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ARTICLE INFO ABSTRACT

Keywords: The influence of thermomechanical processing (TMP) of a Ti-6Al-4V alloy on the transformation texture and

Titanium ) ) intervariant boundary network were investigated by conventional EBSD mapping along with the five-parameter

iherrmomec}‘amcal processing boundary analysis approach. The texture characteristics of Ti-6Al-4V subjected to deformation in the f regime
exture

followed by the f—a martensitic transformation were examined using visco-plastic self-consistent simulation and

Variant selection . . . . .
forward calculation of the transformation texture. Comparison of the simulated and experimental texture

Intervariant boundary plane character
distribution
Visco-plastic self-consistent modelling

characterisitcs revealed that the transformed o texture was dominated by the variant selection associated with
substructure development in the p parent phase and the occurrence of specific self-accommodating o variants in
the microstructure, promoting the quadrilateral and/or V shape variant arrangement. This resulted in a pro-
gressive increase in the 63.26°/[10553] intervariant boundaries with the strain increment, at the expense of 60°/
[1 1 20]. Moreover, the grain boundary network for all conditions was dominated by the triple junctions (grain
boundary network) terminating on 63.26°/[10553] and 60°/[1 1 20] intervariants. It is shown that the elastic
interactions among the variants during the martensitic transformation is the dominant parameter affecting the

grain boundary network, despite the presence of dislocation based variant selection.

1. Introduction

Titanium alloys, Ti-6Al-4V in particular, are important materials for
the aerospace, defence, biomedical, and maritime industry sectors [1,2].
They present a unique combination of properties, namely high strength
to weight ratio, corrosion resistance and biocompatibility, but high
manufacturing expenses have limited their application. Thermo-
mechanical processing (TMP) is known to be one of the most generally
accepted and cost-effective approaches to control the microstructure
and properties of Ti6Al-4V [3]. TMP of Ti alloys is largely conducted in
the single phase p (bcc) region, where the ingot structure is broken
down, followed by a secondary grain refinement process in the two
phase o (hcp) + B (bcc) region [4,5]. Therefore, the morphological
features of the a and f phases and texture characteristics developed by
primary recrystallization, grain growth and the o — f phase trans-
formation during TMP have a strong effect on the physical and
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mechanical performance of a semi-finished or finished Ti-6Al-4V
product [6-9].

The p — o phase transformation that occurs during Ti processing
strictly follows the Burgers crystallographic orientation relationship
(OR), producing 12 distinct a variants from a given parent p grain [10].
The fraction of available variants and their corresponding intersections
(known as variant selection) can significantly influence the overall
texture and a/a grain boundary characteristics of the Ti alloy [11-16].
The variant selection is strongly influenced by the crystallographic
constraints of the transformation mechanism [16,17], the related
transformation energy [15,18,19] and the externally applied deforma-
tion that changes the state of the parent p phase [14]. The role of the
phase transformation path and composition on the variant selection,
texture evolution and grain boundary network has been extensively
studied in Ti alloys [20-23]. The elastic energy of the martensitic
transformation is largely accommodated through characteristic
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Fig. 1. (a) The XRD pattern obtained from as-rolled Ti-6Al-4V alloy revealing both o and p phase peaks, and (b) schematic illustration of the heat treat-

ment procedure.

Table 1

The EBSD parameters used for microstructures produced through different TMP

routes.

TMP condition EBSD condition

Step size (um) EBSD area Line segments
Strain-free 0.01 49 x 6 pm x 6 pm ~140,000
Strained to 0.3 0.01 27 X 6 pm X 6 pm ~120,000
Strained to 1 0.01 26 x 6 pm x 6 pm ~120,000
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Fig. 2. XRD patterns corresponding to the Ti-6Al-4V alloy at (a) strain of 0.3
and (b) strain of 1 conditions.

groupings of « variants, promoting a specific a’/a’ intervariant
boundary network [16,20,22]. This local variant selection mechanism is
strongly influenced by the crystallographic parameters of the parent
and daughter a” phases in martensitic Ti alloys, as it can alter the elastic
strain energy during the shear transformation. Therefore, a small change
in chemical composition influences the transformation strain energy
leading to various o clusters and the intervariant boundary network
[21,22]. Consequently, 3 variant cluster formation in martensitic pure Ti
increases the population and connectivity of twin related 60°/[1 1 2 0]
intervariants with a symmetric tilt (1 01 1) character [21,23]. Four

variant clusters promote the 63.26°/[10 5 5 3] intervariants with (3210)
twist character during the martensitic transformation of Ti-6Al-4V [22,
24,25]. Changing the transformation mechanism as the cooling rate
decreases from shear to diffusion assisted (i.e., Widmanstatten) and
diffusional transformation reduces this local variant selection mecha-
nism to such an extent that no specific variant arrangement dominates
[20]. This can result in a significant decrease in the population and
connectivity of low energy 60°/[1 1 2 0] intervariants in pure Ti, leading
to a relatively random distribution of intervariant boundaries [20].

Aside from the transformation characteristics, the state of the prior
phase (i.e., grain size, texture and deformation structure) has a strong
influence on the variant selection mechanism during the subsequent
f—a transformation [14,15,26-28]. In other words, the magnitude of
the variant selection during the transformation has been shown to be
significantly affected by the processing variables [14,29-31]. Different
strain levels during the hot working process can change the parent phase
texture and substructure characteristics, leading to different levels of
variant selection [30,32]. Gey et al. [30] showed that the selected var-
iants are mostly associated with the most active p phase slip systems at
higher rolling reductions. In parallel, Semiatin et al. [32] showed that
straining the  phase prior to transformation can lead to noticeable
variant selection. It was shown that lower rolling reductions do not favor
particular variants and the resulting texture approaches the theoretical
distribution of a variants expected from the Burgers OR [32]. In addi-
tion, the strain field associated with dislocation/s [29,33,34] and their
characteristics (i.e., screw, edge and mixed) [14] can promote prefer-
ential variant nucleation, thus influencing the variant selection. Such
variation in the variant selection through changes in the state of the p
phase is expected to result in different intervariant boundary
characteristics.

In the current study, the influence of the thermomechanical pro-
cessing of a Ti-6Al1-4V alloy on the intervariant boundary network
characteristics is investigated. To this end, the material was subjected to
different TMP sequences above the ( transus, followed by trans-
formation to martensite (at high cooling rate). Considering the f to o
transformation, the nucleated variant can be correlated to the parent
orientations being developed by the most active slip systems in the bcc
structured phases. Therefore, texture evolution during TMP is simulated
by a visco-plastic self-consistent (VPSC) model for active bcc slip sys-
tems [35,36]. Moreover, the simulated a” textures were analysed based
on experimental texture characteristics to define the influence of the
TMP route on the variant selection and grain boundary network in Ti
alloys. Finally, the grain boundary network characteristics were also
examined using the five-parameter grain boundary analysis approach
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Fig. 3. The calibrated (circles) stress—strain curves using the combination of (a) {110}<111> and {112}<111>, (b) {110}<111> and {123}<111>, (c) {112}<
111> and {123}<111> slip systems and their corresponding experimental stress-strain curves.

Table 2
Voce hardening parameters and velocity gradient for plane strain (rolling).

70 7 0o 01 Velocity gradient
{110}<111> 1 14.7 120 1.9 10 0
{112)<111> 1.5 6.9 80 1.1 00 0
{123}<111> 1.8 12 85 1.4 00 -1

along with triple junction classification as a function of intervariant
boundary type. The current findings enable us to uncover the potential
of TMP for grain boundary network engineering in Ti alloys.

2. Experimental procedure
2.1. Material

The as-received material comprised several 5.75 mm thick hot rolled
plates, having a composition close to the nominal Ti-6A1-4V alloy. The
as-hot rolled material contained both o and f§ phases (Fig. 1a), as
confirmed by XRD (Fig. 1b). Plane strain compression samples (with
dimensions 60 mm x 20 mm x 5 mm were cut from the as-received plate
where the 60 mm length was parallel to the rolling direction. The
samples were coated with glass-based coating (Acheson’s Deltaglaze FB-
412) to minimise oxidation at high temperatures. They were reheated to
the fully p-phase region at 1100 °C and held isothermally for 180 s
before being subjected to plane strain compression up to levels of 0, 0.3
and 1 at a strain rate of 0.1/s. Then, they were immediately water-
quenched to obtain a fully martensitic a” structure (see Routes A
through C in Fig. 1b). Route A corresponds to the martensitic Ti-6Al-4V
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Fig. 4. The basal and prismatic pole figures of the as received Ti-6Al-4V plate.
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Fig. 5. The bright field TEM observations of the martensitic microstructure obtained at different thermomechanical processing routes of (a) strain-free, (b) strain of

0.3 and (c) strain of 1.

sample formed in a strain-free condition, while the material experiences
strains of 0.3 and 1 for routes B and C, respectively. All the thermo-
mechanical schedules were conducted using a computer controlled
Servotest TMTS (servo-hydraulic deformation simulator) machine. It
should be mentioned that the strain of 0.6 was also conducted in the
current study. However, the obtained results at 0.6 strain were close to
the strain 1. Therefore, the data obtained for this TMP route was not
investigated further.

2.2. Microstructural characterization

The microstructures of the thermomechanically processed samples
were examined using electron backscatter diffraction (EBSD). However,
for a better quantitative characterization and a higher spatial resolution
of the developed microstructure (i.e., the very thin martensitic o’-laths)
in hot-deformed samples, a step size as small as 10 nm was needed. To
this end, the transmission Kikuchi diffraction (TKD) technique was used
to examine the microstructure of the samples. Two perpendicular cross-
sections, namely the rolling and normal direction (RD-ND section) and
the rolling and transverse direction (RD-TD section) were taken for
microstructure examination.

For transmission electron microscopy (TEM), a similar sample
preparation method was employed. The samples cut from both cross
sections were initially ground to a thickness of 120 pym and then punched
to make foils with a 3 mm diameter. The foils were further mechanically
ground to a thickness of ~50 pm followed by twin-jet electropolishing
using a solution containing 6% perchloric acid and 35% butoxy-
methanol and 64% methanol at a temperature of about —40 °C and a
voltage of 35 V. The EBSD measurements were conducted in a FEG
Quanta 3-D FEI SEM instrument using a 30 kV and 8 nA beam and an
Oxford Instruments TKD sample holder. TSL software was used to

acquire the EBSD data using a hexagonal grid. For each thermo-
mechanical condition multiple, EBSD scans, with area of 6 pm x 6 pm,
were performed with the step size of 10 nm (Table 1). The average
confidence index of the obtained EBSD scanes were between 0.3 and 0.4.
TSL OIM Analysis V6.1 software was used to perform to post-process the
EBSD data. A comprehensive cleaning procedure for the acquired data
was employed and then the boundary line traces/segments were
extracted to measure the intervariant boundary plane orientations
through a stereological approach, as described in Ref. [37]. As
mentioned, the TKD analysis was conducted on two perpendicular sec-
tions (RD-ND and RD-TD) of the samples to reduce the texture bias in the
distribution of intervariant boundary planes. More than 100,000
boundary segments were obtained for each thermomechanical condi-
tion, enabling a reliable calculation of the boundary plane orientation.
The measured EBSD area and the number of boundary segments are
summarised in Table 1 for each thermomechanical route.

2.2.1. Texture measurements

2.2.1.1. XRD analysis. A PANalytical X-ray diffractometer equipped
with Cu-K, radiation was used to measure the texture of the thermo-
mechanically processed samples. The voltage and the current values
were set at 40 kV and 30 nA, respectively. The constituent phases were
analysed using the point scan settings and the typical peaks corre-
sponding to the samples processed through different conditions, as
depicted in Figs. 1a and 2.

The texture measurements were conducted on the rolling direction
(RD)-transverse direction (TD) plane where TD was pointed towards the
X-ray source. Moreover, to compensate for the large p grain size ob-
tained during the heat treatment and consequently increase the statis-
tical liability of the texture measurements, a large sample size (i.e., 30
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Fig. 6. The TKD imaging of the martensitic microstructure obtained through
elaborating (a) no straining, (b) straining to 0.3, (c) straining to 1 and the
schematic illustration of the observed local variant combinations, (d) schematic
illustration of the martensitic lath clustering [21]. The colours are the orien-
tations referred to the normal direction. (For interpretation of the references to
colour in this figure legend, the reader is referred to the Web version of
this article.)

mm x 30 mm) was prepared for the analysis. Six pole figures, namely
(1010), (0002), (1011), (1012), (1013) and (1120), were
acquired satisfying the minimum representation of texture in hcp ma-
terials. A standard step size of 5° in tilt, 0-80°, and in azimuth 0-360°
with 6s count time at each location as well as stage oscillation, with 5
mm linear movement, was employed for each pole figure. The LaboTex®
software was used for post-processing of the XRD data files and the ODFs
were calculated by the Arbitrarily Defined Cells (ADC) algorithm while
applying orthorhombic sample symmetry.

2.2.1.2. Visco-plastic self-consistent (VPSC) modelling of texture evolution
of p titanium. The evolution of the P phase texture during thermo-
mechanical processing of the Ti-6Al-4V alloy at 1100 °C for strain levels
of 0.3 and 1 was simulated using the visco-plastic self-consistent (VPSC)
approach [36]. In this study, different combinations of 12 slip systems in
{110} (111)p, 12 slip systems in {211} (111) and 24 slip systems in
{123} <111>p were considered. The critical resolved shear stress
(CRSS) is described by the extended Voce hardening law [38]:

0= 1o -1%)) o

where I, 79, 71 69, 61 are the total accumulated shear in the grain, the
initial CRSS, the back-extrapolated CRSS, the initial hardening rate and
the asymptotic hardening rate, respectively.

The initial texture was assumed based on the high temperature
texture reported in earlier studies by our research group on the same
material [23]. To take account of the interaction of each grain with the
surrounding material on the texture prediction, tangent model based on
another study was elaborated [39]. In reference [39] the tangent model
provides the closest agreement in terms of texture components to the
experimental results (i.e., the best overall texture prediction). Takajo

Materials Science & Engineering A 822 (2021) 141665

et al. showed that at least two slip systems are required in VPSC simu-
lation to correctly predict texture evolution in bcc materials [39].

The Voce hardening parameters were chosen for each slip system
based on optimizing the fit between the experimental stress-strain curve
and the computed behavior in plane strain for different combinations of
slip modes (Fig. 3). Table 2 summarizes the four hardening parameters
for each slip system, adjusted to fit the measured stress-strain curve.

2.2.1.3. Forward calculation of transformation texture. The trans-
formation from parent p to daughter a phases (Ags-.,) in titanium alloys
occurs according to the Burgers OR [22,40]. Equation (2) describes the
mathematical calculation of the theoretical a texture from the f§ phase
texture after the phase transformation.

84i=T0;g, 2)

where g, is the orientation of the parent phase and gz represents the
daughter phase orientation. T is the transformation matrix, representing
the Burgers orientation relationship between the  and a phases. O;
represents the parent cubic phase symmetry operators, of which there 24
(proper operators). Interestingly, owing to the crystallographic orien-
tation relationship (i.e., Burgers OR), the O; and O;;; symmetry opera-
tors produce the same crystallographic variants; consequently each p
orientation transforms to 12 distinct a orientations or variants in the
absence of variant selection.

3. Results

The hot rolled material largely revealed strong a-phase peaks along
with weaker p phase peaks, as confirmed by the XRD measurement
(Fig. 1a). The texture of the as-rolled Ti-6A1-4V alloy was similar to the
typical textures expected from hot rolling of the alloy within the two
phase a+f region (~900-960 °C), and is known as the transverse texture
(T-texture) [9,41,42]. This was identified by a strong component
perpendicular to the rolling direction (RD) and parallel to the transverse
direction (TD) in the (0001), pole figure (the intensity is ~12 times
random, Fig. 4).

3.1. Microstructure and texture evolution

3.1.1. Microstructure

The microstructures that resulted from heat treatment route A (i.e.,
strain-free condition) and the thermomechanical routes of B (i.e., strain
of 0.3) and C (i.e., strain of 1) showed a fully martensitic structure with
fine laths having almost similar average sizes of 0.1 pm, 0.075 pm and
0.077 pm, respectively (Fig. 5). It should be mentioned that the thick-
ness of the samples were measured using the stereographic correction
for lath spacings obtained from the Channel5 software [43,44]. The
martensitic laths formed through the different thermomechanical routes
displayed a dense dislocation substructure along with twinned regions.
The dislocation structure increase with an increase in straining at high
temperature (Fig. 5). The martensite morphology for all routes was
similar, having a V-like and/or quadrilateral groupings of martensitic o
variants as the characteristic feature of the martensite in the Ti-6Al-4V
alloy (compare highlighted region in Fig. 6a—c and the already reported
data in Ref. [22]). The intersection of these variant arrangements largely
promoted the 63.26°/[1055 3], 60°/[1120] and 90°/[1 2.38 1.38 0]
intervariant boundaries (Fig. 6d). The horizontal lines within the TKD
maps are associated with small vibretions within the instrument envi-
ronment and needs to be considered as artifacts of the measurement.
Due to very limited population of these artifacts it can be considered that
they have a limited role on the grain boundary measurement.

3.1.2. Texture

The (000 1), and (101 0), pole figures for martensite produced
through different TMP routes (Fig. 7) showed two main texture
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Fig. 7. The (0001) pole figures and ¢$2 = 0° ODF section for the Ti-6A1-4V alloy samples subjected to different strains a) strain free, (b) 0.3, and c) 1.

Table 3
The relative intensity between the {90°, 30°, 0°}a’ and {90°, 90°, 0°}a’ com-
ponents for experimental and simulated pole figures.

Active slip system Strain free Strain Strain 1
. 0.3
Exper.  Sim.
Experimental 0.67 0.70 0.28 0.43
{110}<111> + {112}<111> - 0.66 0.55
{110}<111> + {123}<111> - - 0.68 0.57
{112}<111> + {123}<111> - - 0.69 0.44
{1103<111> + {112}<111> + {123}< - - 0.69 0.58

111>

components, namely the {90°, 90°, 0}, and {90°, 30°, 0}, for all TMP
conditions. These components and their corresponding intensities are
summarised in Table 3. It should be noted that the poles were plotted
within +5° of accuracy.

For the strain-free condition, the dominant orientation was the {90°,
90°, 0}  component having an intensity of ~4.5 times random in the
(0001), pole figure and ~2.2 in the corresponding ¢, = 0° section
(Fig. 7a). In addition, another peak was present 30° away from the
normal direction (ND) towards the RD. This was in accordance with the
{90°, 30°, 0} o+ component showing a similar intensity of ~3.0 times
random for the corresponding ¢, = 0° section (Fig. 7a). On the other
hand, the sample having undergone 0.3 strain showed a higher intensity
of ~7.1 MRD for {90°, 30°, 0}, and ~2.0 for {90°, 90°, 0}, components
(Fig. 7b). With an increase in the strain to 1, the (0001), texture showed
a strong {90°, 90°, 0} component with an intensity of ~15.1 MRD and
a weaker {90°, 30°, 0}, component with an intensity of ~6.5 MRD
(Fig. 7¢).

3.2. Grain boundary character distribution

3.2.1. The intervariant boundary distribution

The misorientation angle distribution of the martensite formed
through the different thermomechanical routes revealed four major
peaks around the positions of ~10°, 55-65° and ~90° (Fig. 8a). These
distributions were significantly different from what is expected from a
random distribution in a polycrystal not formed by transformation. The
misorientation axis corresponding to each misorientation angle peak
was clustered around those expected from the Burgers OR [21]. It should
be mentioned that no signs of misoreination angle/axis pairs corre-
sponding to compressive and tensile twins were observed within the
distribution. Although the misorientation angle and axis were similar for
all conditions, the fraction of boundaries with misorientations near 63°
peak increased with the strain.

Fig. 9 compares the theoretical fraction of the intervariant bound-
aries formed through the ideal Burgers OR with the experimental results.
Here, the theoretical distribution of intervariant boundaries is referred
to the calculated distribution considering no variant selection. Overall,
the distribution of intervariants deviated from those calculated for all
TMP conditions. The 63.26°/[10 5 5 3] and the 60°/[1 1 2 0] intervariant
boundaries had the highest and the second highest populations for all
TMP conditions, respectively. On the other hand, the 10.53°/[0 00 1]
intervariant had the lowest boundary fraction for all TMP conditions.
The fraction for the 63.26°/[10 5 5 3] intervariant boundary showed a
gradual increase with an increase in strain (i.e., 0.38, 0.42 and 0.43 of
the length fraction for the strain-free, 0.3 strain and 1 strain, respec-
tively). On the other hand, the 60°/[1 1 2 0] intervariant boundary had a
decreasing trend with strain, having 0.33, 0.30 and 0.29 of length
fraction for the strain-free, 0.3 strain and 1 strain, respectively. The
other intervariant boundary length fractions, naming 60.83°/
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martensite formed through different thermomechanical processing routes: (a) strain-free, (b) strain of 0.3 and (c) strain of 1. The dashed line is the representation of

the random distribution of the misorientation angle for the hexagonal material.

[1.37712.377 0.359] and 90°/[1 2.38 1.38 0], did not have a specific
trend with strain.

3.2.2. The intervariant boundary plane distribution

The relative areas of all boundary planes, without considering the
related misorientation of the boundaries, are depicted in a stereographic
projection view within a hexagonal crystal reference frame (Fig. 10).
The plot revealed an anisotropic distribution of martensite boundary
planes formed through all TMP conditions, having their maximum in-
tensities around the prismatic orientations along {1011} and {1 120}
boundary planes. Overall, the boundary plane distribution showed a
slight decrease in the intensity from ~2 MRD in the strain-free condition
to ~1.9 and ~1.8 MRD in the strains of 0.3 and 1, respectively. Similar
to the boundary plane distribution for the CP-Ti alloy [21], the distri-
bution minimum was located at the (000 1) orientation for all pro-
cessing routes (Fig. 10).

The boundary plane distribution was plotted on a stereographic
projection for each intervariant boundary associated with the Burgers
OR. The distributions were also compared with the corresponding
characteristic grain boundary plane distribution provided by Glo-
winski’s grain boundary toolbox software (Fig. 11) [45]. Overall, the

grain boundary plane distribution of a given intervariant boundary was
similar for all TMP conditions. However, the processing route signifi-
cantly influenced the maxima. For all processing routes, the population
of the 10.53°/[0 0 0 1] intervariant boundary was relatively low (i.e.,
~2%), and no maxima higher than 0.5 MRD was observed in the dis-
tribution. Therefore, the 10.53°/[0 0 0 1] intervariant boundary was not
further analysed in the current study. The distribution of intervariant
boundary planes with a misorientation of 60°/[1 1 2 0] showed a single
peak near the pyramidal (1101) plane for all processing routes.
However, the peak intensity for the strain-free condition was 370 MRD
(Fig. 11a), while it progressively dropped at the 0.3 and 1 strain values,
showing a maximum value of 349 MRD (Figs. 11b) and 294 MRD
(Fig. 11c), respectively. The peak at the (1101) orientation had the ideal
symmetric tilt boundary, also having 180°-twist and 180°-tilt character.
The boundary plane distribution for the 60.83°/[1.377 1 2.377 0.359]
intervariant boundary had a maximum near the (3210) plane with an
intensity of 24 MRD (Figs. 11d), 22 MRD (Fig. 11d-f) and 19 MRD
(Fig. 11d-f) for the strain-free, strain of 0.3 and strain of 1, respectively.
This boundary deviated by ~4° from the (5320) tilt boundary, which is
also within the experimental resolution (Fig. 11d-f). For the
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Fig. 9. The length fraction of the intervariant boundaries expected from the
Burgers orientation relationship in martensite formed through different ther-
momechanical routes (i.e., strain free, strain 0.3 and strain 1). The solid black
bar represents the theoretically calculated intervariant fractions, assuming the
variant formation has a similar statistical probability during the -«
transformation.

63.26°/[10 5 5 3] intervariant boundary, there was a peak close to the
(321 0) plane showing an intensity of 577 MRD, 678 MRD and 576
MRD for the strain-free (Fig. 11g), strain of 0.3 (Fig. 11h) and strain of 1
(Fig. 11i), respectively. The orientation had a quasi-symmetric tilt or
twist character (Fig. 11g-i). The intervariant plane distribution for the
90°/[1 2.38 1.38 0] had a diffuse maximum at the (17 17 0 18) plane
(near (1101) plane) with maximum intensities of 30 MRD, 38 MRD
and 34 MRD for the strain-free, strain of 0.3 and strain of 1, respectively.
This boundary plane orientation also had a twist and 180°-tilt character,
spreading between the (121 3) and (4 31 0) planes (Fig. 11).

3.3. Grain boundary network connectivity

The number fraction of different classes of triple junctions for all five
types of intervariant boundaries are displayed in Fig. 12 for the different
TMP conditions. The thermomechanical processing had a minimal effect
on the different triple junction classifications. Similar to the martensitic
Ti-6Al-4V sample at the strain-free condition, the deformed samples
had, around 10% of the triple junctions were made up entirely of either
60°/[1120] or 63.26°/[10 55 3] intervariant boundaries (i.e., class 3
triple junction). On the other hand, most triple junctions were in the

(a) B (b)
(1120)

(0001) (1010) (0001)
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class 1 category, meaning that the triple junctions had only one inter-
variant boundary type.

Based on the results obtained from boundary plane distributions
(Fig. 11), each intervariant boundary showed a single maximum (i.e.,
terminating by a specific plane orientation). In other words, the plane
orientation of 60°/[1120], 60.83°/[1.377 12.377 0.359], 63.26°/
[10553] and 90°/[1 2.38 1.38 0] are (1101), (5320), (3210) and
(11 01), respectively. This enables us to measure the average separa-
tion between intervarient boundary planes of the aforementioned planes
using corresponding intervariant boundary lattice misorientation
(Fig. 13). To measure the average separation between the intervariant
boundary planes, the given misorientation angle/axis of an intervariant
boundary was firstly filtered from the other intervariants and the mean
linear intercept distance between boundaries was measured. Except for
the 10.53°/[0 0 0 1] intervariant boundary, the application of strain
gradually decreased the spacing among a specific intervariant boundary.
In particular, the 63.26°/[10 5 5 3] intervaraint boundary had the most
dramatic decrease in the average separation with a ~50% reduction,
meaning that thermomechanical processing resulted in a dense network
of the highly populated 63.26°/[10 55 3] intervariant boundary (i.e.,
finer microstructure). It should be considered that the decrease in sep-
aration of the bounray planes with the strain level requires a higher
population density for the (321 0) boundary planes in the strain 1
compared to the strain 0.3 and strain-free samples. This is inconsstent
with the boundary plane population depicted in (Fig. 11g-i). This
inconsistency may require further 3D microstructure investigation to
analyse the average boundary plane separation for both strain levels.

4. Discussion

The microstructural observations revealed that TMP significantly
influences the overall texture (Fig. 7) but has a limited effect on the grain
boundary network characteristics (i.e., population, plane orientation
and connectivity, Fig. 12). The changes in the texture characteristics can
be associated with alteration of the parent f texture due to the defor-
mation and/or the preferred o variant nucleation on the active slip
systems operating within the deformed parent f§ phase (i.e., variant se-
lection). The latter is, to some extent, expected to change the grain
boundary network, which is not the case in the current study. Therefore,
the VPSC along with the forward-calculation approach was used to un-
derstand the extent of variant selection on the o’phase transformation
texture for the different TMP conditions. This can be used to explain the
grain boundary network characteristics for the different TMP
conditions.

4.1. Texture evolution and variant selection during thermomechanical
processing

The o texture characteristics in the strain-free condition are strongly

(©)

(1120) (1120)

(1010)  (0001) (1010)

3

00 02 04 06 08 10 12 14 16 18 20

MRD

Fig. 10. The distribution of grain boundary planes considering all grain boundaries irrespective of their lattice misorientation for (a) strain-free, (b) strain of 0.3 and

(c) strain of 1 conditions.
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Characteristic
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Route B Route C

60°[1120]

60.83°/
[T377 12.377 0.359]

]

0553

1

.- Twist
Tilt
Symmetric

63.26°/[
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Fig. 11. The distribution of grain boundary planes at a fixed misorientation related to the intervariant boundaries of martensite formed through different ther-
momechanical routes, plotted in stereographic projection in the hexagonal crystal frame.

influenced by the growth of existing § phase in the as-received condition
rather than the nucleation of new f grains from the as-received a phase
structure [40,46]. Here, deformation of the alloy in the § phase provides
a pronounced change in the qualitative characteristics of the overall o
texture, largely displaying both {90°, 30°, 0°}, and {90°, 90°, 0°}y
orientations in the (0001), pole figure (Fig. 7). The intensity of these
orientations is significantly influenced by the processing route influence
on the B phase. This means that the extent of slip system activity which
alters the texture characteristic of the bce structured parent phase plays
an important role in defining the transformed o texture [47]. Also, the
TMP treatment promotes defect structures within the parent § phase
(sub-grains, deformation bands, etc.), which can be regarded as poten-
tial sites for o’ nucleation. Therefore, the analysis of variant selection in
Ti-6A1-4V alloy requires an understanding of the role of texture and
defects developed during the TMP treatment in the f§ phase region. In
this regard, transformation texture modelling based on different active
bec slip systems was used to relate the a variant nucleation to parent
phase texture characteristics influenced by the slip system activity (i.e.,

variant selection mechanism).

The initial p microstructure consisted of 500 grains with equal size
and was artificially constructed to represent the high temperature p
overall texture (Fig. 14), similar to the experimental results reported
earlier by our group (i.e., consisting of a main component of {112}
<110 >p at {0°, 33°, 45°}; orientations in (110)y pole figure with an
overall intensity of ~4.1 MRD) [23]. It should be mentioned that the
visualization of the VPSC simulations were conducted with the Atex
software provided by Beausir [48]. The VPSC simulation was employed
to simulate the overall texture of f at different deformed conditions,
considering different combinations of preferred slip systems operating in
high temperature deformation, namely {110} <111 >4, {112}
<111 >3 and {123}y <111 > [49]. The simulated f texture was
employed to compute the overall transformed o texture using the
forward-calculation approach, assuming that each p grain transforms to
12 equally weighted distinct variants according to the Burgers OR (i.e.,
no variant selection).

The forward-calculation based on the Burgers OR shows that the
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Fig. 13. The average separation between intervariant boundary planes. The
(I101), (5320), (321 0) and (11 0 1) plane orientations correspond to 60°/
1120, 60.83°/[1.37712.3770.359], 63.26°/[1055 3] 90°/
[12.38 1.38 0], respectively.

and

characteristics of the overall a texture is closely related to the parent
texture for all operating slip system combinations, revealing {90°, 30°,
0°}y and {90°, 90°, 0°} orientations in the (0001), pole figure and the
¢, = 0° sections of the ODF (Figs. 15-18). It should be emphasized that
the magnitude of intensity change for each orientation was similar to the
corresponding (110)g pole (Fig. 15). To better understand the occur-
rence of variant selection, the relative intensities of the {90°, 90°, 0°}

10

and {90°, 30°, 0°}, components for both experimental and simulated
conditions were calculated and are given in Table 3. It should be noted
that the transformation texture in the simulated condition was calcu-
lated considering no preference for variant selection. In the case of the
strain-free condition, the relative intensity values were in close agree-
ment (i.e., 0.70 and 0.67 in simulated and experimental conditions,
respectively, Table 3), emphasizing that the simulation predicts very
well the overall transformation texture using the p parent orientation.
Obasi et al. [15], however, reported a preferred nucleation of o during
the transformation of p upon slow cooling, as coarse beta grains were
considered as the source of variant selection. However, the quantitative
analysis of the current research is more in line with the previous findings
[50], where minimal variant selection occurs with the coarse p grains
under fast cooling processes (i.e., martensitic transformation).
According to the calculated values in Table 3, the experimental strain
0.3 condition has a relative intensity value of ~0.28, while the simulated
texture showed higher values (i.e, 0.64-0.69) for all slip combination
conditions. At the strain 1 condition, the relative intensity between the
{90°, 90°, 0°} and {90°, 30°, 0°}, components of the simulated texture
reduces compared to the strain 0.3, but is still notably different from the
experimental condition (Fig. 7 and Table 3). The simulated trans-
formation textures reveal that the change in the activity of the operating
slip systems has an insignificant role on the overall texture character-
istics obtained for different TMP conditions of p phase (Figs. 15 and 16).
This agrees with the findings of Semiatin et al. [50] who showed that the
formed variants do not necessarily correlate with those of the highly
activated B-phase slip systems. The comparison with experimental o
textures reveals that the texture development during different TMP
conditions is qualitatively similar to the simulation results (Fig. 7).
However, the promotion of the {90°, 30°, 0°}, component at lower
strain (i.e., strain 0.3) and the {90°, 90°, 0° }, at higher strain (i.e., strain
1) is more pronounced in the experimental observations. This discrep-
ancy in the results can be linked to the formation of high dislocation
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Fig. 15. The (110) pole figures of the simulated p texture at the (a—d) strain of 0.3 and (e-f) strain of 1for different slip system combinations: (a and €) {110}<111>
+ {112}<111>, (b and f) {110}<111> + {123}<111>, (c and g) {112}<111> + {123}<111>, (d and h) {110}<111> + {112}<111> + {123}<111>.
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.

Fig. 16. The ¢, = 45° Sections of the simulated p texture at the (a—d) strain of 0.3 and (e-f) strain of 1for different slip system combinations: (a and e) {110}<111>
+ {112}<111>, (b and f) {110}<111> + {123}<111>, (c and g) {112}<111> + {123}<111>, (d and h) {110}<111> + {112}<111> + {123}<111>.
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Fig. 17. The (0001) pole figures of the forward calculated « texture at the (a—d) strain of 0.3 and (e—f) strain of 1 for different slip system combinations: (a and e)
{110}<111> + {112}<111>, (b and f) {110}<111> + {123}<111>, (c and g) {112}<111> + {123}<111>, (d and h) {110}<111> + {112}<111> +
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Fig. 18. The ¢, = 0° Sections of the forward calculated o texture at the (a-d) strain of 0.3 and (e-f) strain of 1for different slip system combinations: (a and e)
{110}<111> + {112}<111>, (b and f) {110}<111> + {123}<111>, (c and g) {112}<111> + {123}<111>, (d and h) {110}<111> + {112}<111> +

{123}<111>.

density sites and lattice perturbations during TMP of the p phase,  the Burgers OR, meaning that slip on a system like (110)4[111]s can
influencing the nucleation of the o variants [47,51-53]. In general, the promote (0002),/2110], variants. Besides, the Burgers OR is defined by

o variants that have habit planes parallel or nearly parallel to the
dislocation line are known to be favoured to nucleate and grow along the
dislocation line, while variants with habit planes perpendicular to the
dislocation line tend to grow into smaller laths [14,54]. The {110} <
111 > slip system, for example, defines the § planes and directions of

the shear movement of atoms on the {112} planes and < 111 >3 di-
rections [10], enforcing parallelism between the (1010), and (112)p
interfaces during the transformation. These planes correspond to the
terraces of the broad face of the a variant, meaning that a particular
{112} < 111 > slip system can also promote specific « variant/s (i.e.,

12
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variant selection). Therefore, the promotion of the {90°, 30°, 0°}, and
{90°, 90°, 0°}y can be clearly attributed to the variant selection influ-
enced by the defects formed along the active slip systems during the
TMP treatment.

4.2. The role of TMP on the intervariant boundary network development
in Ti-6Al-4V alloy

The overall texture is known to alter the grain boundary network in
polycrystalline materials [55-57]. Despite a significant change in the
transformed texture characteristics during thermomechanical process-
ing in the current study (Fig. 7), the grain boundary network displays
very limited changes with strain (Fig. 12). The enhancement of the {90°,
90°, 0} and {90°, 30°, 0}, components is expected to increase the
intersection of these variants during the transformation, leading to the
promotion of the 60°/[1120] intervariant boundaries. However, this
contradicts the current observation, as the length fraction of 60°/[1120]
intervariant boundary gradually decreases with increasing strain
(Fig. 9). By contrast, the 63.26°/[10 5 5 3] intervariant boundary pop-
ulation progressively increases with deformation, based on the disori-
entation distirbutions in Fig. 8.

In the strain-free condition, it is well known that a local variant se-
lection takes place during the martensitic transformation in Ti-6Al-4V,
promoting quadrilateral and/or V shape variant arrangement to mini-
mise the transformation strain/energy [21]. This largely leads to the
promotion of the 63.26°/[10 5 5 3], 60°/[1120] and 90°/[1 2.38 1.38 0]
intervariant boundaries (Fig. 6d). The current result, therefore, suggests
that the local variant arrangement (i.e., quadrilateral and/or V shape) is
not specifically affected by the strain (Figs. 5 and 6), although the
deformation of the B phase promotes similar quadrilateral variant
clusters, consisting of variant/s having {90°, 90°, 0}, and/or {90°, 30°,
0}, orientations to minimise strain associated with both deformation
and transformation. In other words, the shear occurring during the
martenstic transformation of p-to-a” for different deformation conditions
still leads to local quadrilateral and/or V shape variant clusters, pro-
moting similar triple junction arrangements (i.e., similar grain boundary
network, Fig. 12).

In addition, the intervariant boundary plane distributions are qual-
itatively similar for all thermomechanical conditions, suggesting that
the strain does not alter the grain boundary plane for a given lattice
misorientation (Figs. 10 and 11). They are largely related to the crys-
tallographic constraints associated with the Burgers OR rather than a
low energy interface configuration, as demonstrated in our earlier works
[20-22]. There is one exception related to 60°/ [1150} terminated at
(1101) having a low energy configuration. Interestingly, the intensity of
the (1101) peak progressively decreases with strain (Fig. 11 a-c), which
is closely related to its population trend for the different TMP conditions
(Fig. 9). On the other hand, the spacing between the intervariant planes
(Fig. 13), regardless of the character, is being reduced by higher TMP
strains, indicating the possible formation of a dense network of bound-
ary planes during thermomechanical processing of the Ti-6A1-4V alloy.

The findings presented in this study reveal that the TMP processing
conditions can be influential in changing the overall texture character-
istics of the martensitic Ti through promoting variant selection on spe-
cific slip systems. However, the grain boundary network characteristics
are purely controlled by the crystallographic strains associated with the
phase transformation. This means that the main factor in defining the
grain boundary network in martensitic Ti is the promotion of local
variant selection by the transformation strain. This important finding
provides a path to control the grain boundary network during the TMP
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treatment of Ti alloys, as it controls the material property performance.

5. Conclusion

The characteristics of the martensite intervariant boundary network
produced by the thermomechanical processing of a Ti-6Al-4V alloy
were investigated by conventional EBSD mapping along with five-
parameter analysis of the boundary data. Moreover, the extent of
variant selection occurring during the thermomechanical processing of
Ti-6A1-4V and the subsequent f—a” transformation was examined using
VPSC simulation and forward calculation of the transformation texture.
The following are the most important findings:

1) The results from the simulation, when compared to the observations,
suggest that the & transformed texture was influenced by both the
deformed p parent texture and variant selection.

2) Thermomechanical processing changed the grain boundary misori-
entation angle distribution in only a limited way. The highest frac-
tion of the boundaries was associated with the 63.26°/[10553]
misorientation, which increased with the strain level. This was in
accordance with the quadrilateral and/or V like variant combina-
tions observed in the martensitic microstructure.
The boundary plane distribution associated with different thermo-
mechanical processing regimes showed similar boundary plane ori-
entations for all misorientations. The employment of higher strain
levels resulted into a decreased fraction of the lower energy (110 1)
interfaces associated with the symmetric tilt 60°/[1 1 2 0] intervar-
iant boundaries.
The grain boundary network (i.e., triple junction arrangement)
largely remained similar for all thermomechanical conditions, as the
quadrilateral and/or V shape variant arrangement was a dominant
feature for all microstructures produced through the different TMP
routes. In other words, the elastic interactions of the variants during
the martensitic transformation was the dominant parameter
affecting the grain boundary network, despite the presence of variant
selection due to the strain.
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