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Abstract: This work investigated crystallographic textures and the features of a flow localization
band in a forged Ti6242S billet. The flow localization band experienced a large strain and grains
within it were elongated under shear stress. The main macrotextural components were made up of
(1120)/<1020>, <0002>/axial direction, and a static recrystallization texture (1120)/(3302), which can
be explained by motion of a prismatic <a> slip system and a newly proposed method of projection.
Finally, three types of macrozone, each with a sharp defined texture were observed and subsequently,
it was demonstrated that the formation of macrozones was only connected with parameters of
thermomechanical processing and was independent of variants selection.
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1. Introduction

Titanium and titanium alloys are crucial aeronautical materials, which are widely used in jet engine
and aircraft skin construction because of their high weight-to-strength ratio and excellent mechanical
properties, such as resistance to corrosion, creep properties and fracture toughness [1–3]. Among these
alloys, the near-α titanium alloys, for instance, Ti6242S, Ti60, IMI834 and Ti1100, are usually applied
as the high-temperature parts of a jet engine [2,4–7]. In these high-temperature titanium alloys 6%
Al is added to act as an α stabilizing element. When near-α titanium alloys experience load in the
temperature range of 550–650 ◦C, Ti3Al particles, which are effective barriers of dislocation glide and
climb, are precipitated, and thus improving the fracture toughness and creep properties significantly [2].
In general, the mechanical properties of titanium alloys are determined by microstructure and
crystallographic texture [8]. In order to obtain desirable microstructure, the hot-working processes
of titanium and its alloys usually contain forging above β-transus, thermomechanical processing
(TMP) within α+β phase field temperature and a finally reasonable heat treatment [3,9,10]. Generally
speaking, excellent mechanical properties can be attained if titanium alloys possess uniformly fine
microstructure and random texture. However, it is difficult, despite many efforts to optimize the
process window, to obtain a homogeneous microstructure and random texture [11,12]. Over the years,
heterogeneous microstructure with regions of aligned αp grains with near-crystallographic orientation
were easily found in bulk billets or disks of near-α titanium alloys [3,9,13,14]. These regions, named
macrozones, serve as the fatigue crack initiation sites and may strongly reduce the fatigue lifetime
of near-α titanium alloys [13]. Meanwhile, various studies of flow localization bands development
in titanium alloys during forging have been performed [15–17]. However, the specific characteristics
these features have not been characterized using electron back scatter diffraction (EBSD).
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Because of the strong anisotropy of HCP structure, the mechanical properties of titanium alloys
are significantly impacted by texture. Previous research has shown that if the c-axis of texture is parallel
to the loading direction, the strength could be improved. Opposite results can be obtained when c-axis
of texture is parallel to the loading direction [4,18,19]. Consequently a deep understanding of texture
variation across cross sections of titanium alloys is crucial to the designers of these materials.

In the current study, the flow localization band and texture characterizations of a Ti6242S billet
were analyzed carefully by optical microscopy (OM), X-ray diffractometry (XRD) and EBSD technology.
Combined with the TMP, we provide insights necessary for a deeper understanding about the
microstructure and texture evolution during forging.

2. Experimental Procedure

2.1. The Received Material

The material in this study was received as a Φ250 × 60 mm billet of Ti6242S provided by the
Northwest Institute for Nonferrous Metal Research (Xi’an, China). The cast was performed by three
vacuum arc melting method. Then it was cogged at 1180 ◦C. After cogging, initial forging operations
took place above β-transus (βT) to break up the coarse ingot structure. In order to refine prior β grains,
and further obtain finer α phase lamellar by β→α, the material was forged seven times above βT.
The second forging took place within α+β phase field. The material was forged six times so that
homogeneous microstructure could form, the forging temperature below βT of 50 ◦C was selected; the
details of the forging process are displayed in Figure 1. It is worth noting that the alloy went through
three upsetting and three drawing for each time it is forged, and after each pass, the sample was cooled
to room temperature and then forging repeatedly. In the final pass of forging, the billet must be kept
rotating around the axis. The βT of this alloy was determined to be 1009 ± 10 ◦C by means of the
metallographic method.
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A sample 65 mm away from the center of a transverse cross section was cut off in this billet. The 
three-dimensional size was 20 mm × 10 mm × 10 mm. The sample was polished using standard 
metallographic methods until it became a mirror. The polished surface was then etched by a mixture 
of nitric acid, hydrofluoric acid and water with the proportion of (HNO3):(HF):(H2O) = 1:3:20 for 30 
s. Microstructure was examined by OM. After examination, the sample was re-polished to eliminate 
the corrosion layer leaved by reagent, if present. Then, texture was measured using a Bruker D8 

Figure 1. The details of the forging process of the Ti6242S alloy used in this study. The main parameters
included temperature, soaking time, and cooling process. AC, air cooling.

2.2. Measurement of Microstructure and Macrotexture

A sample 65 mm away from the center of a transverse cross section was cut off in this billet.
The three-dimensional size was 20 mm × 10 mm × 10 mm. The sample was polished using standard
metallographic methods until it became a mirror. The polished surface was then etched by a mixture
of nitric acid, hydrofluoric acid and water with the proportion of (HNO3):(HF):(H2O) = 1:3:20 for 30 s.
Microstructure was examined by OM. After examination, the sample was re-polished to eliminate the
corrosion layer leaved by reagent, if present. Then, texture was measured using a Bruker D8 (Bruker
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AXS GmbH, Karlsruhe, Germany) advanced X-Ray Diffractometer (XRD) with Cu target. Five pole
figures, (0002), (1010), (1011), (1110), (1012) were obtained. The texture analysis was carried out on
TEXEval 2.5 software (Bruker AXS GmbH, Karlsruhe, Germany) [20].

2.3. EBSD Tests

In order to further investigate feature of microstructure and microtexture. The EBSD tests were
carried on MAIA3 high-resolution field emission scanning electron microscopy (FE-SEM) with an
EBSD detector (TESCAN, Shanghai, China). The scanning area was conducted by step size of 2.17 µm.
HKL Channel 5 software (Oxford company, Abingdon-on-Thames, UK) was used to post-process the
data collected by EBSD (see: http://www.51haocai.cn/product-624.html). The EBSD test sample was
mechanically polished until no scracthes were present. Then, the stress layer of sample surface was
removed by ion-etching equipment, so that high-quality diffraction pattern of backscattered electron
could be attained.

3. Results

3.1. Characterization of Microstructure

The metallographic results are shown in Figure 2. It can be seen that the microstructures are mainly
composed of primary equiaxed primary α grains (αp) and lath-shaped β-transformed structures (αs).
The αs laths formed colonies and were separated by thinner β phases, as is demonstrated in Figure 2a.
Meanwhile, the flow localization band, which can be attributed to the low thermal conductivity of
titanium alloys and higher strain rate during forging, formed inside the Ti6242S alloy, as shown in
Figure 2b [21]. Compared with other regions, the αp grains were significantly elongated under highly
concentrated shear deformation.
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Figure 2. Microstructural characteristics of the Ti6242S alloy billet: (a) 500 times magnification, αp and
αs phases indicated by green arrows; (b) 200 times magnification; the flow localization band (boxed by
two green lines).

3.2. Crystallographic Orientation Distribution

3.2.1. Results of XRD

The macrotexture results measured by XRD are displayed in Figure 3. For α-Ti, texture was
characterized by {0002} and {1120} pole figures. Three texture components (A, B, C) were observed.
The A component lay in RD1 (an arbitrary perpendicular radial directions of the billet) with maximum
intensity of 1.99 times of the random texture; its Miller index was (1120)/<1010>. Texture B indicated
that the c-axis was parallel to ED (the elongated axis) and has the maximum intensity of 1.88 times
that of random texture, its Miller index is <0002>//ED. Components of both A and B are classical B/T
type textures in rolling titanium alloys [3,19]. But beyond them, a weak texture component C come
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into being and lay in the 45◦ direction relative to RD1 and RD2 (the latter the radial directions that is
perpendicular to RD1) with a maximum intensity of 1.34 times of random texture, the Miller index is
(1120)[3302]. The results show that the main texture components obtained by XRD are similar to the
B/T type texture of rolling titanium alloys plates.
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3.2.2. Results of EBSD

Figure 4 shows the inverse pole figure (IPF), band contrast (BC) maps and pole figures of the
billet measured by EBSD. Ten sub-regions can be separated according to color distribution of IPF map.
Besides region 5, in which the crystallographic orientation of equixaial grains had dispersed alignment,
all of the other regions were covered by similar color, the so-called macrozones in titanium alloys.
These regions show a sharp texture with the c-axis of the αp grains aligned to a specific direction
with respect to RD1–RD2 except regions 6, 8 and 10, which were covered by green and have their
<1120>//ED. The aligning directions vary from one macrozone to another randomly. Grains within
regions 2 and 3 were elongated significantly and they are interpreted as the flow localization band.
The result of microtexture in the whole scanning area demonstrates that the c-axis is oriented at about
30◦ from the RD1–RD2 plane.

4. Analysis and Discussion

In present work, the processing stages of the Ti6242S titanium alloy contained hot-working in
β and α+β phase field temperature respectively. After forging above βT temperature, lamellar αp

grains were generated by β→α, then the forging processes within α+β phase fields temperature were
performed to break up the αp laths. Dynamic recrystallization (DRX) occurred at the same time, which
induced the formation of equiaxed αp grains. Generally, αp grains in transverse cross section reflect the
projection of αp grains in longitudinal section, which have a strong tendency to contain the minor axis
of αp grains. Hence, most of αp grains in transverse cross section were equiaxially shaped. Davies [9]
also came to the same conclusion. The αs laths are from the β→α transformation after cooling.

During forging in two phase field temperatures, the αp colonies were broken up and DRX occurred
under stress. Thus the αp laths transformed into equixaial αp grains. In the present work, it was
observed that macrozones formed during the process; Gey and Prakash reported that for bimodal
titanium alloys, the development of macrozones was related to the TMP and αs variants selection during
β→α phase transformation [22,23]. However, the Ti6242S billet was forged in low α/β temperature in
the present work, so the volume fraction of αs laths formed by β→α after cooling can be ignored, as
demonstrated in Figure 2. Hence, macrozone formation was only connected with parameters of TMP
and was independent of variant selection. During forging in α/β, the primary αp grains developed
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sharp local texture heterogeneities under the motion of the slip system. Gey further concluded that αp

laths belonging to same colony deformed similarly and the DRX had no obvious effect on the orientation
of αp laths during forging [22,24]. Therefore, the macrozones formed, and their size may be associated
with the prior β grains [23,24].Metals 2020, 10, 121 5 of 10 
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In addition, a flow localization band appeared, which implies that local metal flow concentrated
on this area [21,25]. Its presence within the billet was further elaborated by EBSD. Regions of 2 and
3 of Figure 4 were identified as flow localization bands; it can be seen that overall, the c-axis of the
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majority of α grains were aligned to one direction (about 30◦from RD1 to RD2) in this region. In order
to further explore the characterization of the flow localization band, kernel average misorientation
(KAM) was used to investigate the geometric dislocation densities (GNDs) which could represent local
strain of different areas, as is seen in Figure 5. The GND density of all 10 regions have been calculated
by ρGND = 24θi

µb [26], where ρGND is the GND density at the point of interest; ∆θi represents the local
misorientation; µ is the unit length of the point (100 nm); b is the Burger’s vector. The calculated
GND results of all regions are listed in Table 1. The flow localization bands, especially region 2,
possess higher local misorientation level, as the geometric dislocation densities (GNDs) within it are
larger compared with other regions. Therefore, the localization flow bands experienced larger strain
during forging. Because of the poor thermal conductivity of titanium alloys, the heat generated by
deformation inside titanium alloys cannot be released quickly under the high strain rates and thus
the energy becomes concentrated in a region. As a result, the thermal softening effect along the shear
direction becomes concentrated within a narrow area by adiabatic temperature rise, making shear
deformation focus on this region and forming flow localization band [21,25].
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Table 1. The calculated GNDs of ten subregions of (1–10) obtained by EBSD.

Regions (1) (2) (3) (4) (5) (6) (7) (8) (9) (10)

GNDs, 1014/m−2 16.9 42.6 29 27 51.5 18.5 20.1 17.2 24.5 23.6

After the initial β forging, a lamellar αp microstructure formed by β→α transformation. Since
the cooling process obeys Burger’s orientation relationship (BOR), the main misorientations between
neighboring α colonies should be focused on nearby 10◦, 60◦ and 90◦ [13,27]. Furthermore, the material
experienced deformation in the α+β phase field, which disrupted the BOR among α plates, and many
low angle boundaries (LABs) appeared in deformed grains, as is seen in Figure 6. It can be observed
that the LABs are mainly situated inside α grains. It is also particularly interesting to find that the
LABs within flow localization band have larger density, which suggests that the flow localization band
is filled with deformable grains.

Generally, owing to the larger scanning area (about 7 mm × 7 mm) and deeper penetration depth
of X-ray compared with backscattered electrons, the texture results obtained by XRD tests have greater
statistical significance. By comparison, EBSD is more suitable for measurement of microtexture. The
orientation evolution is strongly connected with the movement of the slip system during deformation.
For the α-Ti structure, the c/a ratio is about 1.587, which is less than the c/a ratio of idea HCP, accordingly,
the prismatic <a> slip governed the deformation during forging [13,28,29]. For the transverse cross
section, it should be noted that during production of the billet, metal must flow along with the direction
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of the ED, and meanwhile the billet was rotated during forging, thus the transverse cross section
accepted strain from many directions. However, regardless of how the billet was loaded, the plastic
deformation was completed by movement of the slip system during forging. Figure 7 shows the
corresponding in-grain misorientation axis analysis with the misorientation in the range of 1–7◦ within
the EBSD scanned area, and the Schmid factor distribution of prismatic and basal <a> slip are also
displayed. It can be seen that <0001> pole has the maximum density and the value of Schmid factors
of the prismatic <a> slip system was concentrated in the range of 0.38–0.48, which implies that the
prismatic <a> slip was more favorable to the development of texture and, also led to the increase of
misorientation between adjacent grains.
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It is not surprising that the (1120)/<1010> texture formed through motion of prismatic <a> slip
system. However, <0002>/ED was also developed in the billet, which cannot be interpreted by the
motion of the prismatic <a> slip system. Here, a new method was proposed to solve the problem.
In actual production of the billet, metal must flow along ED. Thus, most of α grains were pushed
along ED under the motion of the prismatic <a> slip system; meanwhile, the hard-oriented grains
hold perpendicular to the ED. The method of projecting, as is seen in Figure 8, when the grains along
longitudinal axis are projected onto the transverse cross section, hard-oriented grains correspond to the
prismatic plane, whereas α grains arranged along the ED are projected to basal plane. Hence, projecting
those of α grains that paralleled to ED into cross section, a texture of <0001>//ED was formed. It is also
deduced that the equiaxed α grains have their texture because grains arranged along ED are more
easily dynamically recrystallized. In fact, the spheroidizing process has a little effect on the crystal
orientation of a same colony, thus by projecting, the c-axis of α grains are perpendicular to ED. Similarly,
by projecting the hard-oriented α grains onto the plane of cross section, a (1120)/<1010> texture was
obtained. Thus, the texture of A and B formed in this work can be explained by motion of prismatic <a>
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slip system and the projecting method. The C component was reported as the static recrystallization
(SRX) texture component by Peng Lin [8]. It is unsurprising that the billet requires several hours
to cool to room temperature after forging and hence, the SRX occurs. During slow cooling, some
recrystallized nuclei, which have special crystallographic orientation with the deformation texture
grew preferentially, and developed into SRX texture.
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5. Conclusions

OM, XRD and EBSD were used to characterize the flow localization band and texture in a Ti6242S
alloys billet after forging at the β single phase and α+β phase field temperature. With careful analysis,
the following can be concluded:

(1) The microstructures of this billet are mainly composed of primary equiaxed αp grains and
secondary αs colonies. Using EBSD we found that the flow localization band underwent larger
strain and contained a larger number of low-angle GBs. The grains within flow localization band
were elongated significantly under shear stress.

(2) Three types of macrozone, with sharply defined local texture were formed within the materials
and the macrozone formation was only connected with parameters of TMP and was not related
to variant selection.

(3) The main texture components of the Ti6242 alloys are (1120)/<1010> and <0002>/ED in the billet.
A weak static recrystallization texture component (1120)[3302] was also formed.
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