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Abstract: The crystallographic orientation and texture evolution mechanism of equiaxed Ti60 alloy
plates were investigated in this study through plane strain compression tests. The EBSD analysis
revealed that the received plate contained two characteristic textures that were perpendicular to each
other, i.e., c-axis/ /TD (Component 1) and c-axis/ /RD (Component 2), with the latter being caused by
the change in direction of the TD texture that was generated during the previous unidirectional rolling
process into an RD direction in the cross-rolling process. The results demonstrated that, with increas-
ing the deformation temperature from 930 °C to 960 °C and 990 °C, the intensity of the c-axis//TD
texture (Component 1) initially rose to a peak value of 5.07, which then—subsequently—decreased
significantly to 2.96 at 960 °C and 3.11 at 990 °C. Conversely, the intensity of the c-axis//RD texture
(Component 2) remained relatively unchanged. These texture changes were correlated with slip
system activity and the spheroidization of the primary alpha phase. For the c-axis//TD texture,
the initial intensity of the texture components during compression at lower temperatures could be
attributed to the incomplete dynamic spheroidization process of the « phase, which leads to the
reinforcement of the c-axis//TD due to prismatic slip. As the deformation temperature increased, the
dynamic spheroidization process became more prominent, thereby leading to a significant reduction
in the intensity of the c-axis//TD texture. In contrast, the c-axis//RD texture exhibited difficulty in
activating the prismatic slip and basal slip; in addition, it also encountered resistance to dynamic
spheroidization, thus resulting in negligible changes in the texture intensity.

Keywords: Ti60 alloy; plane strain compression; texture; slip deformation; dynamic spheroidization

1. Introduction

Near-« titanium alloys are extensively used in jet engines as compressor discs and
blades because of their light weight, as well as their superior fatigue and creep properties,
at elevated temperatures of up to 600 °C [1,2]. The high-temperature performance of Ti60
alloy is closely related to its composition, hot working capabilities, and heat treatment
progression [1,3,4]. In recent decades, a large amount of research has focused on the effect
of hot working and heat treatment on the microstructures and properties of the bars and
forgings of near-« titanium alloys [3-5]. Therefore, the thermomechanical processing route
of titanium alloys determines its microstructures and crystallographic texture, and it must
be controlled to achieve the optimum combination of mechanical properties [5-10].

In recent years, there has been extensive research on the microstructure evolution
and slip deformation mechanisms of titanium alloys during deformation [11-16]. Re-
searchers have found that due to the HCP structure of « grains, prismatic slip and basal
slip systems are more likely to be activated than pyramidal <c+a> slip systems during the
hot compression process, which will lead to the development of a texture with specific
orientations (particularly with respect to the c-axis//TD texture during the plate rolling
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processes [7,17,18]). The evolution of textures during rolling processes has a significant
impact on their performance. Scholars have begun to focus on the influence of factors
such as temperature, strain rate, and the strain on texture formation to further enhance
the performance of plates [19-22]. Wu et al. [19] conducted hot compression experiments
on the Ti55531 alloy in the dual-phase region. They found that the texture intensity ini-
tially decreased and then increased with increasing deformation, and they explained these
phenomena through deformation heat, dynamic phase transformation, and other mech-
anisms. Li et al. [20] found that the mechanical performance anisotropy was related to
factors such as the T-type texture effects on Schmid factor distribution and dislocation slips.
Sahoo et al. [21] discovered that unidirectional and multi-directional rolling affects the
texture evolution of pure titanium plates, with basal textures being dominant. Therefore,
different rolling methods have resulted in different basal or transverse texture components,
thus weakening the texture intensity. These studies provide valuable insights into the plate
rolling processes for titanium alloys, thereby emphasizing the profound research value of
various process parameters for Ti60 plates.

Additionally, in the thermal processing and heat treatment of titanium alloys, pro-
cesses such as holding, deformation, and cooling are commonly encountered. These
processes involve the initiation of slip systems, spheroidization, etc., and they also signifi-
cantly affect the formation and evolution of microstructural textures [22-28]. For instance,
Wang et al. [26] employed a crystal plasticity model to analyze non-uniform deformation
and orientation evolution during the compression of a TA15 alloy, and they also explained
the non-uniform grain spheroidization behavior from the perspective of crystal orientation
angles and the linked orientation spreading to the activation of slip systems, dynamic
spheroidization, and other microstructural phenomena. Xu et al. [27] used various heat
treatment methods on dual-phase titanium alloys to describe how grain boundary sepa-
ration is a transformation process from low-angle grain boundaries to high-angle grain
boundaries, which then proceeds to separation. The rolling process of equiaxed structure
plates involves the dynamic spheroidization of « laths, a phenomenon known as dynamic
spheroidization during rolling. The mechanism typically involves sub-boundaries converg-
ing along the transverse boundaries of the « laths, which is followed by the diffusion of
the f phase into the transverse interfaces, thereby forming thermally induced grooves. In
the final stage of dynamic spheroidization, interface separation occurs, thus leading to the
fragmentation of the laths and the formation of equiaxed « grains [28]. The above findings
mean that there is a better understanding of the orientation evolution of titanium alloys
in thermal processing. In particular, the regulation of the texture of Ti60 plates is crucial
and significantly affects the mechanical properties of the plates. The objective of this paper
was to investigate the crystal orientation and texture evolution mechanisms in equiaxed
Ti60 alloys during the cross-rolling process under different temperature conditions. While
there has been extensive discussion on the slip behavior and spheroidization mechanisms
of lamellar structures during deformation, research in the field of cross-rolling for plates,
especially for equiaxed Ti60 alloys, is relatively lacking. Therefore, this study helps to
reveal the crystal orientation and texture evolution mechanism of equiaxed Ti60 alloy plates
during the rolling process, and it can also provide possibilities for obtaining reasonable
processing temperature conditions. In this study, we discussed the difference in the texture
evolution of the primary «-phase and secondary o-phase under different temperature
conditions; in addition, the texture weaking and evolutions of typical texture components
have also been reasonably analyzed. Moreover, we applied plane strain compression to
simulate the rolling process, which is an excellent method to simulate the plate rolling
process. Compared to uniaxial compression, plane strain compression is a more suitable
deformation method. It is commonly used for predictive research on the rolling process
because the rolling process is, in actuality, a plane strain state. The plate is subjected to
compressive stress that is parallel to the compression direction, and the shear stress is
parallel to the rolling direction without being subjected to external force in the transverse di-
rection, which is completely different from the stress state of uniaxial compression process.
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In addition, compared to actual rolling production, the use of plane strain compression
experiments greatly reduces research costs, and the results can provide valuable insights
for optimizing the parameters in the processing of near-« titanium alloy plates.

2. Materials and Experiments

The original material used in this study was derived from a Ti60 plate that underwent
unidirectional rolling in the a+{3 dual-phase region, which was followed by a subsequent
cross-rolling process. The above two processes were the processing history of the original
material. The plane strain compression experiment in this paper was conducted to simulate
the second cross-rolling process on the original material (the detail of the processes is
shown in Figure 1). The nominal composition of the alloy was Ti-5.7Al-45n-3.5Zr-0.4Mo-
0.45i-0.4Nd-1Ta-0.05C. The initial microstructure of the plate was equiaxed, and the 3
transformation temperature was around 1040 °C. To ensure uniformity in the microstruc-
tures of the samples, the samples were selected from the same positions of the Ti60 plate.
The sample dimensions were 20 mm x 15 mm X 10 mm. Prior to the compression experi-
ments, the samples were polished to minimize the influence of friction during compression.
The samples were heated to 930 °C, 960 °C, and 990 °C at a heating rate of 5 °C/s (which
was held for 5 min). After the holding period, compression was carried out at a strain
rate of 1 s~! with a deformation of 50%. Since this compression experiment simulates the
second cross-rolling process, the compression direction was in a normal direction (ND), and
the angle between the first cross-rolling direction and the second rolling direction (RD) was
90°. The samples were air-cooled after the compression. A schematic of the compression
process and the EBSD observation area are shown in Figure 2.

Unidirectional rolling Cross rolling Plane strain compression

Ti60

O

Figure 1. Schematic diagram of the unidirectional, cross-rolling process and plane strain compression.

Upper die ND T

Specimen RD  / ’I/
= AN
TD/ ' SEM, EBSD
Lower die Sample

Figure 2. Schematic diagram of the compression process, as well as of the SEM and EBSD observation
areas.

The samples taken from the central region of the compression area were collected for
microstructure characterization using a scanning electron microscope (SEM). More detailed
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crystal orientation information was collected using electron backscatter diffraction (EBSD)
for the texture analysis. For both the SEM and EBSD analyses, all of the samples underwent
sanding with 2000-P abrasive papers and mechanical polishing using SiO, polishing liquid.
The samples for SEM imaging were etched using Kroll’s reagent (2% HF, 6% HNOs3, and
92% H,0). The EBSD samples were then electro-polished in a solution of 5% perchloric
acid, 35% butanol, and 60% methanol at approximately —30 °C. The EBSD analysis was
conducted with a step size of 1 pm on a Tescan Mira 3 scanning electron microscope.
As for the EBSD treatment in this study, a cleaning procedure was used to optimize the
quality of the orientation maps. To further analyze the different microstructures in the
material, primary o () grains were separated from the secondary « (as) grains using
optical images captured from the corresponding EBSD scan areas, and this was based on
the morphological differences between the oy, and s grains. Additionally, the different
typical textures corresponding to specific grains were distinguished by selecting PF-specific
regions, and these were then subjected to statistical analysis.

3. Results and Analysis
3.1. Microstructure Characterization

The original microstructure of the initial plate and the samples after compression at
different temperature conditions are depicted in Figure 3. It can be observed that varying
the processing temperature did not significantly alter the microstructure type. Due to the
phase content of the 3 phase being very low in Ti60 alloys (i.e., less than 1%), it appeared
in the primary o-phase and transformed -phase (3¢) after compression.

Elongéied @ phase Equiaxed o rph'aée. :

g

Secondary e phase

Primary o phase il g /
0T m —Sedondary o phase:,. ' m

Figure 3. SEM microstructural images under different conditions: (a) original; (b) 930 °C; (c) 960 °C;

carmiy El&ngated @ phase

(d) 990 °C; and (e) new grain boundaries at a higher magnification.

The statistical results of the phase constitution and the average size of the phase
under different conditions were obtained through Image-Pro Plus (IPP) 6.0 software, as
respectively shown in Table 1. As the processing temperature increased, the volume fraction
of the primary o-phase decreased from 68.1% to 52.3%. This was due to the fact that, during
the isothermal stage of the plane compression in the dual-phase region, the primary o-
phase underwent a phase transition toward the {3 phase, thus resulting in varying degrees
of dissolution [29].
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Table 1. Phase constitution and the average size of the phase under different conditions.
Samples op (vol%) Bt (vol%) op (um) Aspect Ratio of o
Original 71.4 28.6 29.5 1.6
930 °C 68.1 31.9 27.8 2.3
960 °C 59.0 41.0 26.1 2.6
990 °C 52.3 47.7 249 2.8

Since the initial plate had undergone multiple rolling processes, the original mi-
crostructure contained equiaxed and elongated morphologies of the primary a-phase,
which was caused by the rolling procession and the o lamellar presenting a short rod
shape (Figure 3a). In addition, the aspect ratio of the grains increased while the number of
equiaxed « phase grains decreased, with most grains appearing flattened in the microstruc-
ture after deformation. The secondary a-phase precipitated from the 3 phase during the
cooling process appeared thinner than the original microstructure, and this was found
to be related to the cooling rate. At 930 °C, the primary x-phase grains were relatively
dissolved when compared to the original microstructure, and the average grain size was
about 27.8 um (Figure 3b). At 960 °C, the content of the primary x-phase decreased, and the
average grain size further reduced to about 26.1 pm (Figure 3c). When the processing tem-
perature was 990 °C, which was closer to the phase transition temperature, the dissolution
of the primary «-phase was more pronounced and the volume fraction decreased to 52.3%.
The proportion of the equiaxed morphology decreased, and the average grain size was
smaller than at lower temperatures (Figure 3d). Additionally, by comparing the primary
« grains with larger aspect ratios, it could be observed that the new grain boundaries
perpendicular to the elongation direction were formed after compression under higher
temperature conditions, such as 960 °C and 990 °C (Figure 3c—e).

3.2. EBSD Analysis of the Orientation and Texture Evolution
3.2.1. Characterization of the Typical Texture

The inverse pole figure (IPF) and pole figure obtained are shown in Figure 4. Two
predominant crystal orientation textures were observed. They were characterized as
having the c-axis//TD (Component 1 texture) and c-axis//RD (Component 2 texture).
The presence of these two texture types in the original microstructure resulted from the
initial rolling process. During the cross-rolling process, the formation of Component 1
with c-axis//TD [30] was observed. Meanwhile, Component 2 was found to be caused
by the change in direction of the TD texture, which was generated during the previous
unidirectional rolling process into the RD direction and was retained in the cross-rolling
process. Consequently, the combination of unidirectional rolling and cross-rolling processes
led to two different types of textures with mutually perpendicular orientations.

The plane strain compression experiment was conducted to simulate the secondary
cross-rolling of the initial plate. Following this, crystal orientation information under
different temperature conditions was obtained. Under these different conditions, TD-IPF
and Kernel average misorientation (KAM) maps and pole figures were constructed, as
shown in Figure 4. It should be noted that, for ease of comparison with the pole figures of
the classic direction of the plate in the literature, the normal direction of the TD in the pole
figures in this paper was adjusted from the center to be vertically upward. The detailed
coordinates of the adjusted pole figures are indicated on the right side of the figures for
reference. Additionally, it can be observed that some of the grains exhibited a significant
c-axis//TD crystal orientation distribution. The distinguishing feature was found to be
the precise c-axis/ /TD orientation (indicated in red) and the presence of slightly deviated
similar orientations (indicated in pink). By comparing the original microstructure and the
three different processing temperature microstructures shown in the pole figures (where
the pole figure coordinate system corresponds to the cross-rolling coordinate system), it
was found that none of the four conditions showed the presence of the basal texture with
c-axis/ /ND orientation (Figure 4). This suggested that the formation of a basal texture
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was not favorable in this material during the simulated plate rolling, and it was also found
that the original microstructure and different temperature conditions exhibited the same
texture types. When examining the distribution in the pole figures, the orientation of the
grains in the original microstructure was more scattered (Figure 4a), thus indicating the
presence of both Component 1 and Component 2 textures but with relatively low intensity.
In the microstructures observed under 930 °C conditions, the distribution of the crystal
orientations was more focused on TD (Figure 4b). Additionally, it was observed that the
intensity of the Component 1 texture relative to the Component 2 texture increased. When
comparing the maximum values in the pole figures (Figure 4), it was found that when
the compression temperature was 930 °C, the maximum values were higher than in the
original microstructure and in the other two compression temperature conditions. Under
the 960 °C and 990 °C conditions, the orientation distribution in the pole figures became
more dispersed and uniform than under 930 °C conditions. This phenomenon indicated
that there are evident differences in the intensity of a texture under different compression
temperature conditions.

{0001} - Ti-Hex {11-20} - Ti-Hex

TD.
Component 1

ent 2

{0001} - Ti-Hex

{11-20} - Ti-Hex

TD
{0001} - Ti-Hex {11-20} - Ti-Hex
™ ND
" Q 10?0
{0001} - Ti-Hex {11-20} - Ti-Hex
| 1D
Y 0001 2110
: 4 Kernel Aver. Misorient.
) 0 °] 5
. [

Figure 4. The inverse pole figure, KAM figure, and pole figure maps of the microstructures under
different conditions: (a) the initial temperature; (b) 930 °C; (c) 960 °C; and (d) 990 °C.

3.2.2. Textures of the &}, Grain and o Lamellar Microstructures

There were differences found in the o, volume fraction of the dual-phase components
under various processing temperature conditions. Therefore, it was essential to investigate
the behavior of the texture evolution in the primary and secondary a-phases during plane
strain compression simulations. By utilizing Aztec Crystal 2.1 software, specific regions
in the IPF maps that closely approximated the overall crystal orientation distribution
were selected to differentiate between the primary x-phase and the secondary «-phase. A
comparative analysis of the IPF maps and KAM maps for different phases was conducted,
as shown in Figure 5. It was observed in the IPF map of the original microstructure that the
grains of the secondary o-phase exhibited a dispersed orientation distribution without any
clear orientation concentration (Figure 5b). This was due to the prior 3-phase also having
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been affected by the compression as its grain orientation was dispersed. The orientation of
the secondary «-phase might be attributed to the variant selection that was influenced by
the prior 3-phase and the primary a-phase during the cooling process after compression;
in addition, the content of the (3 phase at different temperatures was also related [31].
Moreover, Figure 5c,d show the alloy’s KAM maps of the primary and secondary a-phases.
It can be observed that most of the grains in the primary a-phase had high dislocation
density. There are also a few grains with low dislocation density, thereby indicating that
such grains are less prone to deformation during the compression process. As for grains
in the secondary «-phase, there is generally a lower dislocation density inside the grains,
which is because the secondary «-phase precipitates from the prior 3-phase during the
cooling process. The dislocation density of these grains was minimally affected by the
compression process.

D

1070

0001 2110

ﬂ Kernel Aver. Misorient.

10 [°] 5

Figure 5. Inverse pole figure map of the (a) primary x-phase «p; (b) secondary a-phase os; KAM
maps of (c) primary «-phase ap; and (d) secondary «-phase as.

The pole figures corresponding to the original microstructure and the microstructure
obtained after compression at 930 °C are depicted in Figure 6. The pole figure for the
primary x-phase closely matched the overall pole figure distribution, while the pole figure
for the secondary o-phase lacked any significant orientation concentration as the grain
orientation distribution was more scattered. In observing the plane strain compression
results at 930 °C conditions, it was evident that the maximum intensity of the pole figure for
the primary o-phase significantly increased and surpassed the maximum intensity of the
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(a) 0001 =R

pole figure for the secondary x-phase; in addition, it also resembled the characteristics of the
pole figure for the entire microstructure. The morphological characteristics of the primary
a-phase, the proportion of the phase composition, the crystal orientation transitions, etc.,
were closely associated with the texture that was produced during rolling, as well as with
the macroscopic material performance.

{11-20} - Ti-Hex (c) {0001} - Ti-Hex {11-20) - Ti-Hex
D D

(b) {ooo1T}D- Ti-Hex

Initial

TD
RD
5.00
{11-20} - Ti-Hex (d) {0001} - Ti-Hex {11-20} - Ti-Hex
TD D TD
0.00
RD

{10-10} - Ti-Hex

930°C 960°C 990°C

.

Figure 6. Pole figure maps of both the original and compression microstructures: original pole figure
map of (a) the primary a-phase oy and (b) secondary a-phase «s. A 930 °C pole figure map of
(c) the primary «-phase «p; (d) secondary «-phase os; and (e) the primary a-phase under different
compression temperatures at the initial temperature, 930 °C, 960 °C, and 990 °C.

After undergoing the compression processes at different temperatures, the primary
a-phase exhibited a trend of dispersion as the temperature increased to 960 and 990 °C, as
shown in the <0001> pole figure (Figure 4). This phenomenon was particularly evident in
Regions A and B of the <1010> pole figure (Figure 6e). Based on these observations, it is
believed that the dispersion of the primary x-phase orientation may result from the change
in microstructures during the deformation processes as the temperature increases.

The texture index was considered for estimating the scattering of the pole figure.
We defined the ratio of the texture intensity after the elimination of background ghost
at the standard position to the maximum scale of the pole figure as the texture index,
as shown in Table 2. A higher texture index implies a more concentrated orientation
distribution within the microstructure. Upon further comparison of the texture index
changes under different conditions, it was evident that for both the primary x-phase
and the secondary «-phase, the texture index was highest at 930 °C and decreased as
the temperature rose. Moreover, the texture index of the primary «-phase was found
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to be clearly higher than that of the secondary a-phase and the entire process. This
observation suggested that, after undergoing the plane strain compression process, certain
grain orientations become concentrated in specific directions during compression at 930 °C
conditions. In contrast, the changes in the texture index of the pole figures under the
960 °C and 990 °C compression conditions were found to be relatively small. Accordingtoa
previous study on the spheroidization process of Ti-55511 alloy during hot compression [32],
the grain orientation changes in the temperature range of 960-990 °C are due to the possible
spheroidization process, which offsets the increase in the texture intensity caused by
deformation. Thus, the change in texture intensity during simulated compression might be
influenced by the synergistic effect of spheroidization and deformation. In considering the
trends in the maximum intensity of the overall pole figures, it can be inferred that the study
of the changes in the intensity of different texture types may help explain the variations in
microstructures under different compression temperatures.

Table 2. Texture index of the entire compositon, &, and as under different compression temperatures:
the initial temperature, 930 °C, 960 °C, and 990 °C.

Temperature/°C Entire Composition op Phase os Phase
Original 0.53 1.17 0.61
930 °C 1.01 1.51 0.96
960 °C 0.59 1.14 0.83
990 °C 0.62 0.98 0.81

3.2.3. Texture Evolution of o during Plane Strain Compressions

Considering that there was mainly the primary a-phase in the microstructures of the
experimental materials, as has been found in previous analyses, it can be considered that the
primary «-phase plays a dominant role in microstructure evolution during compression. To
investigate the specific intensity of the Component 1 and 2 textures in the primary «-phase
in the original and different processing temperature conditions, we distinguished the grains
with these two texture components and obtained the misorientation of the different types
of grains. The grains with the corresponding orientations could be identified by selecting
the region containing the concentration points of the two orientations in the pole figure.
Since the texture intensity can be approximated by the volume fraction of particles with the
same orientation, the image pixel statistics from Image-Pro Plus (IPP) 6.0 software were
used to determine the percentage of the pixels of particles with the c-axis parallel to the TD
and RD directions throughout the scan area.

The statistical data indicated that both the Component 1 and 2 textures coexisted in the
initial microstructure but with varying intensity, as illustrated in Figure 7a. The PF maps
of the two ideal components are shown in Figure 7b,c. Combined with the analysis of the
formation of Component 1 and 2 (which was mentioned in Section 3.2.1), it can be inferred
that, during the initial rolling process, a certain intensity of the Component 1 (Figure 7b)
texture was obtained through the cross-rolling process, while the Component 2 texture
(Figure 7c) that was formed during the unidirectional rolling process was retained. When
comparing the statistical results of the original microstructures with the microstructures
after plane strain compression, the changes in the percentage of pixels in the Component 1
texture corresponded well with the earlier observations regarding the maximum values
in the pole figures. Specifically, these values were found to be significantly increased
after compression at 930 °C, whereas they were decreased after compression at 960 °C
and 990 °C (which are conditions approaching the levels of the initial microstructure).
Regarding the Component 2 texture, the statistics exhibited minor fluctuations under
different temperature conditions during the compression process, but these fluctuations
were not significantly different from the initial microstructure.
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Figure 7. (a) Percentages of the texture components under different compression temperatures: the
initial temperature, 930 °C, 960 °C, and 990 °C. PF maps of the ideal texture component: (b) the
<0001>//TD texture and (c) the <0001>//RD texture.

3.3. Analysis of Slip Deformation Behavior

To investigate the reasons underlying the differences in the pixel changes in these
texture types during compression at different temperatures, the influences of the grain
slip deformation and dynamic spheroidization mechanisms on the crystallographic ori-
entation changes were analyzed during the compression process. The o,-IPF maps and
KAM maps of the initial temperature and 930 °C compression conditions are shown in
Figure 8. In the deformation process during forging or rolling, the grain orientation changes
were often closely related to the slip rotation processes. From the oy, phase IPF map of
the initial microstructure, circled in Figure 8a, it could be found that most of the nearly
equiaxed grains contained few sub-boundaries or almost no discernible sub-boundaries,
thus indicating that these grains had undergone limited deformation [33]. However, for
the grains with a higher aspect ratio that had been flattened, there was an increase in the
number of sub-boundaries within these grains along with some instances of grain boundary
separation and grain fracturing. In the microstructure after compression at 930 °C, most
of the grains were noticeably flattened, and a significant increase in the number of sub-
boundaries was observed within some of the grains, circled in Figure 8. Furthermore, grain
boundary separations were more prevalent. It can be clearly observed from the KAM maps
(Figure 8c,d) that when there were many sub-boundaries inside the grains, the dislocation
density of the grains was higher. On the contrary, if there were grain boundary separations
inside the grains, the dislocation density decreased. By distinguishing the grains with
different orientations using color differences in the IPF map, it was apparent that the grains
oriented with c-axis//RD (shown as blue in the TD-IPF) exhibited fewer sub-boundaries
and predominantly equiaxed grain morphologies. This suggests that this type of grain is
less prone to deformation during the compression process and accumulates less internal
energy compared to grains with the c-axis//TD orientation, thus demonstrating significant
differences in their characteristics [7].
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Figure 8. Inverse pole figure maps of the primary «-phase ap of (a) the initial temperature and
(b) 930 °C. KAM maps of the primary x-phase «p of (c) the initial temperature and (d) 930 °C.

In order to understand the significant change in texture intensity during compres-
sion at 930 °C, more detailed EBSD scans were performed on the microstructure at these
conditions. The focus was on the two types of grains, A and B, which have Component 1
texture orientations. The IPF map and KAM map of the characteristic grains are shown in
Figure 9. From Figure 9a,b, it can be observed that not all flattened grains had a significant
number of sub-boundaries or exhibited fracturing. Moreover, the KAM map shows that the
misorientation density of Grain A was evidently lower than Grain B. (Figure 9¢c) Grains A
and B both belonged to Component 1, but the mechanisms leading to their current orienta-
tions differed. Grain A exhibited a flattened shape with only a few sub-boundaries, thereby
indicating that it experienced minimal deformation during the compression process. This
phenomenon might be related to the crystal orientation of Grain A, and it could be inferred
that the basal Schmid factor for Grain A was close to zero (thus making basal slips unlikely)
with the prismatic slip being the primary mode. This implies that a prismatic slip in Grain
A can only cause a rotation of its crystallographic orientation around the c-axis without
significantly altering the c-axis direction [34]. Based on a comprehensive analysis of its
deformation history, it can be deduced that the c-axis orientation of Grain A did not change
in the second cross-rolling pass as it remained consistent with Component 1 in the original
plate. In other words, the orientation of Grain A was formed and preserved during the
first cross-rolling pass. Conversely, the flattened Grain B had a more significant presence of
sub-boundaries, thereby indicating that it underwent a substantial deformation during the
compression process. The orientation of Grain B was made with an average 20° angle with
the c-axis orientation of Component 1, which suggests that Grain B was in the process of its
c-axis rotating toward that of Component 1. This could be the result of Grain B undergoing
an activation of the slip systems, thus leading to this orientation change.

By comparing the <0001> pole figures between the original microstructure and the
microstructure after compression at 930 °C (Figure 6), it was observed that most non-
characteristic orientations in the original pole figure experienced a reduction in intensity or
even disappearance in the pole figure at 930 °C. Therefore, it can be reasonably assumed
that the grains that showed orientations like Grain B are more prone to activate the slip
systems during a compression process. This resulted in a c-axis rotation toward TD,
thereby leading to an increase in the intensity of the Component 1 texture. As the grains
went through slip via certain slip systems, they stored the distortion energy created by
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deformation at sub-boundaries [35]. This type of grain tends to have more sub-boundaries
that are internal when compared with the other type of grains. In the figure labeled as
(b), Grain A exhibited minimal orientation changes within its interior. However, in Grain
B, the continuous orientations of the grains were clearly observed, and the sub-boundary
distribution was denser.

Figure 9. (a) Inverse pole figure map of 930 °C; (b) KAM map of 930 °C; and (c) the characteristic
Grain A and Grain B.

3.4. Analysis of Dynamic Spheroidization Mechanisms

When observing the grain morphology of the original microstructure, it was evident
that there were differences between the two types of grains with characteristic orientations,
i.e., between c-axis//TD (Component 1) and c-axis//RD (Component 2). The specific
differences were reflected in the first type of grain, which had a Component 1 texture
orientation and where there was a significantly higher number of sub-boundaries within
the grains. Some of these sub-boundaries had accumulated to form more obvious grain
boundaries, which could also be found in the SEM images (Figure 3). Additionally, these
grains often appeared flattened, thus indicating that they had undergone substantial
deformation. As a result, a significant amount of distortion energy was accumulated within
the grains of this type.

In contrast, the second type of grain, which had Component 2 texture orientation
features, i.e., c-axis/ /RD, exhibited a noticeably lower number of sub-boundaries within the
grains. Furthermore, these grains were less frequently flattened when compared to the first
type of grains. Therefore, it can be inferred that the second type of grains had undergone
less deformation and had accumulated lower levels of distortion energy within their
interiors. This description was visually confirmed by comparing the two types of grains
using the grain orientation spread (GOS) maps. In the GOS maps, it could be observed that
the first type of grains had a significantly higher percentage of high GOS values compared
to the second type of grains (Figure 10a,c). This suggested that, under the deformation
effects of the unidirectional and cross-rolling processes in the initial microstructure, the two
types of grains had experienced varying degrees of deformation. The first type of grains
had undergone more deformation than the second type of grains, thus indicating that the
first type of grains had accumulated more deformation-induced distortion energy [36]. By
observing the KAM maps of the two types of grains (Figure 10b,d), the same conclusion
could be drawn that the misorientation density of the first type of grain was higher than
the second type of grain, which was consistent with the results drawn from the GOS maps.
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Figure 10. The characteristic grains from the two typical texture components in the original mi-
crostructure: (a) grain orientation spread map of Component 1 and (c) of Component 2, as well as the
(b) the KAM maps of Component 1 and (d) of Component 2.

The process of grain spheroidization was primarily a result of the combined effects
of the dynamic spheroidization within the grains and grain boundary migration. Grain
spheroidization plays a crucial role in reducing the accumulation of distortion energy
within the grains and decreasing the number of sub-boundaries, thus leading to dynamic
softening during the deformation process [37]. Since the first type of grain had accumu-
lated higher levels of deformation-induced distortion energy, they had a greater driving
force for undergoing the grain spheroidization during the simulated compression process.
Consequently, the first type of grain was more likely to experience grain spheroidization at
different temperatures compared to the second type of grain. In the field of magnesium
alloys, it has been proposed that the spheroidization during hot deformation leads to a
reduction in texture intensity and grain refinement [38]. Therefore, it is reasonable to
conclude that the presence of dynamic spheroidization during deformation has caused
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the differences in texture intensity changes for Component 1 and Component 2 textures
at different compression temperatures. The grains belonging to the Component 2 texture
were found to be less prone to deformation and were less likely to be influenced by the
dynamic spheroidization process.

After simulating plane strain compression processes at various temperature conditions,
we observed common characteristics in the grains exhibiting clear dynamic spheroidiza-
tion features. These grains displayed an average GOS lower than the overall average,
thereby indicating that the dynamic spheroidization process mitigates the effects of de-
formation. It is worth noting that there were variations among the grains undergoing
dynamic spheroidization. In the post-compression microstructures at different temperature
conditions, we observed different numbers of grains that had been flattened. Within these
grains, we noted distinct grain boundary separation phenomena. Some of the grains exhib-
ited continuous grain orientations, while others showed significant orientation disparities.
Additionally, there were grains that did not exhibit distinct orientation features. We believe
that these grains reflect the different states of dynamic spheroidization during plane strain
compression.

To further investigate the dynamic spheroidization process leading to crystal orienta-
tion changes, specific grains were chosen for discussion. The IPF maps and GOS maps for
the flattened grains, which exhibited internal grain boundary separation but continuous
grain orientation, are depicted in Figure 11. In the TD-IPF map, the grains are predom-
inantly colored in a similar shade of red, thereby indicating a characteristic orientation
where the grains align with the c-axis//TD. However, in the other two directions, there
are discernible color variations, thus suggesting that some of grains rotated around the
c-axis orientations. The GOS maps display differences in the colors of various grains, with
some of the grains having lower numerical values. The kernel average misorientation
(KAM) map revealed that certain grains maintain a relatively high dislocation density
near the grain boundaries. Since the spheroidization process significantly reduced the
accumulation of the sub-boundaries and dislocation energy within the grains, it can be
inferred that the distribution of the dislocation density shown in the KAM map will ex-
hibit markable variations as the spheroidization process progresses. For grains that have
undergone spheroidization but have not shown significant crystal orientation changes,
it can be inferred that dynamic spheroidization is to a lower degree. While these grains
had undergone dynamic spheroidization, the orientations of the spheroidized grains near
the grain boundaries did not change significantly. This observation was insufficient in
explaining the reason for the reduced intensity of the Component 1 texture mentioned
earlier. Additionally, we identified grains with pronounced spheroidization, which were
characterized by large orientation differences. Of course, these grains exhibited varying
orientation features due to the different degrees of spheroidization.

As further occurrences of the process took place, the spheroidized grain orienta-
tions began to exhibit noticeable differences. The second typical grains of the dynamic
spheroidization process, as represented by the IPF maps and GOS maps, are illustrated
in Figure 12. In the IPF maps, it can be observed that some of the spheroidized grains
still maintained their c-axis//TD orientation, which is characteristic of the Component
1 texture. However, other grains underwent significant orientation changes. The GOS
maps for these grains resembled those of the initial microstructure, and they exhibited
smaller average orientation differences when compared to the grains that had not under-
gone spheroidization and had been heavily influenced by deformation, thus indicating
that these grains had experienced a significant reduction in deformation after undergoing
the spheroidization process. The KAM map revealed that the grains in the mid-stage of
dynamic spheroidization had experienced a reduction in their dislocation density within
the grains and near the grain boundaries. In this case, there was almost no noticeable
accumulation of dislocations, thereby suggesting that the dynamic spheroidization process
can effectively reduce the effects caused by deformation.
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Figure 11. The first typical grain diagram of dynamic spheroidization: (a) grain orientation; (b) the
GOS map; and (c) the KAM map.
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Figure 12. The second typical grain diagram of dynamic spheroidization: (a) grain orientation; (b) the
GOS map; and (c) the KAM map.

In addition to the previously mentioned characteristic grains, we could also identify
some of the grains undergoing spheroidization with significant orientation differences
and the absence of any specific texture. These grains were more likely to appear when
compressing at 960 °C and 990 °C. It was found that, as the compression temperature
increased, the grains with higher stored deformation energy were more likely to undergo
dynamic spheroidization. The third typical grains of the spheroidization process, as
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indicated in Figure 13 by their IPF maps and GOS maps, were characterized by distinct
grain boundaries that were formed through the accumulation of sub-boundaries. From
the IPF maps, it was evident that after undergoing extensive dynamic spheroidization,
the grain orientations became more random, which is expected when spheroidization
has progressed significantly. Additionally, the GOS values for these grains were notably
lower, further confirming the significant role of spheroidization in reducing the level of
the deformation experienced by the grains. The typical grains in this stage exhibited a
substantial reduction in the concentration of dislocations, as evident in the KAM map. There
were only small regions of higher dislocation density near the sub-boundaries. In summary,
after undergoing extensive dynamic spheroidization, the grain orientations underwent a
pronounced rotation, thereby resulting in a significant reduction in the intensity of specific
texture types. Furthermore, this process effectively reduced the presence of sub-boundaries
within the grains, as well as the accumulated strain energy from the deformation process.
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Figure 13. The third typical grain diagram of dynamic spheroidization: (a) grain orientation; (b) the
GOS map; and (c) the KAM map.

A comprehensive comparison of the characteristics of the different typical grains of
dynamic spheroidization revealed that, as the dynamic spheroidization process progressed,
the differences in grain orientations between the grains gradually increased and even
demonstrated notably high orientation differences. This phenomenon further underscored
the significant impact of the dynamic spheroidization process on the weakening of the
initial Component 1 texture. Therefore, it can be inferred that the reason for the lack of
a significant increase in intensity after compression at 960 °C and 990 °C was that the
grains with the initial Component 1 texture—where the c-axis was oriented along TD
direction—underwent extensive dynamic spheroidization, thus resulting in random and
dispersed grain orientations. In contrast, during compression at the lower temperature
of 930 °C, the driving force for the dynamic spheroidization was not as pronounced as at
higher temperatures, and the changes in texture intensity were primarily dominated by
the deformation process, thus leading to a significant enhancement of the Component 1
texture intensity. Indeed, through an observation of the IPF maps, the second and third
typical grains were more easier find after higher temperature compression.
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4. Conclusions

This study employed plane strain compression experiments to simulate the effects of
temperature on microstructures and the texture evolution that occurs during the directional
rolling of Ti60 alloy plates. The following conclusions were determined:

1. After subjecting Ti60 plates to plane strain compression at different temperature con-
ditions to simulate directional rolling, the internal structure exhibits two characteristic
texture components that are perpendicular to each other. Additionally, there are
variations in the intensity of these different texture components.

2. For the equiaxed microstructure of the Ti60 samples, differences were observed in the
distribution of the o, and s orientations. The &, orientation underwent the primary
deformation during compression, thus contributing significantly to the texture. With
increasing compression temperature, the o, pole figures exhibited a scattered trend,
while the « pole figures showed a concentrated trend.

3. The intensity of the c-axis//RD texture is not sensitive to the compression tempera-
tures. An analysis of the GOS maps and the distribution of sub-boundaries within
the grains revealed that the grains with c-axis//RD orientation were less prone to
slip activation, thereby resulting in minimal orientation changes and lower internal
stored dislocation energy. Consequently, the driving force for spheroidization was
weak such that the texture intensity was less affected.

4.  This study explained the reason for the significantly higher c-axis//TD texture inten-
sity at 930 °C compared to other conditions through an analysis of slip deformation
mechanisms and the dynamic spheroidization process. At lower compression temper-
atures, the weak driving force for dynamic spheroidization allows for slip deformation
behavior to play a dominant role in crystal orientation changes. As the compression
temperature increases, dynamic spheroidization becomes more prevalent, thus signifi-
cantly impacting the intensity of the c-axis//TD texture.
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