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Influence of Globularization Process on Local
Texture Evolution of a Near-a Titanium Alloy
with a Transformed Microstructure

Z.B. ZHAO, B.H. ZHANG, H. SUN, Q.J. WANG, J.R. LIU, and R. YANG

The microstructure and texture evolution of Ti60 (Ti–5.6Al–3.7Sn–3.2Zr–0.5Mo–0.4Nb–1.0-
Ta–0.37Si–0.05C) titanium alloy at two deformation temperatures in the a + b two-phase field,
900 �C and 980 �C, have been investigated in this work. The purpose is to elucidate local texture
evolution during a + b hot working process and the mechanisms by which the macrozones
formed for bimodal microstructure. To this end, a lamellar Ti60 ingot was compressed and
annealed in the a + b phase field. The key finding was that the globularization mechanism of a
lamellae and crystallographic orientation evolution of both a and b phases strongly depended
on deformation temperature. The experimental findings and analyses suggest that hot working
in the low a + b two-phase field is beneficial to reducing texture intensity and eliminating the
macrozones of near-a titanium alloys.
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I. INTRODUCTION

THE desired microstructure for near-a titanium
high-pressure compressor disks of advanced gas turbine
engines is often of fine bimodal type.[1–3] In general,
bimodal microstructure is obtained by successive defor-
mation steps in the b and a + b phase fields,[4,5] and
many attempts have been made to obtain a homogenous
microstructure by optimizing the process window.[6]

Owing to the great technological importance, the
globularization process, which converts the transformed
microstructure into an equiaxed one, has been widely
studied[7–10] (in this paper the term globularization is
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used in its general sense; globularization and recrystal-
lization are not regarded as mutually exclusive pro-
cesses). A phase boundary grooving mechanism was
proposed by Wiess et al. to describe the globularization
process of Ti–6Al–4V alloy.[11] They suggested that the
a/a boundaries were formed either by intense local shear
or dynamic recovery/recrystallization during deforma-
tion across individual a lamellae, and the b phase
subsequently penetrated the boundary via diffusion.
They also demonstrated that both high- and low-angle
a/a boundaries were formed during the break-up of
lamellar a. An interesting recent investigation showed
that the globularization process of Ti–6Al–4V at warm
temperatures produced a finer microstructure than at
hot deformation temperatures. Zherebtsov et al. sug-
gested that this globularization process of the a lamellae
was accompanied by continuous dynamic recrystalliza-
tion, and this process occurred in the absence of b phase
participation at relatively low temperature.[12]

However, titanium alloys that are homogenous in
terms of microstructure morphology can be inhomoge-
neous in local orientation distribution.[1,2,13–15] Regions
of sharp local texture, called ‘macrozones,’ have been
observed in many forging products. A macrozone
always corresponds to a region where the b phase
always keeps the Burgers orientation relationship (BOR)
with the surrounding ap grains.[1,2,8] As a result, the
secondary a laths that have a common c-axis with the
surrounding ap grains are preferentially formed by
variant selection during b fi a transformation.[8] These
macrozones were reported to drastically reduce the
fatigue resistance at ambient temperatures of titanium
alloys.[16–19] Thus, the orientation distribution of ap/b
grains is a critical aspect influencing the quality of
bimodal microstructure of titanium alloys.

Previous studies have concluded that the a + b
processing plays a major role in formation of macro-
zones in titanium alloys with a bimodal microstruc-
ture.[1,2,8,14] For instance, Behrang Poorganji et al.
investigated the role of initial structure on microstruc-
ture evolution of Ti–1.5Fe alloy in the a + b deforma-
tion, and found that a finer initial microstructure (in
terms of both colony size and interlamellar spacing) by
increasing cooling rate is beneficial for the occurrence of
dynamic recrystallization and the elimination/reduction
of macrozones.[20] The microstructure and texture evo-
lution of Ti6242S alloy bar with equiaxed microstruc-
ture was also studied, which revealed the development of
the h11-20i//AD (associated with the activated pris-
matic hai slip of a phase) and h20-23i//AD texture
(associated with DRX of ap phase).[21] To date, numer-
ous investigators have examined the break-up of the
lamellar microstructures and studied the globularization
mechanisms in titanium alloys; some data suggested that
the globularization process of a lamellae may produce a
few new a orientations and the equiaxed a grains
evolved from an a colony may retain the common c-axis
during the hot working process.[1,8] The crystallographic
orientation evolution of the a phase during hot working
is therefore still not well understood. Additionally, some
investigators suggested that the a phase has a significant
effect on the b phase evolution.[22,23] Because the b phase

is scanty in near a titanium alloys it is hard to detect
after deformation and this increases the difficulty to
elucidate the role of the b phase in the macrozone
formation.
The improvement of the dwell fatigue life depends on

minimizing or even eliminating the occurrence of
macrozones during hot working in forged products.
The aim of this work is to study the effect of deforma-
tion temperature on the microstructure and crystallo-
graphic orientation evolution in a near a alloy with fully
lamellar starting microstructure. For this purpose,
compressive tests were conducted at low (900 �C) and
medial (980 �C) temperatures of the a + b phase field of
Ti60 titanium alloy, and the microstructure and orien-
tation evolution were analyzed.

II. EXPERIMENTAL

The as-received material is a Ti60 bar forged in its
a + b phase field to a diameter of 45 mm. The
measured composition by the titration method in weight
percentage is 5.6 pct Al, 3.7 pct Sn, 3.2 pct Zr, 0.5 pct
Mo, 0.4 pct Nb, 1.0 pct Ta, 0.37 pct Si, and 0.05 pct C,
balanced by Ti. The b transus of this bar is determined
as approximately 1040 �C by the metallographic
method. The bar was forged and annealed in the
a + b two-phase field followed by air cooling to achieve
a fine bimodal microstructure. This bar was finally
heated at 1070 �C for 1 hour followed by air cooling
(AC) to produce a fully lamellar microstructure
(Figure 1). The microstructure consisted of large a
lamellar colonies formed within prior b grains, with
the lamella thickness measured to be 3.4 ± 0.24 lm and
the maximum a colony size being around 700 lm. The
texture of the a phase is presented later in Figure 3(a).
The size of the prior b grains is approximately
2.0 ± 0.31 mm and the volume fraction of b retained
at the a lamella boundaries was estimated to be 5 ± 0.4
pct.
Cylindrical samples of length 40 mm and diameter

30 mm were machined from the b-annealed Ti60 bar.
All samples were covered by asbestos and heated at
deformation temperatures for 1 hour to ensure uniform

Fig. 1—Microstructure of Ti60 bar after heat treatment at 1070 �C,
1 h/AC.
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temperature distribution. Trial compression tests were
conducted at temperatures ranging from 860 �C to
1020 �C and the deformed microstructures were
observed. Based on these preliminary experiments, the
deformation temperatures of 900 �C and 980 �C were
selected to represent deformation in the low and medial
a + b two-phase field, respectively. The equilibrium
volume fraction of the b phase at these two temperatures
were estimated to be 9 and 30 pct, respectively, and the
1 hour holding at temperature prior to compression is
thought to be sufficient for the b phase to attain its
equilibrium amount. The samples were compressed at a
velocity of approximately 8 mm/s to height reductions
of 25, 50, and 70 pct. We chose this deformation velocity
because it is similar to that experienced by a Ti60 forged
disk; conversion to strain rate was not made because the
laboratory compression machine we used did not have
this option. The compression direction (CD) of the
specimens was always parallel to the axial direction
(AD) of the original bar. The samples were water-
quenched after the compression. To obtain bimodal
microstructure, some samples were annealed at 1020 �C
for 2 hours followed by air cooling.

All specimens were taken from the central (maximum
deformation) region of the deformed samples for
microstructure determination using a Nano SEM430
scanning electron microscope (SEM) equipped with a
Channel 5 system and a FEI/Nova transmission electron
microscope (TEM). Laboratory X-ray texture measure-
ments with a 5 mm 9 5 mm beam were made on each
sample covering approximately 120 colonies and thus
were considered representative of bulk material. Elec-
tron backscatter diffraction (EBSD) orientation data, in
contrast, were obtained from only a few colonies and
were used to characterize local texture and orientation
variation. To obtain more information on the texture of
the material, the ap grains were separated from sec-
ondary a laths by contrasting the morphological differ-
ence between equiaxed ap grains and secondary a laths
in optical images captured from the corresponding
EBSD scanning areas. Meanwhile, the prior b orienta-
tion maps were also calculated from the secondary a
orientation according to Burgers orientation
relationship.

III. RESULTS

A. Microstructure After Globularization

The as-deformed microstructures at both 900 �C and
980 �C are shown in Figure 2. The main morphological
feature of microstructure evolution is a lamellae rotation
toward the radial direction (RD), so that the lamellar
boundaries become perpendicular to the compression
axis, during deformation. Dynamic globularization of a
lamellae occurs with the increase in strain. During
deformation at 900 �C, some kinking occurred to the a
lamellae (e.g., circled areas in Figure 2(a)) that were
approximately parallel to the compression axis at a
height reduction of 25 pct (Figure 2(a)). Colonies with
lamellar boundaries initially almost parallel to the RD

showed little morphological change and globularization
had not yet begun at such a low strain level. With an
increase in strain to the height reduction of 50 pct
(Figure 2(c)), all a lamellae rotated to RD and the
difference between the colonies gradually disappeared
due to spheroidization. At a height reduction of 70 pct
(Figure 2(e)), no trace of original lamellar boundaries
could be seen and the lamellae were completely bro-
ken-up with an a grain size of 1.5 to 2 lm.
At the deformation temperature of 980 �C, the

characteristics of microstructure evolution are different.
The dynamic spheroidization of the a phase becomes
easier than at 900 �C. A few equiaxed a grains formed
already at 25 pct height reduction (Figure 2(b)). The
discrepancy of the microstructure at height reductions of
50 and 70 pct is small as shown in Figures 3(d) and (f).
In both cases the lamellae were almost completely
globularized with an a grain size of 3 to 4 lm, although
the traces of original lamellae could still be seen on the
low-magnification image.
The texture evolution of a phase is shown in Figure 3.

The starting material had strong and complex texture
components in the {0001} pole figure (Figure 3(a)). The
main texture component consisted of c-axes that were
concentrated around the AD with a maximum intensity
of 12 times random intensity. Some c-axes were also
distributed around a number of radial directions (RDs).
The {11-20} pole figure did not exhibit very obvious
concentrations. The a texture had completely changed
after globularization: At 900 �C, the texture was found
to be weak with 70 pct height reduction (Figure 3(b)).
By contrast as shown in Figure 3(c), a high den-
sity h11-20i//AD fiber texture with the c-axes spreading
around different RDs was obtained after dynamic
globularization at 980 �C.
EBSD analysis was conducted to characterize crys-

tallographic orientation evolution accompanying the
globularization process. The local texture characteristics
after deformation and globularization at 980 �C are
significantly different from that deformed at 900 �C. At
900 �C, a complete equiaxed microstructure with
homogenous local orientation distribution was obtained
(Figure 4(a)). Contrastively, microstructure featuring a
very strong local texture (Figure 4(b)) was produced
after deformation at 980 �C.

IV. ANALYSIS

Changes in the morphology and texture of a phase are
closely related to changing deformation process, as well
as globularization mechanism during compression. For
lamellar microstructure with compression in the a + b
phase field, the main deformation mechanisms comprise
the slip and rotation of the a lamellae toward the metal
flow directions.[12,24] While in a few others, localized
shearing occurred to those a lamellae that were approx-
imately parallel to the compression axis,[11,12,24] and
fragmented a grains with random orientation are
formed in local shear zones.[24] In fact, even though
fragmentation and globularization of the a phase is
difficult to discern in morphology, the fragmentation is
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rather sporadic and thus cannot be considered as the
main mechanism of microstructure evolution for the a
phase.

The main difference between compressing the Ti60
alloy at either 900 �C or 980 �C is the ratio between the
a and b phases. At 900 �C, one might assume that the
deformation is mainly accommodated by the a phase. It
can be deduced that decreasing the deformation tem-
perature during the a + b phase field promotes the
orientation gradient by increasing the slip within the a
lath and muti-slip activity, which results in the forma-
tion of a fine subgrain structure. At 980 �C, deformation
was mainly accommodated by the b phase which having
lower flow stress,[25] and the a lath evolved in a manner
similar to a hard lamellar within a soft matrix. In this
case, less slip within the a lath was occur.

In the a phase, the texture development accompany-
ing the globularization process is caused by

deformation. The operating slip systems in a titanium
during plastic deformation include basal hai, pyrami-
dalhai, pyramidal ha + ci, and prismatichai.[26–29] The
critical resolved shear stress ratios of pris-
matichai-to-other slip systems seems to increase with
temperature, and it is commonly accepted that the
prismatic hai slip is the dominant deformation mode,
even at elevated temperatures.[24,30,31] Meanwhile, the
relative quantity of the easiest slip mode (i.e., prismatic
hai slip) tends to increase in such a soft b matrix.[32]

Analysis of the active slip mode of this work also
revealed the prismatic hai slip was always the most easily
activated slip system at both temperatures.[33] As a
result, the preferentially activated prismatic plane nor-
mally rotates toward the compression axis with strain.
Because the Schmid factor of the prismatic hai slip
increases with the increasing angle between the defor-
mation direction and crystallographic c-axis,[34] it also

Fig. 2—SEM images of Ti60 alloy after height reductions of (a) and (b) 25 pct, (c) and (d) 50 pct and (e) and (f) 70 pct by compression at (a),
(c) and (e) 900 �C and (b), (d) and (f) 980 �C. The compression axis is vertical. Magnified images are shown as insets.
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could be deduced that the grains would become more
deformable when the deformation was supported by
prismatic hai slip as the strain increased.

The rotation of the a lamellae also has a similar effect,
that is, the c-axis tends to align with the metal flow

direction, due to the broad face of the a lamellae, which
is nearly parallel to its crystallographic c-axis in titanium
alloys.[35–38]

Assuming for a moment that the slips in the a phase
and rotation of the a lath do control the a texture’s
evolution, the deformation texture component should be
similar for 900 �C and 980 �C deformed samples, that is
the crystallographic c-axes of a phase spreading around
different RDs of the sample. This is inconsistent with the
experimental results. After compression at 900 �C, a
microstructure with a homogenous distribution, in
terms of crystallographic orientation, is obtained, as
shown in Figure 3(b). After compression at 980 �C, a
microstructure with a strong texture is produced, as
shown in Figure 3(c). Additionally, the local texture
distribution also showing significant differences when
comparing 900 �C deformed sample and 980 �C
deformed sample as shown in Figure 4.
The differences of the two microstructures shown in

Figures 2 through 4 probably indicate the largest
possible effect of temperature on globularization process
of a lamella in Ti60 alloy. To verify these speculates and
straightly put forward the microstructure evolution
process, TEM and EBSD analyses were carried out. It
could be assumed that the dislocation density was low in
the undeformed a laths, and it increased significantly
after a height reduction of 25 pct at 900 �C
(Figure 5(a)). Dislocation walls/pile-ups and cell sub-
structures were observed in some of the laths. For a few
a laths, the original a/b boundaries disappeared (such as
in the region marked by a rectangle in Figure 5(a)) and
some equiaxed a subgrains/grains with sizes of 300 to
700 nm were formed (see Figures 5(a) and (b)) although
the equiaxed a grains are still too small to be observed
under SEM. At height reduction of 50 (Figure 5(c)) and
of 70 pct (Figure 5(d)), the microstructure was remark-
ably changed: An equiaxed microstructure with a grain
size of 1 to 2 lm was obtained.
The increase in deformation temperature resulted in a

lower dislocation density as shown in Figure 6(a) for the
sample deformed at 980 �C. While, a few equiaxed

Fig. 4—EBSD orientation maps of the Ti60 alloy after compression at 900 �C (a) and 980 �C (b) at height reductions of 70 pct.

Fig. 3—a texture represented by {0001} and {11-20} pole
figures measured by XRD, of (a) the initial microstructure and after
70 pct deformation at (b) 900 �C and (c) 980 �C.

METALLURGICAL AND MATERIALS TRANSACTIONS A VOLUME 54A, JULY 2023—2853



subgrains/grains with irregular shapes had already
formed in the a laths after 25 pct height reduction.
After height reduction of 50 pct at 980 �C (Figure 6(b)),
the a laths became completely equiaxed with a mean a
grain size of 3 lm. A further increase in the deformation
strain to the height reduction of 70 pct (Figure 6(c)) led
to a slight increase of the equiaxed grain size.

EBSD analysis also shows that a larger deformation
imposed within the a lamellae in the material deformed
at 900 �C than that deformed at 980 �C. The orientation
variation of the undeformed lamellar structures is
always within 2 deg, as the angular resolution of
EBSD.[24] The present representative result for orienta-
tion variants analysis were selected by two deformed a
laths with similar orientation. As shown in Figure 7, the
magnitude of the orientation gradient decreased with the
increasing deformation temperature, where the

misorientation was ~ 1.3 and 0.65 deg lm�1 in a grain
deformed at 900 �C and a grain deformed at 980 �C,
respectively. As a result, deformation in the b phase, and
the rotation of the a lamellae, become much more
marked with increasing deformation temperature.
Altogether, a greater internal deformation of the a

lath was accommodated at 900 �C than at 980 �C. At
900 �C, the dislocation density and variation of orien-
tation within the a lamellae dramatically increased in the
initial stage of deformation. As the strain increased, the
subgrains were produced (see Figure 5). Meanwhile, a
steep orientation gradient leads to highly misoriented
subgrains during subgrain growth. The potential recrys-
tallization nucleus would be formed when this misori-
entation reaches that of a high-angle grain boundary.
Those features of the dynamic globularization process in
the a phase at 900 �C were typical of continuous

Fig. 5—TEM bright field images of Ti60 alloy with a height reduction of (a) and (b) 25 pct, (c) 50 pct, and (d) 70 pct by compression at 900 �C.

Fig. 6—TEM bright field images of Ti60 alloy with the height reduction of (a) 25 pct, (b) 50 pct, and (c) 70 pct by compression at 980 �C.
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dynamic recrystallization, which led to the formation of
fine grains with random orientations. In addition, some
fragmented grains with random orientations could be
produced in local shear bands and colony boundaries
(Zones I and II) as shown in Figure 8. Therefore, a fine
and weak textured microstructure was obtained at
900 �C after globularization.

The lesser degree of internal deformation of the a lath at
980 �Cmay be associated with the greater contribution of
the a lamellae rotation and of b deformation to the
accommodation of the imposed strain. The dislocation
density andmisorientationwithin the a lamellae increased
slightly in the initial stage of deformation. As shown in
Figure 6, coarse subgrains/grains with sizes almost equal
to the width of the original a lath were produced with the
strain. The globularization process was associated pri-
marily with the boundary-splitting mechanism, as noted
by Weiss et al.[11]. Such a misorientation of the subgrain
boundary would increase when it grows in an orientation
gradient. However, the neighboring b phase hinders the
growth of the a grain during deformation. As a conse-
quence, equiaxed a grains whose orientations are greatly
changed could not be produced in great number during
globularization, although some high-angle a/a bound-
aries may also evolve from recovery, recrystallization, or
shearing. Thus, this globularization process does not
create a large number of new orientations, as observed in
previous works.[8] The a phase always retains a similar
orientation, or at least a common c-axis, after globular-
ization as shown in Zone III of Figure 8(b).

It is important to note that the slip activity and the
morphological features are also related to the crystallo-
graphic orientation. In this work, the main texture compo-
nentof theoriginalmaterial is h0001i//CDfiber texture, and
the Schmid factor of the pyramidal ha + ci system slip for
grains with this texture component is large. A co-activation
of various slip modes would be reasonably expected in the
initial stage of the deformation, although the preferential
system slip is prismatic hai. A large orientation change can
develop when neighboring volumes of a grain deform on

different slip systems and rotate to different end orienta-
tions. Additionally, if the plane of a lamellae was nearly
parallel to the deformation direction, the kinking would
occur at the initial stage of deformation. Some equiaxed a
grains with relatively random orientation could be gener-
ated in the local shear band and also reported elsewhere.[24]

As already mentioned, the c-axis of the transformed a
lamellae is near parallel to its broad face. Thus, the angle
between thebroad faceofa lamella and the stressdirection is
always larger than theanglebetween the c-axis and the stress
direction. One would expect that the mainly origi-
nal h0001i//CD fiber texture also promote the kinking,
especially for a relatively low processing temperature[11,39]

and more specifically at 900 �C for this work, which also
some help to produce a homogenous microstructure.

V. CONCLUSION

The microstructure and crystallographic orientation
evolution of Ti60 alloy with a lamellae structure were
studied by compression testing during deformation at
900 �C and 980 �C. The globularization process con-
verting the a lamellae into equiaxed a grains was
different at 900 �C and 980 �C. At 900 �C, the globu-
larization process is dominated by continuous dynamic
recrystallization. A fine homogenous microstructure in
terms of morphology and crystallographic orientation
distribution is obtained after globularization. At 980 �C,
the globularization process is controlled by the bound-
ary-splitting mechanism. A coarse equiaxed microstruc-
ture with strong h11-20i fiber texture and macrozones is
produced after globalization.

Fig. 7—Typical line scans from EBSD maps in Fig. 8 showing the variation in a grain of the material deformed at (a) 900 �C and (b) 980 �C.
(Note: (a) and (b) correspond to grains A and B, respectively and the arrows in Fig. 8 indicate the line scan direction.).
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