 12 0]had the highest intervariant boundary populations
with a total fraction of ~0.68, which was much greater
than expected for a random distribution of all variants
(i.e. ~0.36 [9]). The 63.26°/[10 5 5 3] and 60°/[1 1 2 0] mis-
orientations were terminated on (4130) and (1011)
planes, respectively. The intervariant crystallographic
plane distribution in martensite was determined by the
crystallographic constraints associated with the phase
transformation and not by the relative energies of the
interfaces.
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