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Abstract: The impact of rolling temperature and the crystallographic orientation of a-colonies on the globularization
behavior of lamellar a+f microstructure in Ti—6Al—4V alloy was investigated. Firstly, the lamellar structure was heavily
rolled at 600, 700, 800 and 900 °C, respectively. Heavy rolling from temperatures of 600 to 900 °C resulted in an
increased volume fraction and thickness of § lamellae, while the corresponding parameters for o lamellae decreased.
Then, these rolled a+f lamellar microstructures were spheroidized into equiaxed grains upon subsequent annealing. The
results demonstrate that the globularization fraction of the lamellar structures diminishes as the rolling temperature
increases. Additionally, the globularization fraction for a-colonies with hard crystallographic orientations, such as
(0001)//ND and (0001)//TD, is considerably lower compared to those with softer orientations, positioned at certain
angles to ND, RD, and TD during annealing process. This results in heterogeneous globularization of a lamellae,
leading to the development of pronounced sharp micro-texture. Furthermore, the slipping deformations of a-colonies
with varying crystallographic orientations during rolling were meticulously analyzed.
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o phase and 7% of S phase by volume [1,2]. The

1 Introduction

Titanium alloy has gradually adapted to the
development of energy conservation, emission
reduction, environmental protection in current
society because of its specific strength, stiffness and
excellent corrosion resistance properties. Ti—6Al—
4V alloy is a typical two-phase titanium alloy,
composed of a phase with hcp crystal structure
(P63mmc) and S phase with bec crystal structure
(Im3m) at room temperature. Since this alloy
contains a few stable f phase elements (V, Mo, Nb,
Fe, etc), its microstructure consists of about 93% of

as-cast Ti—6Al-4V alloy is usually deformed in the
high-temperature f phase zone to reduce casting
defects such as cavitation and shrinkage. During
subsequent slow cooling, a lamellae with different
orientations called a-colony form within the coarse
[-phase grains, and maintain the Burgers orientation
relationship (BOR) with parent f phase [2]. The
thick a lamellae, together with untransformed thin
S lamellae, consist of the typical a+f lamellar
structure, which is detrimental to ambient
mechanical properties. Therefore, secondary
thermo-mechanical processing was used to treat the
o+f lamellar structure into equiaxed a-grains.
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The thick a lamellae will undergo a series of
microstructure evolution, such as a-colonies kinked,
o lamellae globularization/recrystallization during
the secondary thermo-mechanical processing
(STMP). The different o-colonies with various
orientations will inevitably lead to different stress
statuses during STMP. Regarding the micro-crystal
structure, the activation of the slip system in hcp
crystal cell is different for various orientation
a~colonies, which leads to the micro-zone formation
and heterogeneous mechanical properties. Therefore,
understanding the microstructure evolution of a
lamellae in thermo-mechanical processing is of
great significance for regulating different
mechanical properties. Previous studies [3,4]
revealed that a lamellae paralleled to the pressure
direction tend to kink during thermal deformation.
The orientation of the kinked a lamellae is always
“hard”, while the other o-colonies owning “soft”
orientation forms band-shaped tissue along the
deformation direction. Compared with the other
titanium alloys with equiaxed structures, the large
a-colonies lead to heterogeneous deformation and
plastic instability in the lamellar microstructure
during the thermo-mechanical processing. JIANG
et al [5] proposed that micro shear bands often arise
as a typical instability phenomenon due to the
various orientations of o-colony. Moreover, the
original BOR relationship between a and f phase is
destroyed during deformation. JIA et al [6] reported
that the kinking of a lamellae requires a critical
deformation degree. The o lamellae begin to kink
when the equivalent strain ¢ reaches 0.3, and the
deformation temperature is 800 °C. With the
deformation increase, a lamellae will be
globularized and convert to equiaxed a phase and
SEMIATIN [7]. The globularization behavior of a
lamellae is associated with the crystalline
orientation of different a-colonies. The more ¢ axis
aligns to the force axis, the larger the Taylor factor,
o lamella is more difficult to deform, and the
globularization is more sluggish. Moreover, the
crystal orientation of a-colony is also closely
related to the texture of the parent phase f phase [8].
The spheroidization of o lamellar structure is
always related to the strain rate. The smaller the
strain rate is, the more favorable the globularization
is [9]. Some studies also believe that the
globularization of lamellar structure is related to
crystal orientation, and consider that the

globularization of a-colony is closely associated
with its size [10,11]. Due to the poor symmetry of
the hexagonal close-packed (hcp) lattice structure,
the orientation of the lamellar structure will directly
affect the deformation mode of the hcp unit crystal.
In term of pure titanium and titanium alloy, the first
slip system for hcp is prismatic slip and basal slip,
the prismatic slip is preferentially activated, and
pyramidal slip is difficult to active at room
temperature due to its high CRSS and large Burger
vector [12—16]. Most previous studies were
concentrated on the microstructure evolution of o
lamellac at a lower (a+f) regime during thermal
deformation. In contrast, the studies related to
subsequent annealing effect on deformed o lamellae
and rolling deformation behavior of various
a-colonies are relatively less. Thus, understanding
the microstructure evolution of a lamellae during
warm-rolling deformation and annealing and its
connection to the micro-texture formation is vital.

Whereas substantial research has explored the
microstructural evolution and deformation behavior
during warm rolling, literature offering a
comprehensive explanation, particularly at high
reduction ratios (exceeding 80%), remains sparse.
This study applied heavy warm rolling with a total
reduction rate of up to 93%, to transform the a+f
lamellar structure into equiaxed grains. We aim to
establish a detailed relationship between the
orientation of o-colonies and the microstructure
evolution of postrolling and annealing.
Furthermore, we will elucidate the impact of rolling
temperature on the efficiency of globularization,
providing insights that could significantly enhance
material processing techniques.

2 Experimental

2.1 Material and processing

The base material used in this study was
Ti—6Al-4V alloy, characterized by a chemical
composition of 5.6 wt.% Al, 42wt.% V, and
balance Ti. The f transus temperature of this alloy
is approximately 995 °C, as reported in prior
studies [2]. Rectangular plates, each measuring
50 mm x mm 50 mm x 30 mm, were prepared from
the as-received alloy using wire-electrode cutting.
These plates underwent a pre-rolling heat treatment
at different temperatures (600, 700, 800, and
900 °C) for 10 min to ensure uniform heating
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throughout the samples.

Following heat treatment, the plates were
subjected to a warm heavy rolling process,
achieving a reduction rate of 93% over 6 passes.
Immediately, after rolling, the strips were quenched
in water to preserve the deformed microstructure.
Subsequently, the strips underwent an annealing
treatment to further refine the microstructure. The
details of these processes are depicted in Table 1
and Fig. 1.

2.2 Microstructural characterization by SEM
Microstructural analysis of the rolled and
annealed Ti—6Al—4V specimens was performed on
the ND—RD plane. Specimen preparation involved
metallographic polishing followed by etching for
30s wusing an etchant composed of 5 vol.%
hydrofluoric acid (HF), 10 vol.% nitric acid (HNO3),
and 85 vol.% water. Micrographs were obtained
using a TESCAN MIRA3 scanning electron

Table 1 Rolling schedule of Ti—6A1—4V alloy
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microscope (SEM) equipped with electron
backscatter diffraction (EBSD) detectors. The
microstructural ~ features were  quantitatively

analyzed using the standard linear intercept method,
with calculations performed using Image-Pro Plus
software. Globularization initiation was rationalized
with an aspect ratio of less than 2:1, and the aspect
ratio is calculated by the horizontal length and
the vertical thickness of a lamellae [11]. Several
SEM micrographs were analyzed to ensure the
measurement accuracy.

2.3 Microstructural characterization by EBSD
The orientation of the annealed specimens
was characterized using the electron backscatter
diffraction (EBSD) technique. For EBSD analysis,
specimens were electro-polished using an
electrolyte composed of 600 mL methanol, 360 mL
oxyethanol, and 60 mL perchloric acid. The
analysis was performed at an acceleration voltage

Rooling Starting Final Holdine time and Annealing
temperature/  thickness/  thickness/ & Rolled alloy temperature Annealed alloy
o temperature .
C mm mm and time
600 30 2 10 min, 600 °C R600 700 °C, 1h RA600
700 30 2 10 min, 700 °C R700 700 °C, 1h RA700
800 30 2 10 min, 800 °C R800 700°C, 1h RA800
900 30 2 10 min, 900 °C R900 700°C, 1 h RA900
§ 100 F. - —
S 80t ;
5
g 60f i
g %
o 40t Fit
£ 2} \
~ B \
0 200 400 600 800 1000
. Temperature/°C
© 5l
B 900 °C, 10 min 995 °C PBirans
b5 300 °C, 10 min
3 700 °C, 1h
g faC o RO
=
WC: Water cooling
AC: Air cooling AC
Time

Fig. 1 Illustration of three directions corresponding to rolled sample (a); Equilibrium phase diagram calculated by
JamtPro software (b); Schematic diagram of heavy warm rolling process (c)
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of 15kV, with a scanning step size of 100 nm
across a scanning area of 80 um x 80 pum. EBSD
data were processed using Channel-5 software.
Grain boundaries were categorized based on their
misorientation: boundaries with a misorientation
between 2° and 10° were defined as low-angle
grain boundaries (LABs) and outlined in blue,
while high-angle grain boundaries (HABs) with
a misorientation exceeding 10° were outlined in
black.

2.4 XRD analysis

X-ray diffraction (XRD) experiments were
carried out using a Shimadzu XRD-6000 diffracto-
meter equipped with Cu K, radiation. The system
was operated at an acceleration voltage of 40 kV
and a current of 40 mA. Measurements covered an
angular range from 30° to 90°, with a step size of
0.02° and a counting time of 2 s per step. For the
dislocation density analysis, a multiple whole-
profile fitting procedure was employed to examine
the XRD line profiles, taking into account the
influence of the diffraction vector and Burgers
noted that hexagonal
close-packed (hcp) lattice structure, there are
primarily three types of Burgers vectors: {(a.), {cq),
and (c.ta,). This study assumed a random
distribution of a specific Burgers vector type across
different slip systems to simplify the calculation.
For the f-phase, which features a body-centered
cubic (bce) lattice structure, the dislocation density
calculation employed the modified Williamson-Hall
method, focusing on conventional ag/2{111)
dislocations [12—16].

vectors. It is in the

3 Results

3.1 Microstructure evolution

The microstructure of the as-received Ti—6Al—
4V alloy features Widmanstitten a-colonies,
comprising thick o lamellae and thin f-phase
lamellae. The prior f§ grain size varies from tens to
hundreds of microns, while a-colonies, which form
at f grain boundaries or within § grains, range in
size up to 10 um. The o lamellae are 5—10 um in
thickness, whereas the residual S lamellae are
several tens of nanometers thick. Figures 2(a—c)
illustrate that the oa-phase, with its hexagonal
close-packed (hcp) crystal structure, appears darker,

whereas the f-phase, with a body-centered cubic
(bce) crystal structure, appears lighter. This
observation is corroborated by XRD results,
which confirm the predominance of the a-phase in
the SEM microstructure. Additionally, Fig. 2(e)
shows that the a lamellae maintain a Burgers
orientation relationship (BOR) with the parent S
phase, characterized as (0001),/(110)s and
[2110],//[111], [8,9]. Figure2(d) indicates that
o-colonies exhibit various orientations and sizes,
ranging from a few to tens of micrometers.

During the rolling process, o-colonies with
varying orientations exhibit distinct microstructural
evolutions. As illustrated in Figs. 3(al, a2), micro
shear bands highlighted with a yellow line,
developed in localized areas at a temperature of
600 °C (R600). These bands are particularly
associated with orientations that are resistant to
deformation (termed as “hard orientation”). The
formation of micro shear bands facilitates the
coordination of deformation across different
a-colonies. Notably, these bands appear darker
than the surrounding microstructure in etched
samples, which suggests increased susceptibility to
corrosion [5].

Figure 4 shows that as the rolling temperature
increases, the thickness of o lamellae remains
relatively unchanged, whereas the thickness of f
lamellae increases. Figures 3(b1, b2, cl, c2, d1, d2)
(within the yellow dotted line) demonstrate that o
lamellae perpendicular to the rolling direction (RD)
tend to kink. However, most a lamellae rotate to
eventually align parallel to the RD, which benefits
to reducing microstructural heterogeneity between
adjacent  a-colonies. = The  application of
water-cooling was intended to preserve the rolled
microstructure,  consequently  inhibiting the
globularization of o« lamellae. During the
subsequent annealing process, significant micro-
structural transformations occur, including the
fracturing of § lamellae and the globularization of o
lamellae. It is important to note that, globularization
is used in a broad sense and is not considered
mutually exclusive from recrystallization. Moreover,
numerous secondary nano Sy phase particles
precipitate from the a lamellae, as depicted in
Figs. 3(a3, b3, ¢3, d3). The size of these fu phase
nanoparticles ranges from a few to tens of
nanometers.
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20/(°)

(e) E{0001}-Ti hexagonal
M {110}-Ti cubic

= (gTIO)-Ti hexagonal
W (111)-Ti cubic

Fig. 2 SEM images of a-colony (a, b), XRD pattern of as-received alloy (c), IPF map of as-received alloy (d), and
orientation relationship between a and f phases based on parent grain reconstruction (e)

The annealed microstructures reveal varying
degrees of a-colonies globularization depending on
their crystallographic orientations. Meanwhile,
Fig. 4 indicates that the globularization fraction
decreases with increasing rolling temperature. For
RA600 and RA700 samples, most of the £ lamellae
fragment into small particles, while a lamellae
transform into equiaxed grains. However, in certain
local microstructures, as highlighted by the yellow
dotted lines in Figs. 5(b3, c3,d3), remnant a
lamellae with high aspect ratios remain prevalent.
In these areas, f lamellae partially penetrate the a
lamellae, forming grooves [10]. SHARMA et al [11]
suggested that this penetration of the f phase
generally initiates the globularization of a lamellae,

a process that continues until the a lamellae become
equiaxed grains [11]. Previous research [1,12,13]
has identified four principal mechanisms for «
lamella globularization: recrystallization, boundary
splitting, shearing mechanism, and termination
migration. Termination migration, involving atom
diffusion, typically requires a long annealing
period. Given the rapid water cooling applied in
this study to preserve the rolled microstructure and
the short annealing duration, termination migration
is considered to be less effective compared to the
other three mechanisms. In contrast, for RA800
and RA900 samples, the prevalence of a-colonies
retaining lamellae with a high aspect ratio is more
pronounced.
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Fig. 3 SEM images of rolled samples: (al, a2, a3) R600; (b1, b2, b3) R700; (cl c2, 03) R800 (dl d2 d3) R900

5.0
c 250 | {45 ¢ 10.90 é
Q J S 10.80 &
= 35
5 150} 13021075 §
S 100} 1 25_“% 1079 §
2 12.0 2 10.65 5
ﬁ S0r —n— Thlckness(ﬂ) 1 115 ﬁ 10.60 —g
ok —A- Thickness () 1 11.0 10.55 2
| ~%- Globularization fraction | 0.5 0.50 (@)
As-recelved 600 700 800 900 '

Temperature/°C

Fig. 4 Effect of rolling temperature on thickness of a, S
lamellae and globularization fraction for o lamellae

The degree of globularization for straight a
lamellae that are parallel to the rolling direction
(RD), is typically greater than that of the kinked a

lamellae. As illustrated in Figs. 5(d2, d3),
kinked a-colonies (outside of the yellow dotted line)
retain their lamellar morphology; however, within
the micro shear bands marked by the yellow dotted
lines, the a lamellae have transformed into equiaxed
grains. These micro shear bands, indicative of
severe deformation and typical flow instability
phenomena, are closely associated with the kinked
o lamellae [12]. Furthermore, Fig. 5(d3) reveals
that the kinked o lamellaec adjacent to the micro
shear bands exhibit relatively high thermal stability
during annealing.

Accordingly, this study categorizes a lamellae
globularization into two distinct types, as depicted
in Fig. 6: one involves splitting and recrystallization,
while the other follows a shearing mechanism.
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Fig. 5 SEM images of samples annealed at 700 °C for 1 h
(d1, d2, d3) RA900

3.2 Phase constitution

Figure 7(a) shows the XRD results for
specimens rolled at temperatures ranging from 600
to 900 °C (R600 to R900). The ratio of the
intergrated intensity of the (1010), peak to one of
the (110)s peak was used to evaluate the volume
fraction of the phase ratio, confirming a variation in
the f phase fraction in response to change in rolling
temperature [14]. The quantitative data for the two
phases are detailed in Table 2. Additionally,
statistical analysis based on SEM micrographs, as
shown in Fig. 7(b), corroborates the XRD results.
This analysis reveals that the volume fraction of the
f phase increases while the o phase fraction

\ 3 .
3 > 4 . P4
_ <Uum |2 74 i

: (al, a2, a3) RA600; (b1, b2, b3) RA700; (c1, c2, c3) RAS00;

decreases as the rolling temperature rises.

The variations in dislocation density for o and
S phases at different rolling temperatures are
depicted in Fig. 7(c), with the necessary calculation
parameters listed in Table 3. The dislocation
density of the a phase decreases with increasing
rolling temperature, whereas that of the f phase
shows a corresponding increase. Moreover, the
dislocation density in the S phase is several times
higher than that in the a phase. This discrepancy is
rationalized by the differences in dislocation
activation energies between the hexagonal close-
packed (hcp) a phase and the body-centered cubic
(bece) f phase.
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Fig. 6 Globularization mechanism from a lamellae to equiaxed a grain
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Fig. 7 XRD patterns of rolled alloy (a), phase fraction obtained from XRD and SEM (b), and dislocation densities in o
and f phase (¢)

Table 2 Microstructure features of rolled alloy

Sample Phase fraction by XRD/vol.% Phase fraction by SEM/vol.% Width/um

o p o I o I
As-received 94+0.80 6+0.26 92+1.8 8+0.5 4+0.5 0.03£0.013
R600 9340.63 7+0.14 94+2.9 6+0.7 2+0.5 0.08+0.023
R700 90+0.51 10+0.39 87+3.7 13+1.1 1.5£0.3  0.15+0.034
R800 88+0.32 1240.53 84+1.3 16+1.4 1+£0.2 0.24+0.043
R900 82+0.27 18+0.18 75+1.5 25+1.6 1£0.2 0.18+0.035

Table 3 Integrated intensity ratio and FWHM of diffraction peaks of rolled alloy

Sample _ Integrated intensity_ _ FWHM Dislocation density/10'*m2
2(1010) a(0002) £(110) «(10T1) a(1012) «(1013) a(0004) «(0002) A(110)  « B
R600 5.32 100 4.27 4545 1856 3796 11.27 0.307 2.624 4.8 6.7
R700 7.23 100 13.738 61,87 15.73 24296 6.80 0.291 2.732 34 8.2
R800 11.42 100 11.63 8533 21.74 13.96 4.55 0.282 2.866 1.5 10.9

R900 23.01 100 22.65 19249 3642 4430 17.39 0.286 2.943 1.8 15.1
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3.3 EBSD analysis results of annealed alloy

Rolling deformation of the specimen entails
plane strain conditions, where the specimen is
elongated along the rolling direction (RD),
compressed along the normal direction (ND), and
remains undeformed along the transverse direction
(TD). This deformation leads to physical rotation
within the a-colony. In terms of slip activation, the
basal (@) {0001}1120) and prismatic {(a)
{1100}(1120) slips are typically activated prior to
the pyramidal slip {1011}(1120), due to their low
and near-critical resolved shear stress (CRSS). The
activation of pyramidal slip is notably more
challenging due to its high CRSS and large Burgers
vector [15—17].

As depicted in Fig. 8, Type Il a-colonies,
oriented with (0001) along ND, present the basal
(0001) plane perpendicular to the ND direction and
parallel to RD. Consequently, the Schmid factor (SF)
for basal slip is zero. However, certain (1010)
planes, being angled relative to RD, may permit the
activation of prismatic slips. For Type I a-colonies,
with (0001) parallel to RD, the (0001) plane aligns
parallel to ND and perpendicular to RD, resulting
again in a SF of zero for basal slip. Nonetheless,
some (1010) planes positioned at an angle to ND
can have a non-zero SF, enabling prismatic slip. In
Type II a-colonies, oriented with (0001) along the
TD direction, the basal (0001) plane is parallel to
the ND—RD plane, maintaining a SF of zero for
basal slip. Here, prismatic slip is feasible under
either ND compression or RD tension. Lastly,

A
|

Type 111 [0001]/ND

i

,
4 ' &Q
\\\\ Type 11

[0001]/RD
_____ +

a-colonies in Type IV orientations, which are
angled with respect to ND, RD, and TD, allow for
the simultaneous activation of both prism and basal
slips. Types II and II, representing hard
orientations, typically become kinked during warm
rolling deformation. Conversely, the remaining
a-colonies in softer orientations tend to align along
RD, facilitating more straightforward deformation
patterns [18,19].

Specifically, the IPF map in Fig. 9(a) indicates
that the unglobularized a-colony B is characterized
by either c-axis//TD orientations (blue) or a closely
related orientation with slight deviations (green). In
Fig. 9(b) grain boundary maps reveal no intra-
lamellae o/o transverse boundaries in colony B,
instead, LABs are positioned along the longitudinal
direction. The EBSD strain contour map in Fig. 9(c)
confirms that a-colony B, being in a low strain state,
represents a “hard” orientation. The kernel average
misorientation (KAM) map in Fig. 9(d) further
demonstrates that a-colony B has not transformed
into equiaxed grains due to the absence of
geometrically necessary dislocations (GNDs).
Furthermore, Fig. 10(a) for RA900 illustrates that
a-colonies with c-axis//ND (Type III) orientation
also resist globularization and maintain lamellar
morphology with a high aspect ratio. Additionally,
the a lamellae within these colonies often become
kinked, as circled by the dotted line, indicating a
hard orientation less prone to globularization. A
significant proportion of longitudinal boundaries is
observed between o lamellae as shown in Fig. 10(c).

ND, Z,

Q
\QQ

[
Type IV

Fig. 8 Schematic showing four possible configurations of hcp a-phase according to alignment of c-axis with respect to

principal direction (ND, RD and TD)
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The reference colors in the IPF map (Fig. 10(a)) orientation. Lastly, Fig. 10(d) highlights insufficient
vary from red to magenta/violet, the latter representing dislocation activity within the unglobularized o
a slight deviation from the red c-axis//ND lamellae.

---------------------- 1210 Grain boundaries

1: V == 2°-10° 60%
oy o : _ c— o )
Lom ol .o . 5. RD 190 >10° 39.2%

Fig. 9 IPF map of RA800 (a), grain boundary map (b), EBSD stress contour map (c), and corresponding KAM map (d)

Grain ounaes
= 2°-10° 43.9%
—_— =100 56.1%
0001 1210

0110

Fig. 10 IPF map of RA900 (a), partial IPF map (b) of (a), grain boundary map (c), and corresponding KAM map (d)



3724 Xiao-feng WU, et al/Trans. Nonferrous Met. Soc. China 35(2025) 3714-3733

The IPF maps show that equiaxed a-grains
exhibit a variety of orientations and encompass all
possible reference colors, indicating their diverse
crystallographic orientations. These spheroidized,
equiaxed a-grains are more prevalent in RA600 and
RA700 than in RA800 and RA900. Concurrently,
many substructures or sub-grains, saturated with
high-density blue LABs and termed “micro-zones”
emerge, as depicted in Figs. 11(b) and (d). These
equiaxed o-grains, encircled by black HABs, are
indicative of their soft orientation during rolling
deformation [19,20].

The heterogeneous globularization of a-
colonies results in distinct sharp micro-textures,
whose evolution is influenced by globularization
processes, slip  deformation, and  phase
transformations [21—23]. To further elucidate the
formation mechanism of these sharp micro-textures,
we analyzed the maximum micro-texture intensities

presented in the pole figures (Figs. 12(b, ¢, d, g, h))
and correlated them with the corresponding IPF
maps (Figs. 12(e, f, i, g)). Notably, the (10T2>//ZO
micro-texture observed in the as-received alloy
stems from the fp—a phase transformation, as
confirmed by the Burgers orientation relationship
(BOR) depicted in Fig. 2(e). Subsequent warm
heavy rolling and annealing alter the pole texture
components. Clusters of globularized a grains
and sub-grains, characterized by consistent
crystallographic orientations, form micro-zones as
shown in Figs. 12(e, f, i, g). These micro-zones
exhibit varied crystal orientations, activating
different slip systems that contribute to the
generation of diverse sharp micro-textures during
the rolling process. Due to the abundance of
substructures within these micro-zones, the lamellar
structure has not fully spheroidized into equiaxed
grains surrounded by black HABs, as evidenced in

Grain boundaries
= 2°-10° 55.4%
44.6%

W,
o &
"‘s"‘j Nk
(AR AN NAY

\PAE —

Grain boundaries
= 2°-10° 49.7%
50.3%

—_— 100

Fig. 11 IPF maps of RA600 (a) and RA700 (c), and grain boundary maps of RA600 (b) and RA700 (d)
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0001

21116 2118 2114 21112 2111

Fig. 12 Pole figures of as-received and annealed microstructure (a—d, g, h) and IPF figures corresponding to maximum
texture strength (e, f, i, j): (a) Standard stereographic triangle for hcp crystal structure; (b) As-received alloy;
(c, e) RA600; (d, f) RA700; (g, 1) RA800; (h, j) RA900

Figs. 12(e, f). This suggests that the initial lamellar orientation (c-axis//ND) show resistance to
crystal orientation is relatively hard. Particularly in globularization and exhibit a sharp texture on the
Fig. 12(j), kinked a lamellaec with a hard crystal pole figure. This observation underlines the critical
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role of crystal orientation in influencing the
microstructural responses during processing.

4 Discussion

The annealed microstructures indicate that an
optimal rolling temperature for a-lamellae
globularization should not be excessively high. This
study identifies two primary factors contributing to
the globularization fraction. First, the strain
heterogeneity, stemming from crystallographic
orientation differences, results in varying degrees of
globularization across the microstructure. Second,
higher rolling temperatures increase the f phase
content, which, being softer, absorbs most of the
strain during rolling deformation. This absorption
by the f phase effectively reduces the
globularization fraction of a phase.

4.1 Role of f phase in rolling deformation

The JMat-Pro thermodynamic calculations
presented in Fig. 1(b) indicate that the equilibrium g
phase content increases with temperature.
Correspondingly, Fig. 7(b) shows that the § phase
fraction increases with rolling temperature. The S
phase, being softer, deforms more easily than the a
phase. This is supported Fig. 7(c), which reveals
that the dislocation density in the § phase is several
times higher than that in the a phase, underscoring
the significant role of S phase during rolling
deformation. The deformation of the f phase results
in less strain imparted to the o phase, which
consequently lacks sufficient energy to develop
substructures. However, the presence of transverse
boundaries, composed of many substructures, is a
crucial condition for the transformation of a
lamellae into equiaxed grains. Therefore, as the f
phase fraction increases, the globularization fraction
of a lamellac decreases. Previous studies by
SEMIATIN et al [24-27] suggested that the
globularization of o lamellae depended on the
extent of applied strain and annealing but was
independent of deformation temperature between
900 and 950°C. In contrast, our findings
demonstrate that globularization of a lamellae is
influenced by rolling temperature. This discrepancy
is primarily due to the broad experimental
temperature range considered in this study,
particularly highlighting the influential role of the f
phase during the rolling process.

4.2 Effect of a-colony orientation on deformation
behavior

4.2.1 Slip in a-colony

Most a-colonies rotate towards the metal flow
direction, facilitated by the activation of various
slip systems. Thus, understanding the crystallo-
graphic rotation of these colonies is crucial. The
rotation axis of a lamellae, dictated by the active
slip system, can be determined using the
rotation-axis equation, wy=axn, where n is the slip
plane normal, a denotes the slip direction vector,
and wj is the vector cross product of a and n [27].
In o-titanium, the prism slip system allows for
lattice rotation around the [0001] direction, while
the basal slip facilitates rotation around the [1010]
direction. Figure 13(a) reveals that the SF for basal
{0001}(1120) slip is 0.42. At high temperatures,
the primary slip systems for a-titanium are the basal
(a) slip {0001}(1120) and the prismatic (a) slip
{1010}(1120) [28-32]. To accurately determine
the active slip system, the SF value is combined
with in-grain misorientation axis (IGMA) analysis.
The intensity of IGMA around the (0001) axis in
a-colony A is 1.83, while another significant IGMA
intensity around the (1010) is 1.04, suggesting
the co-activation of basal and prism slips during the
rolling deformation of a-colony A. Despite the
higher SF for basal slip, the prism slip is more
effective, leading to the dominance of the
{1010}(1120) prism slip. Consequently, as shown
in Fig. 13(c), the initial soft crystallographic
orientation of a-colony A facilitates simultaneous
rotation along the c-axis due to prism slip, and
along the (1010) direction due to basal slip.
The globularization of rolled a lamellae typically
begins with boundary splitting and thermal
grooving processes during annealing [33—37]. Basal
slip contributes to the formation of longitudinal
intra-lamellar o/o. boundaries within o lamellae.
Conversely, the creation of
boundaries is primarily associated with prism slip
[18,38]. However, this study further elucidates that
the presence of transverse /o boundaries, which
are crucial for the globularization of o lamellae,
results from the simultaneous activation of both
basal and prism slips, rather than from prism slip
alone.

The a-colony B, which tends to align in a Type
II orientation, exhibits distinct behaviors in terms
of stress state, slip activation, and globularization

transverse a/a



Xiao-feng WU, et al/Trans. Nonferrous Met. Soc. China 35(2025) 3714-3733

3727

0.5

251+

[\
S
T

Relative frequency/%
>

—=— {0001} (1120)
—e— {1010} (1120)
—A— {1011} (1120)
Average SF goo1y¢1130) =0.42
Average SF(7¢; (1120)=0.34
Average SF{1011}<11§0>=0.46

{1011} (1120) {1010}(1120) {0001} (1120)

10F
I 5+
| .
0 0.1 0.2 0.3 0.4 0.5
Schmid factor
(®) 1°-5° (3538 pts)

{0001} 1D {1010}

()

Soft orientaion

(<X
a(b;? e
7 Basal slip

’
1 </
1
’
’
—

Prismatic slip

IGMA intensity distribution

Rot. Axes in
crystal coordinates

1210

Ti-Hex (6/mmm)
Subset 2

3538 data points
Equal area projection
upper hemisphere

Half width: 10°
Cluster size: 0°
Densities [mud]:
Min=0.69, Max=3.00

0110

(1010)
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extent compared to a-colony A. As indicated in
Fig. 9(a), oa-colony B maintains high thermal
stability during annealing. The SF for prism
slipping in a-colony B is 0.46, significantly higher
than that for basal slip, which is only 0.2, as shown
in Fig. 14(a). Furthermore, the intensity of the
IGMA around the (0001) axis for a-colony B is

notably high at 3.83, while the IGMA intensities
around the (1010) and (uvto) are negligible, as
depicted in Fig. 14(b). This suggests that prism
slip is predominantly active during the rolling
deformation of a-colony B, leading to rotation of
the hcp unit cell about the c-axis under the
influence of prism slip, as further demonstrated in
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Fig. 14(c). Additionally, Fig.9(b) reveals the
absence of transverse /o boundaries within «a
lamellae in colony B, with only a few longitudinal
intra-lamellar a/ac  boundaries present. This
observation leads to the conclusion that the
activation of solely prism {a) slip in a-colony B is
insufficient to promote the formation of transverse
intra-lamellar o/a boundaries. Consequently, the
globularization rate of a-colony B is markedly
slower compared to a-colony A.

4.2.2 Kinking of a-colony

In the orientation of kinked a-colonies, where
ND aligns with (0001) as shown in Fig. 10(b), these
colonies resist compression in the ND direction and
extend along the RD direction, facilitated by limited
prism slip. Under rolling strain, some of these hard
a-colonies rotate towards the RD direction, while
others maintain their initial orientation. This
differential behavior results in localized material
flow within certain microstructural regions of the
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a-colonies, leading to the formation of micro shear
bands across these regions, as depicted in Fig. 5(d3).
These shear bands contribute to further rotational
transformations of the a-colonies on either side,
causing the initial orientation to gradually shift to
another that deviates from ND//{0001). The
deviated orientation, represented by violet in the
IPF map, is adjacent to the red-colored a-colonies,
as visible in Fig. 10. MIROOV et al [27] described
a similar f Zigzag behavior and attributed this
phenomenon to the extension of micro shear bands
over the entire a-colony. Likewise, Fig. 10(a) shows

3729

some boundary segments outlined by LABs
becoming slightly bent with Zigzag distortions,
indicating the progressive development of shear
bands and localized severe plastic deformation.
Figures 15(b, d) indicate that the SF for prism
slip in kinked o-colonies is 0.42, significantly
higher than that for basal slip, while the activation
of pyramidal slip remains limited due to its high
CRSS, even at elevated temperatures such as
900 °C [3,39]. Consequently, at a rolling
temperature of 900 °C, deformation in kinked
a-colonies predominantly occurs through prismatic
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slip. This is corroborated by the intensity of the
IGMA around the (0001) axis being 3.11
(Fig. 15(e)), which is substantially higher than those
around (1010) and (uvto), indicating that the
crystal lattice of kinked a-colonies rotates along the
(0001) axis under prism slip. However, the IGMA
intensity around the (0001) axis is more dispersed
compared to that shown in Fig. 14(b). Additionally,
Fig. 15(f) reveals a slight rotation of the
crystallographic orientation of kinked a-colonies
along the (1100) direction, suggesting a minor
contribution from basal slip to the kinking
deformation. The activation of basal slip is largely
due to the rotation of a-colonies during warm
rolling deformation, as the angle between the c-axis
and the deformation direction increases, so does the
SF on the basal plane. However, given the limited
effect of basal slip, longitudinal intra-lamellar a/a
boundaries are more prevalent than transverse ones.
Due to these factors, kinked a-colonies face
challenges in globularizing through boundary
splitting and thermal grooving, making their
transformation less
orientations.

likely compared to other

4.2.3 Development of local misorientation within
individual a-colony

Figure 16(a) displays the IPF map of an
unglobularized  a-colony  along  with its
corresponding misorientation profiles along the
dotted read line, as shown in Fig. 16(b). The
cumulative misorientation profile illustrates both
continuous smooth changes and discontinuous
changes in orientation evolution along a lamellae.
Notably, at Point 1 on the IPF map, where the
orientation change is  discontinuous, the
point-to-point misorientation remains below 5°.
Figure 16(c) visualizes the misorientation formation
within a-colony A. Previous studies [20,26,40] have
suggested that a point-to-point misorientation of at
least 5° is required for boundary formation during
annealing. The analysis from Fig. 14 indicates that
the minor misorientation within a-colony B is
primarily a result of the rotation of the hcp unit cell
around the (0001) direction. Thus, it can be
concluded that the activation of a single prismatic
slip is insufficient to produce transverse boundaries
necessary for completing the globularization
of a-colonies. However, the discontinuous change
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Fig. 16 IPF map with overlaid unit cell of a-colony A (a), misorientation profiles along line 0—2 (cumulative

misorientation profile along line relative to orientation at point 0, and point-to-point misorientation profile along line)

(b), and misorientation formation in a-colony A (c)
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observed at Point 1 in Fig. 16(a) suggests that this
location is more conducive to the formation of
high-angle a/a boundaries compared to other points,
providing a potential site for enhanced boundary
development.

Figure 17(a) illustrates the misorientation
evolution associated with the kinked a-colony.
IGMA analysis, when integrated with SF maps,
reveals that the hexagonal unit cell corresponding to
this kinked a-colony microstructure undergoes
rotation along the c-axis due to the activation of
prism slip. The cumulative misorientation profile
depicted in Fig. 17(b) identifies discontinuous
change points labeled 4, B, C, D, E, and F, which
have transitioned into grain boundaries. Notably,
the point-to-point misorientations at points 4, B, C,
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D and E exceed 5° but remain below 10°, resulting
in the formation of blue LABs, whereas the
misorientation at Point F' exceeds 10°, leading to
the formation of black HABs. Despite the
significant misorientation sufficient to foster both
LABs and, in the case of Point F, these HABs
manifest as longitudinal intra-lamellar o/a
boundaries, rather than the more transformative
transverse o/a boundaries. Consequently, the
globularization of the kinked a-colony proceeds
sluggishly. Moreover, the misorientation values
observed in the kinked a-colony are greater than
those in the unglobularized a-colony B referenced
in Fig. 16(a). This increased misorientation is
attributed not only to the rotation along the c-axis
under prism slip but also to a slight rotation along
the (1010) direction under basal slip, as indicated
in Fig. 15. These results suggest that a relatively
high misorientation, arising from the co-activation
of both prism and basal slips within the a-colony, is
essential to achieve complete globularization.

5 Conclusions

(1) Globularization of a-lamellae during static
annealing is significantly influenced by rolling
temperature. Rolling at 600 and 700 °C is found to
be more effective than at 800 and 900 °C.

(2) The a-colonies with soft orientations,
angled relative to ND, RD and TD, can activate
both basal and prism slips, facilitating the formation
of critical intra-lamellar a/a transverse boundaries
essential for globularization. Conversely, colonies
with hard orientations, such as (0001)//ND or
(0001)//TD, predominantly activate the prism slip
system. Specifically, a-colonies with (0001)//ND
orientation become kinked during rolling and
maintain a high aspect ratio after annealing, leading
to sluggish globularization.

(3) The globularization of a-colonies is
inherently heterogeneous, influenced by their
crystal orientation. The emergence of micro-zones
displays sharp o textures in pole figures,
predominantly linked to the hard primitive crystal
orientation of the a-colonies.

(4) Misorientation within a-colonies arises
from hexagonal close-packed (hcp) crystal rotation
during rolling deformation. Substantial
misorientation resulting from the co-activation of
prism and basal slips can produce sufficient
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misorientation to generate LABs necessary for
complete globularization.
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