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Abstract: In this article, we subjected the Ti60 alloy to solid-solution treatment at 1020 °C and aging
treatment at 600 °C, respectively, achieving a bimodal microstructure. The microstructures obtained
after aging treatment showed no significant difference in the primary «-phase content, size, and
width of the lamellar & phase. This suggests that the final microstructure morphology is primarily
determined by the solid-solution temperature, with the aging process exerting less pronounced effects
on microstructural alterations. Furthermore, we investigated the effect of solid-solution and aging
treatment on the crystallographic orientation evolution of the secondary o« phase (o) in the near-o
titanium alloy Ti60. The & phase displays a random orientation in solid-solution treatment sample,
while it demonstrated a preferential {0 1 —1 0} orientation after aging treatment. This interesting
phenomenon is attributed to the enhanced variant selection resulting from the dissolution of variant
near 60° and 90° during aging. Furthermore, the ot with {0 1 —1 0} orientation nucleated at the grain
boundary and coalesced into larger o lath with increasing aging time, further contributing to the o
{01 —1 0} texture.

Keywords: near-« titanium alloys; secondary o phase(as); variant selection; aging treatment

1. Introduction

In recent decades, researchers and scholars have dedicated substantial effort to in-
vestigating the influence of heat treatment on the microstructural evolution of titanium
alloys and understanding the intricate relationship between microstructure and mechanical
properties. In practical applications, the Ti60 titanium alloy commonly exhibits a bimodal
microstructure. This selection is based on the superior matching of creep and fatigue prop-
erties exhibited by the Ti60 titanium alloy with a bimodal microstructure when compared
to other high-temperature titanium alloys [1-3]. Typically, the bimodal microstructure of
near-« titanium alloys is generally defined as secondary a-phase(as) laths surrounded
by o, phase(ap,) with a content of less than 40%. The formation of this microstructure
is influenced by diverse heat treatment procedures as well as various hot working pro-
cesses, which entail deformation within the 3-phase region followed by shaping within the
o + B-phase region [4,5].

The heat treatment process for titanium alloys is typically employed to control the
content of the two phases, particularly in near-« titanium alloys where the o,-phase content
plays a pivotal role in determining mechanical properties. Decreasing the o, -phase content
can enhance fracture toughness and creep resistance to some extent, albeit at the expense
of reduced plasticity and fatigue properties [6]. At the same time, heat treatment signifi-
cantly influences the alteration of crystallographic orientation in these two phases [1,7,8].
This approach provides the most effective way of modulating the microstructure and
properties of Ti60 alloy through phase transformation.

Throughout this process, the parent and child phases commonly exhibit specific rela-
tionships in lattice orientation. The most prevalent relationships are expressed through the
Burgers Orientation Relationship (BOR): (110)g//(0001)y and [11 —1]g//[11 -2 0]« [9].
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In recent decades, driven by advancements in material characterization techniques and
heightened demands for alloy properties, the impact of variant selection on grain orien-
tation distribution and material mechanical properties during the phase transformation
process has garnered increasing attention from scholars globally. Ideally, in the & —>
f — « transformation process, there exist 72 potential variant choices, each with an
equal probability. In the absence of processing methods such as deformation and heat
treatment, titanium alloys typically do not exhibit texture in the microstructure. However,
as research advances, numerous scholars have documented the phenomenon of variant
selection during the phase transformation process of titanium alloys. This phenomenon
can alter the crystal orientation distribution within the material, subsequently influencing
its ultimate mechanical properties [10-12]. The mechanism of variant selection that occurs
during phase transformations in hexagonal close-packed (HCP) and body center cubic
(BCC) metals is commonly associated with strain and elastic anisotropy. This association
arises because phase transformations typically entail anisotropic volume changes and
stress alterations, particularly pronounced in titanium alloys, which result in a relatively
strong intensity of a-phase texture. Solid-solution and aging treatments are extensively
employed as strengthening methods for titanium alloys. These methods aim to regulate
the microstructure morphology and enhance mechanical properties by exploiting the mi-
crostructure’s sensitivity to heat treatment conditions [13-15]. Indeed, the heat treatment of
titanium alloys leads to a complex evolution in microstructure. Previous researchers have
conducted comprehensive investigations into the diverse microstructures of titanium alloys
resulting from various heat treatments and their consequential impacts on mechanical
properties, aiming to choose an optimal heat treatment process [14,16-18]. In addition, the
researchers investigated the changes in the a-phase orientation of titanium alloys after
different annealing temperatures and cooling rates [7,9].

In summary, these studies have revealed a close relationship between the microstruc-
ture of titanium alloys and their mechanical properties. Additionally, the influence of heat
treatment on the orientation distribution of the titanium alloy microstructure, particularly
the o phase, has been found to be closely intertwined. In this study, backscattered electron
imaging (BSE) and backscatter diffraction (EBSD) methods were employed to investigate
the microstructure morphology and orientation differences within the crystals of the Ti60
alloy after heat treatments at 1020 °C and 1020 °C + 600 °C, respectively. The solid-solution
treatment involving the s phase was utilized to reconstruct the prior 3 grains, facilitating a
detailed analysis of the influence of distinct heat treatment processes on crystal orientation.
To the best of our knowledge, the changes in orientation of « in near-« titanium alloys
after aging treatment remain insufficiently clarified. The objective of this study was to
enhance our understanding of the impact of solid-solution aging treatment on the evolution
of « crystallographic orientation in Ti60 alloy, to advance our precise regulation of the
microstructure of near-« titanium alloys.

2. Materials and Experimental Procedures
2.1. Materials

The material selected for the experiments was a forged Ti60 titanium alloy. Its specific
chemical composition is presented in Table 1. As illustrated in Figure 1, the microstructure
of the as-received Ti60 alloy exhibits a homogeneous bimodal structure with about 37% of
the equiaxed o phase having a grain size of about 27.56 pum, and the remaining 63% of the
lamellar « phase in 3-phase matrix. The x-phase content and size in different microstruc-
ture states were measured by Image-Pro Plus 6.0 software. The initial microstructure
analysis included inverse pole figure (IPF) and pole figure (PF) results.

Table 1. Ti60 alloy chemical composition (wt%).
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Figure 1. As-received Ti60 alloy microstructure: (a) BSE image; (b) IPF image; (c) grain size figure;
(d) PF image of o phase.

2.2. Experimental Procedures

The 3-phase transition temperature of the Ti60 alloy was measured as 1030 &+ 5 °C
using the differential scanning calorimetry (TA, DSC) method in a N, atmosphere, as
depicted in Figure 2a. This result serves as a reference for the subsequent development
of the heat treatment process. To investigate the impact of solid solution and subsequent
aging treatment process on the microstructure crystal orientation, the Ti60 forging billet
was cut into 10 mm x 7 mm x 5 mm rectangular samples using an HSQ2C wire electrical
discharge machine (WEDM) from Sanko Technology in Suzhou, China. The samples were
subjected to heat treatment experiments in the GSL-1600 in Shanghai, China vacuum tube
furnace. In this process, the samples were loaded into the furnace through one end of a
quartz tube, positioned at the midpoint of the tube, and sealed on both ends with refractory
bricks. Upon completion of the heat treatment experiments, the samples were withdrawn
from the middle of the tube and subjected to either water quenching or air cooling. As in
the actual production process of large workpieces, a moderate air cooling rate is generally
chosen to avoid cracking, so the cooling methods chosen for this experiment utilize air
cooling. The heat treatment process is shown in Figure 2b: the solution treatment process
involved heating the samples in the x + 3-phase region to 1020 °C under insulation for 2 h
at a temperature increase rate of 15 °C/min, followed by air cooling to room temperature
(hereinafter referred to as ST). Subsequently, after solid-solution treatment at 1020 °C, the
samples were cooled to room temperature and then held at 600 °C for 4 h before being
air-cooled to room temperature (hereinafter referred to as ST + AT).

After heat treatment, the specimens were cut in the same direction, and then the
microstructure and orientation of the specimens were examined using BSE and EBSD.
The Ti60 alloy orientation information was obtained using the EBSD technique with the
device model TESCAN S8000 in Brno, Czech Republic. During the EBSD experiments,
data acquisition parameters included an acceleration voltage of 20 kV, a current of 20 nA,
a 500 um range, and a 0.4 um step size. To prepare the EBSD crystal orientation speci-
mens, the sample surfaces underwent pre-grinding and electrolytic polishing treatments.
This preparation step is crucial due to the deformation that occurs on the sample surface
during previous sample preparation processes, resulting in lattice aberration distortion
and the presence of a stress layer. Electrolytic polishing effectively removes this stress
layer from the sample surface, thereby enhancing the calibration accuracy of the crystal
orientation. The electrolytic polishing experiments were carried out using devices such as
magnetic stirrer, DC power supply and selecting appropriate voltage and temperature. The
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electrolytic polishing solution composition comprised 15% HClOy, 35% CH3(CH;);OH,
and 60% CH3OH, and the experiments were maintained at a temperature of —20 °C and a
voltage of 50 V for a duration of 50 s.
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Figure 2. (a) Differential scanning calorimetry result for Ti60 alloy; (b) Ti60 heat treatment schedules.

3. Results and Discussion
3.1. Microstructure Changes during Solid-Solution and Aging Treatments

Figures 3 and 4 depict the microstructure formed after ST and ST + AT heat treatments,
respectively, both exhibiting typical bimodal microstructures characterized by equiaxed o,
and basket-shaped o phases. The BSE results of the microstructure after heat treatments
are shown in Figures 3a and 4a. Quantitative analysis using specialized software revealed
that the volume fraction of &}, phase decreased to approximately 9.2% compared to the
initial microstructure. Additionally, the grain size reduced to about 15 pm, and the width
of the lamellar « phase decreased from 4.8 um to approximately 1 um. The results indicate
that the aging treatment has no significant effect on the morphology of the microstructure,
grain size, and effect of solid-solution treatment temperature on the ay,-phase content or
size, and the lamellar o-phase width in the microstructure is more obvious.

ST(1020°C/2h):

Figure 3. BSE and IPF maps: (a) BSE maps after ST; (b) IPF maps after ST; (c) orientation of the o
grains in (b); (d) orientation of the o grains in (b).
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ST+AT(1020°C/2h+600°C/4h):

Figure 4. BSE and IPF maps: (a) BSE maps after ST + AT; (b) IPF maps after ST + AT; (c) orientation
of the ay, grains in (b); (d) orientation of the «s grains in (b).

The BSE results revealed a non-uniform color distribution in the microstructure fol-
lowing heat treatments. This inconsistency stemmed from the relatively small size of the
samples used for microstructure characterization and the rapid cooling rate induced by the
solid-solution method followed by air cooling. As the temperature drops swiftly, the diffu-
sion rate of the elements diminishes rapidly. Consequently, the distribution of inclusions
(particularly x-phase stable element Al and (3-phase stable elements such as Mo, Nb, W, and
Si) fails to reach thermodynamic equilibrium at room temperature. As a result, there is an
irregular distribution of inclusions, leading to the observed non-uniform color distribution
in the BSE diagram results [19,20]. The IPF results of different microstructures after heat
treatment reveal significant orientation changes compared to the initial microstructure
(depicted in Figures 3b and 4b). This phenomenon can be attributed to several factors.
First is the temperature of 1020 °C near the T heat treatment temperature during the
solid-solution process. As a result, the content of the op phase decreases, and nucleation of
the oy, phase occurs at the boundaries of 3-phase grains during the cooling stage. Subse-
quently, the lamellar o phase undergoes growth and penetrates into the 3 grains, causing a
transformation in the morphology of the lamellar o phase from lath-like to needle-like. This
observation underscores the influence of heat treatment on modifying both the morphology
of the microstructure and its crystallographic orientation at the same time.

Furthermore, the «p grains undergo grain boundary segregation in both ST and
ST + AT treatments, with the effect being more pronounced in the latter. This phenomenon
can be attributed to the connection of thermo-etched grooves in &}, with those in other
regions during the heating and holding process, leading to the division of the initial large
equiaxed oy, grains into two smaller grains. This observation aligns with thermodynamic
law and is evident in the inverse pole figures (IPFs) [21]. To obtain deeper insights into
the crystallographic orientation of the grains, a more comprehensive EBSD analysis was
conducted. By integrating the morphological information obtained from the EBSD-scanned
region, the o, and &5 phases were clearly separated in the IPF maps of the EBSD. Detailed
illustrations of these findings are presented in Figures 3c,d and 4c,d. It is interesting to
note that the orientation of &, remains relatively random after heat treatment, whereas the
distribution of the s orientation shows a preferential orientation after aging treatment.
Figure 4d illustrates that the orientation of o in the microstructure after heat treatment
exhibits a bias towards {0 1 —1 0}, contrasting with the more randomly distributed «s
orientation observed after ST (Figure 3d).



Metals 2024, 14, 602

60of 11

To provide a visual representation of the preferred orientation behavior more intu-
itively, the textures of «p and oy are depicted using {000 1}, {-12 —10},and {01 —1 0}
pole figures. The texture of the o and s phases after ST treatment of the samples are
represented in Figure 5b,c, respectively, while the textures of the «;, phase and as phases
after ST + AT treatment of the samples are represented in Figure 5e,f, respectively. Notably,
Figure 5¢,f reveal a distinct texture composition characterized by a dominant component
with higher intensity compared to the overall texture of the o phase depicted in Figure 5a,d.
This phenomenon may be due to the absence of &, phases with other orientations. Further-
more, the orientation relationships between o, phase and «s phases in the samples after
the two different heat treatments exhibit some differences. For the ST-treated samples, the
difference between the oy, and oy texture fractions in the {0 0 0 1} polar plots are significant,
and this finding is replicated in the samples treated with ST + AT.

(a)

10.00

RI
Oaly

| 10.00

e

0.00 0.00

(b) 10001 | 12010} (01-103 @) {000} ) {0110} 1%

R:‘ & 0 R:Q ﬂ

() {0001} (-12-10} {01-103"" % {0001} {-12-10} (01-103 **
Rl

3
13.00 (f) R 13.00
R:‘ ﬂ R" i
O

0.00

{0001} {-12-10} {01-10} {0001} {-12-10} {01-10}
Figure 5. Pole figures with (a—c) and (d—f) corresponding to (b—d) of Figures 3 and 4, respectively.

As indicated by the red arrow in Figure 5, the maximum intensity in the {0 0 0 1} plane
of «s phase after ST + AT (Figure 5f) is approximately six times higher than that of the ST
sample (Figure 5c). This observation suggests that aging treatment significantly impacts
the orientation change in the o phase. A comparison between Figure 5b,c reveals that the
op texture component located at point A (marked by the red arrow) overlaps with the s
texture component. In contrast, this phenomenon is absent in the results following aging
treatment, as depicted in Figure 5e,f. This occurrence is likely attributed to the influence of
variant selection. During air cooling, a diffuse phase transition occurs, inducing specific
orientations and transformations via variant selection [9]. This phenomenon will be further
elaborated upon in the following discussion.

To further illustrate the texture evolution, the reconstruction of the prior 3 phase was
conducted utilizing the «s phase obtained after solid-solution treatment at 1020 °C, and
the results are shown in Figure 6. It is noteworthy that the prior 3 phase significantly
influences the texture evolution of the «s phase. In general, the orientation of the & phase
in titanium alloys is considered to be a direct result of the selection of previous 3 grains
and variant selection [22]. As depicted in Figure 6a, the reconstruction of the prior 3 grain
for the s phase following the 1020 °C solution treatment reveals that the prior 3-phase
grains tend to be larger compared to the a-phase grains. The PF results (Figure 6b—d)
marked with red circles and triangles also show that there is a significant texture overlap
between the solid solution treatment and the subsequent solid solution aging treatment
where the texture intensity is high, in accordance with the BOR. The enhanced texture
intensity of the as phase following the addition of the aging treatment compared to its
intensity after the solid-solution treatment alone is thought to be caused by the variant
selection phenomenon [23].
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Figure 6. IPF and PF plots for Ti60 after solid solution treatment at 1020 °C: (a,b) IPF and PF maps of
reconstructed prior 3 texture after 1020 °C; (c,d) PF map of s after ST and ST + AT, respectively.

3.2. Effect of Aging Treatment on a5 Phase Orientation

Theoretically, titanium alloy can form 12 kinds of variants in the process of  —
a-phase transformation (Table 2). However, in practical applications, due to the existence of
many factors such as cooling rate and heat treatment temperatures, several kinds of variants
display preferred precipitation during the process of phase transformation, which is the
so-called phenomenon of variant selection [24]. The o phase can exist in a coherent or semi-
coherent state [25]. Specifically oriented lamellar x-phase coarsening has been observed at
grain boundaries after following aging treatment. This phenomenon is probably due to
the lower nucleation energy of the o phase compared to other phases during the holding
process, thereby facilitating its easier nucleation and subsequent coarsening. Previous
studies have shown that the « phase is generally semi-coherent, and coherent o« phases can
only be observed in rare cases. This phenomenon is primarily caused by the growth of the
o phase after the aging treatment and variant dissolution.

The phase transition process experienced during the ST + AT treatment involves the
formation of strain energy, which plays a crucial role in these transitions. Strain energy
arises from the lattice mismatch and differences in crystal structure between the 3 and o
phases. Specifically, the & and 3 phases in titanium alloys possess distinct crystal structures,
leading to a lack of perfect alignment in lattice parameters and atomic arrangements,
resulting in crystallographic mismatch. Consequently, strain energy is generated during the
phase transformation process. Additionally, the volume of the « and 3 phases is not equal
during the transition, leading to internal stress and strain within the material and the further
accumulation of strain energy. In essence, lattice distortions occur in both phases during
the phase transition, ultimately contributing to the phenomenon of variant selection [26].
Previous studies [27,28] have developed a quantitative 3D model to calculate a stress-free
transformation strain (SFTS) of each of the 12 « variants in both the coherent and semi-
coherent state. The phenomenon of variant selection arises from elastic interactions among
variants, aiming to achieve optimal self-accommodation. In the absence of variant selection,
the five variant ratios are 10° <0 00 1>, 60° <11 —2 0>, 60.83° <—1.377 —1 2.377 0.359>,
63.26° <—1055 3>, and 90° <1 —2.38 1.38 0>, and their random frequencies are 9.1%, 18.2%,
36.4%, 18.2%, and 18.2% [29]. Generally, the frequency distribution of different variants
is closely correlated with the distribution of the misorientation angle. Analysis of the
misorientation angle of & (Figure 7a,b) reveals that, after heat treatment, the peak typically
occurs at 60-63° £ 1.5°, deviating from the aforementioned proportions for the selection
of the five variants. Dissolution of the variants occurs at around 60° and 90° after aging
treatment, as depicted in Figure 7c,d. To ensure the reliability of the experimental results,
multiple regions were selected for observation when the samples were characterized by
EBSD. From the software analysis results, it can be concluded that the variations around the
60° and 90° variants exhibit a similar trend. The enhanced variant selection phenomenon
induces a bias of «s towards {0 1 —1 0}, strengthening the preferred {0 1 —1 0} orientation
in the &g texture [11].
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Figure 7. Misorientation angle distribution of «s: (a) ST; (b) ST + AT; (c) distribution of variants
around 60° in ST and ST + AT; (d) distribution of variants around 90° in ST and ST + AT.

Table 2. Twelve possible o variants generated during 3- to x-phase transformation through the
BOR [29].

Variant Plane Direction Rotation Angle/Axis from V1
\2! (1-10) (0001) [111] [11-20] -
V2 (10-1) (0001) [111] [11-20] 60°/[11-20]
V3 (01-1) (0001) [111] [11-20] 60°/[11-20]
V4 (110) (0001) [—111][11-20] 90°/[1 —2.38 1.38 0]
V5 (101) (0001) [—111][11-20] 63.26°/[—1055 3]
V6 (01-1) (0001) [—111] [11-20] 60.83°/[—1.377 —12.377 0.359]
V7 (110) (0001) [1-11] [11-20] 90°/[1 —2.38 1.38 0]
V8 (10-1) (0001) [1-11] [11-20] 60.83°/[—1.377 —1 2.377 0.359]
V9 (011) (0001) [1-11] [11-20] 63.26°/[-1055 3]
V10 (1-10) (0001) [11-1] [11-20] 10°/[0001]
Vi1 (101) (0001) [11-1] [11-20] 60.83°/[—1.377 —1 2.377 0.359]
Vi2 (011) (0001) [11-1] [11-20] 60.83°/[—1.377 —12.377 0.359]

During the phase transition, the difference in the lattice parameters between the
two phases results in the accumulation of strain energy, while the formation of interfacial
energy is caused by the appearance of the interface between the two phases. Therefore,
the preferential nucleation of «s at grain boundaries reduces both the interfacial and
strain energies [30], thereby facilitating the selection of specific « variants with preferential
nucleation at the grain boundaries. After aging treatment, the « boundaries have lath-
shaped nuclei exhibiting a similar orientation bias toward {0 1 —1 0}, as indicated by the
black frame in Figure 8a, contributing to the formation of a specific & texture. The lamellar
o phase oriented in the {0 1 —1 0} direction is evident in these two regions, while the lamellar
o phase of this orientation is coarsened at the boundary, which can be further concluded
using the polar diagrams. Pole figures representing the orientation at the o« boundaries in
A1/A2 are depicted in Figure 8b,c, illustrating a clear preference for {0 1 —1 0} orientation
in both Al and A2 regions. This tendency may arise from the limited nucleation of new
variants during the aging treatment, coupled with the coalescence of grain boundaries into
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broad «-phase laths over an extended holding time [8,31]. Consequently, these behaviors
contribute to the enhanced intensity of the {0 1 —1 0} texture.

b
( )Al N
R2C o : R2/ e LY R2
v > X (e
{0001} {-12-10} {10001} {-12-10}
RI RI RI RI
R2 R2 R2 R2
{0001} {-12-10} {0001} {-12-10}

Figure 8. Microstructure results after aging treatment: (a) IPF maps of s after ST and AT; (b) PF
maps of Al and frame area in A1; (c) PF maps of A2 and frame area in A2.

4. Conclusions

This study of the microstructure and orientation changes in Ti60 alloy after different
heat treatments led to the following conclusions:

(1) Heat treatment serves as a pivotal tool for microstructure regulation. As the solid-
solution temperature rises, the primary c—phase content, size, and lamellar o-phase
width progressively diminish. Although there was no significant change in the
microstructure after aging treatment and solid-solution treatment, the analysis of their
orientation relationship using EBSD revealed that the organization appeared to have
a selective orientation of {0 1 —1 0} after solid-solution treatment at 1020 °C for 2 h
follow by air cooling at 600 °C for 4 h.

(2) During the aging process of the forged Ti60 alloy, the dissolution of variants near
60° and 90° enhanced the phenomenon of variant selection, resulting in a notable
bias in the s orientation towards {0 1 —1 0}. Additionally, the {0 1 —1 O}-oriented
laths identified at the o boundaries demonstrated nucleation, intergrowth, and ag-
gregation into x-laths during aging treatment, thereby augmenting the intensity of
the distinctive texture.

The objective of this study was to enhance our comprehension of the impact of solid-
solution aging treatment on the evolution of s crystallographic orientation in Ti60 alloy
to advance the precise regulation of the microstructure of near-« titanium alloys. The
observation that the x-phase coarsening of lamellae with a specific orientation {0 1 —1 0}
orientation after aging treatment may occur in other types of titanium alloys such as 3
titanium, « titanium, and «+f3 titanium need to be verified in future experimental studies.
Additionally, future research endeavors should concentrate on exploring the influence of
Ti60 alloy orientation on its performance. Through conducting in-depth investigations, we
can establish a theoretical foundation for practical production applications, facilitating a
comprehensive analysis of the relationship between microstructure and performance.
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