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Abstract: The microstructure and mechanical properties of the Ti—5Al-5Mo—5V—1Cr—1Fe (Ti-55511) alloy under
different strains were investigated through the design of step-shaped die forging. The results indicate that continuous
dynamic recrystallization (CDRX) and discontinuous dynamic recrystallization (DDRX) occur in the high strain region.
The orientation of the grains produced by CDRX is random and does not weaken the fiber texture. (100)-oriented grains
expand gradually with increasing strain, thereby enhancing the strength of {100} texture. Significant anisotropic
mechanical properties are observed in the large strain region and analyzed through in-situ tensile experiments. When the
loading direction is parallel to the longitudinal (L) direction, strain concentration is observed near the dynamically
recrystallized (DRXed) grains and inside grains oriented along (100), leading to crack initiation. Furthermore, the small
angle between the loading direction and the c-axis hinders the activation of prismatic and basal slip, thereby enhancing
the strength. When the loading direction is parallel to the short transverse (ST) direction, cracks are initiated not only
within grains oriented along (100}, but also at the grain boundaries. Regarding impact toughness, the elongated f grains
in the L direction enhance the resistance to crack propagation.

Key words: Ti—5Al-5Mo—5V—-1Cr—1Fe alloy; step-shaped die forgings; strain distribution; deformation mechanism;
mechanical properties

heat treatment strategies to control the micro-
structure of the die forgings and release residual
stress [3,4]. These processes are designed to

1 Introduction

Ti—5A1-5Mo—5V—-1Cr—1Fe (Ti-55511) is a
typical near f titanium alloy widely utilized in the
aviation industry for load-bearing components due
to its outstanding mechanical properties and
corrosion resistance [1,2]. Generally, thermo-
mechanical processing (TMP) is employed in the
manufacturing of S titanium alloy load-bearing
components. This process includes hot deformation
in the f region or o+f region, followed by specific

achieve microstructures and mechanical properties
that meet the standards required for aerospace
applications [5].

Numerous studies have investigated small-
sized Ti-55511 samples prepared by TMP, focusing
on hot deformation behavior [6—9], microstructure,
and texture evolution [10—13]. LIANG et al [7,8]
conducted Gleeble experiments to study the hot
deformation behavior of Ti-55511 alloy in the a+f
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region and f region and established constitutive
models to describe the dynamic recovery (DRV)
and dynamic recrystallization (DRX) processes of
Ti-55511 alloy. LIM et al [12] and LI and YANG
[10] investigated the texture evolution of Ti-55511
alloy during hot deformation in the f phase region,
which revealed the influence of dynamic strain-
induced boundary migration on the formation of
{I11} and {100} textures. Other studies have
demonstrated that the microstructure of Ti-55511
alloy after forging can be controlled through heat
treatment. These studies also aimed to establish the
relationship of heat treatment parameters, micro-
structure variations, and resulting mechanical
properties. SHI et al [14,15] established a fracture
toughness prediction model to study the influence
of heat treatment on the evolution of basket-weave
microstructure in Ti55511 alloy and elucidated the

crack initiation mechanism under high-cycle fatigue.

BOYER [16] established the relationship between
the microstructures and dynamic behaviors in
Ti55511 alloys with bimodal, equiaxed, basket-
weave, and Widmanstatten microstructures [1].

Note that the aforementioned studies were
conducted in laboratory settings using small
specimens and carefully controlled processing
conditions. In aviation applications, large die
forgings are the predominant form of titanium
alloys utilized, typically fabricated through die
forging processes that employ molds to shape alloy
blanks into specific configurations [16]. Die forging
is favored for aerospace titanium alloys due to its
advantages, such as no material limitations,
excellent surface finish, and the ability to control
microstructure. It is considered one of the most
reliable manufacturing methods [17—19]. GUPTA et
al [20] studied the microstructure and tensile
performance of Ti—6Al—4V pressure vessel die
forgings in different regions and discussed the
variants of thermomechanical processing along with
annealing to achieve better uniformity in properties
and microstructure. SUAREZ FERNANDEZ et al
[21] explored the effect of forging texture and
machining parameters on the fatigue performance
of Ti—6Al-2Sn—4Zr—6Mo large-scale die forged
discs, revealing the formation mechanisms of
texture at different locations and their influence on
the fatigue performance.

Currently, some studies have begun to scale up
the size of parts. However, in actual industrial

production, the complex cross-sectional changes of
large die forgings present significant challenges.
Conventional part design often struggles to
effectively guide the forging production process. At
identical deformation temperatures and speeds, the
strain  distribution within the parts varies
significantly, thereby influencing the uniformity of
microstructure and properties across the forgings. In
other words, die forgings with complex geometries
often exhibit varying thicknesses across a single
forging. Therefore, it is crucial to analyze how
strain distribution at different positions during the
forging process of large die forgings impacts
microstructure and mechanical properties.

In this study, the microstructure, deformation
mechanisms, texture evolution, and mechanical
properties of Ti-55511 alloy were investigated
across various strain levels using step-shaped die
forging. The in-situ tensile process was analyzed
under different loading directions. The influence of
DRX behavior on texture was discussed, revealing
the reasons for the wvariations in mechanical
properties within the large strain regions. The
findings of this study offer theoretical support for
the engineering applications of large-sized Ti 55511
alloy die forgings fabricated through TMP.

2 Experimental

2.1 Raw material

The Ti-55511 alloy pre-form billet was produced
by Hunan Xiangtou Goldsky New Materials Co.,
Ltd. The chemical composition of the Ti-55511
alloy was determined at Ti—5.20A1-4.95Mo—
4.96V—1.05Cr—0.95Fe—0.180—-0.005N (wt.%). The
[ transus temperature (73) was determined at
875 °C by the metallographic method [22]. The size
of the pre-form billet was 165 mm x 165 mm X
520 mm (Fig. 1(a)). The microstructure of the initial
billet, which has a typical bi-modal microstructure,
is presented in Fig. 1(b).

2.2 Die forging and heat treatment process

A step-shaped die forging was designed to
obtain various deformation reductions, as shown in
Fig. 1. The billet size was 520 mm X 165 mm, and
the initial microstructures are shown in Figs. 1(a)
and (b). The thicknesses of the four positions of the
die forgings were 135, 120, 100, and 80 mm,
denoted as S1, S2, S3, and S4, respectively, as
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shown in Fig. 1(c). The dies were made of H13
steel. Before the die forging process, the billet was
soaked at 905°C for 2.5h. Subsequently, the
Ti-55511 billet was transferred to a die forging
press with a transfer time within 30 s. After the die
forging process, the Ti-55511 die forgings were
air-cooled (AC) to room temperature, as shown in
Fig. 1(d).

Subsequently, the forgings double
annealed to obtain the basket-weave microstructure,
as shown in Fig.2(a). In detail, the as-forged
Ti-55511 component was heat treated at 850 °C for
2 h, and then furnace cooled (FC) to 740 °C for 2 h,
followed by AC. The ageing process was performed
at 600 °C for 8 h.

Wwere

2.3 Finite element modeling
The die forging process was simulated using

(@)
520 mm

165 mm

Die
forging
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the rigid-plastic  finite  element  program
DEFORM-3D™. The Ti-55511 workpiece and AISI
H13 dies were defined as plastic and rigid bodies
with 30000 and 10000 quadrilateral finite element
meshes, respectively. Furthermore, a shear friction
model was chosen to simulate frictional behaviors
during the hot die forging process. The thermo-
physical parameters (such as flow stresses, thermal
conductivity, and heat transfer coefficient) of
Ti-55511 and HI13 were set according to the
database of the Deform software.

2.4 Microstructure characterization

An FEI Inspect F50 field-emission scanning
electron microscope (SEM) equipped with an
electron backscattered diffraction (EBSD) detector
(NordlysNano, Oxford) was used for the micro-
structure analysis and grain orientation characterization.

(©)

Fig. 1 (a) Original billet size of Ti-55511 alloy; (b) Initial microstructure of Ti-55511 billet in (a); (c) Thicknesses of
four positions of die forgings; (d) Illustration of Ti-55511 alloy die forgings (L—Longitudinal direction; ST—Short

transverse direction)
(a)
850 °C,2h

FC\740°c,2n

Temperature

AC
AC

620 °C, 4 h

Time

Fig. 2 Illustration of double annealing (a), and mechanical testing samples sectioned from die forgings (b)
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SEM samples were ground using SiC paper to
#2500 finish and then etched using Kroll’s agent
(1 vol.% HF + 4 vol.% HNOs; + 95 vol.% H,0).
EBSD samples were polished using a vibration
polisher (Buehler VibroMet 2). Channel 5 software
was used for EBSD data processing. Quantitative
microstructure analyses were carried out by using
Image Pro Plus software.

2.5 Mechanical properties tests

Standard cylindrical tension test samples with
a diameter of 5 mm were used for the tensile tests,
according to the ASTM ES8/E8M-16a standard, as
shown in Fig. 3(a). The ultimate tensile strength
(UTS), yield strength (YS), and elongation (EI)
were obtained on an Instron 8801 machine
equipped with an extensometer. The tensile strain
rate was 0.5 mm/min. Impact toughness tests were
conducted on an Instron MPX machine using
U-notch specimens, according to GB/T 229—2007.
In this study, mechanical test samples were
extracted from two directions to explore the
mechanical properties of die forgings in different
orientations. Specifically, the L direction was
perpendicular to the forging direction, and the ST
direction was parallel to the forging direction, as
illustrated in Fig. 2(b).

The in-situ tensile test was carried out by a
scanning electron microscope with a loading
stage and EBSD. First, two groups of samples
were cut by wire cutting at the same position of the
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Fig. 3 (a) Geometric shape and size of tensile specimen,;
(b) Geometric shape and size of in-situ tensile specimen
(Unit: mm)

forging, with the sample sizes shown in Fig. 3(b).
Subsequently, the samples underwent mechanical
grinding and electrolytic polishing. In the testing
phase, the first group underwent a tensile test
outside the sample chamber to determine the stress
and strain range of the samples, which served as the
basis for selecting the samples for the tensile test
inside the chamber. Subsequently, the tensile test
was conducted inside the sample chamber. When
the load reached a certain strain level, the loading
was paused, and an EBSD test was conducted. After
completing the test, loading resumed, and the test
was repeated at the same position until the sample
fractured.

3 Results

3.1 Strain distribution of step-shaped die forgings

Deform-3D finite element analysis was used to
analyze the effective strain during the die forging
deformation process, and the corresponding results
are shown in Fig. 4. The strain distribution across
the die forgings indicates effective strains in regions
S1 to S4 as 0.375-0.500, 0.500—-0.625, 0.625—
0.750, and 0.750—1.000, respectively. This is
attributed to the significant deformation that occurs
to the billet (165mm x 165 mm), which is
deformed from 165 to 100 mm (S3) and 80 mm
(S4). Consequently, relatively high effective strains
are observed in these regions. On the other hand,
the forging thickness of S1 and S2 is greater
(135 mm and 120 mm, respectively), leading to
lower deformation during the die forging process.
Therefore, the effective strain is smaller than that of
S3 and S4. Table 1 presents the simulation results
for the effective strain in Regions S1, S2, S3 and S4.
Due to the effective strain distribution ranging from
0.375 to 1 in the central regions of all four steps of
the die forgings, further research will focus on
studying the microstructure and mechanical
properties of these typical regions in subsequent
investigations.

Effective strain
1.00
0.875 I
0.750
0.625
0.500
0.375

0.250
0125'
0.000!

Fig. 4 Strain distribution of Ti-55511 alloy die forgings
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Table 1 Simulation results of effective strain with respect
to Ti-55511 die forgings

Sample Thickness/mm Effective strain
S1 135 0.375-0.500
S2 120 0.500-0.625
S3 100 0.625-0.750
S4 80 0.750—1.000

3.2 Microstructure and texture of die forgings
Given the strain ranging from 0.25 to 1.00,
EBSD characterizations were conducted on four
core regions. Figure 5 shows the EBSD results of
different locations. Figure 6 illustrates the
distribution of grain boundaries at different
locations. In the S1 sample position (strain range of

0.375-0.500), the S grains exhibit an elongated
morphology, indicating that the primary
deformation mechanism at this stage is DRV, as
depicted in Fig. 5(a). The proportion of low angle
grain boundaries (LAGBs) is 65.35% (Fig. 6(a)).
The DRV process promotes the formation of
low-angle grain boundaries (LAGBs) through
dislocation  arrangements and  continuously
increases misorientation by absorbing dislocations
[23]. It can be observed from the kernel average
misorientation (KAM) map that dislocations are
predominantly concentrated near the grain
boundaries (Fig. 5(c)). A KAM map serves to
visualize the strain distribution [24]. As the strain
increases to 0.500—0.625 in the S2 sample,
numerous small dynamically recrystallized (DRXed)

lg *

KAM/C)
0

1 2 3 4 5

Fig. 5 IPF maps (a, d, g, j), GBs maps (b, ¢, h, k), and KAM maps (c, f, i, 1): (a—c) S1; (d—f) S2; (g—1) S3; (j-1) S4
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Fig. 6 Grain boundary distribution maps in different strain regions: (a) S1; (b) S2; (c¢) S3; (d) S4

grains generate near the prior f grains (Fig. 5(d)).
At this stage, the proportion of LAGBs increases to
79.3% (Fig. 6(b)), indicating that DRV remains the
primary deformation mechanism. It should be noted
that a significant number of LAGBs provide ample
driving energy for the nucleation and growth of
subsequent DRX. In the S3 region, numerous
DRXed grains can be observed in Fig. 5(g). In the
S4 region, the prior f grains further elongate under
large strain, and the proportion of LAGBs decreases
to 59.5% (Fig. 6(d)). Concurrently, the dislocation
density also exhibits a significant decrease
(Fig. 5(1)). This indicates that LAGBs gradually
absorb dislocations and transform into DRXed
grains with HAGBs during the deformation process.
Additionally, it can be observed that the dislocation
density in DRXed grains is very low (Figs. 5(i, 1)).
Figure 7 shows the inverse pole figures (IPFs)
of the S1-S4 regions and reflects the texture
conditions. Figures 7(a) and (b) indicate that the
IPFs of the S1 and S2 samples exhibit a random
distribution of f grains without any significant

preferred orientation. It confirms that the strain
range of 0.375-0.625 in the die forging process of
Ti-55511 alloy does not induce S texture. It should
be pointed out that in the S2 region, the grains have
already deviated towards the (100) and (111)
directions. However, when the strain increases to
0.625—0.750, the S3 sample shows a mixed (111)
and (100) fiber texture along the ST direction, as
shown in Fig. 7(c). Figure 7(d) illustrates that as the
strain increases to 0.750—1.000, a large number of
{100} oriented grains are formed (see Fig. 5(j)).
The volume fraction of S texture for positions
S1-S4 was further analyzed using Channel 5
software, and the results are shown in Fig. 8. The
statistical analysis indicates a trend of increasing
volume fractions of (111)-oriented grains at S1—-S4
positions, namely 21.2% (S1), 26.5% (S2), 38.5%
(S3), and 40.2% (S4). Additionally, the volume
fractions of (100)-oriented grains significantly
increase when the strain exceeds 0.625—0.750.
Specifically, the volume fraction of (100)-oriented
grains increases from 21.2% at S2 to 49.6% at S3,
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Fig. 8 Volume fractions of (100) and (111) texture

with sample S4 showing the largest volume fraction
among the four positions, reaching 52.3%. These
results indicate that during the f§ forging process,
the (100) texture parallel to the ST direction
gradually becomes the dominant deformation
texture as the deformation reduction increases.

3.3 Microstructure of die forgings after heat

treatment

Figure 9 shows the SEM images of the heat
treated Ti-55511 alloy die forgings. After double
annealing, the Ti-55511 alloy die forgings exhibit a
typical basket-weave microstructure composed of
lamellar primary o (ap) and transformed f structure
(Puans). Table 2 presents the volume fractions of o
in the S1-S4 samples, which are 32.5%, 32.8%,
33.5%, and 33.9%, respectively, with average
widths of 1.64, 1.79, 1.65, and 1.73 pm. Statistical
analysis revealed that there was no significant

difference in the volume fraction and width of o,
lamellae for S1-S4 samples after heat treatment.
This uniformity can be attributed to the consistent
composition of all Ti-55511 billets, ensuring
consistent diffusion kinetics of phase trans-
formation at different strains in the die forgings.
Furthermore, the double annealing heat treatment
employed in this study involves a dwell stage at
850 °C for the nucleation and growth of ap,
followed by furnace cooling to 740°C and
subsequent dwell at 740 °C, facilitating the
occurrence of diffusion-controlled p—oa phase
transformation. As a result, the precipitation of a, at
different strain locations reaches an equilibrium
state, leading to a relatively unchanged volume
fraction and width of a,. SEM was employed to
investigate the precipitation of secondary a (as) in
Ti-55511, as depicted in Fig. 10. Figure 10
demonstrates that the evolution of a5 shows no
significant difference with increasing strain.

3.4 Mechanical properties in different strain

regions

Table 3 lists the mechanical properties of the
samples S1-S4 in different directions. For S1, the
UTS and El in the L and ST directions are
(1103+£6) MPa, (1106+4) MPa, (16.0+0.5)%, and
(13.5%0.3)%, respectively. However, for the higher
strain S4 sample, the UTS noticeably decreases to
(1088+6) MPa (L) and (1073+£10) MPa (ST).
Therefore, Table 3 illustrates that as strain increases,
the mechanical properties of samples from the same
location show significant differences in different
directions. For the S1 and S2 samples, there are no
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Table 2 Thickness and volume fraction of a, phase in
S1-S4 region of Ti-55511 titanium alloy die forgings
after double annealing

Sample Thickness Volume fraction
of ap/um of op/%
S1 1.64 305
S2 1.79 32.8
83 1.65 33.5
54 1.73 33.9

significant differences in strength between the L
and ST directions. However, the elongation and
impact toughness in the ST direction are markedly
reduced compared to those in the L direction. This
trend is also evident in S3 and S4. Furthermore, as
strain increases, there is a significant decrease in the
UTS and YS at the S1—S4 locations. Table 2
indicates that the volume fraction and size of a,
remain nearly unchanged in different regions.
Therefore, the variations in strength and elongation
are primarily attributed to the morphology and
texture of f grains.

3.5 In-situ tensile experiments in different directions
The stress—strain curves from in-situ tension
are depicted in Fig. 11. After surpassing the yield

N \ 2
s AL e ) S =2
S WA %
m A i

Fig. 9 SEM images of samples after heat treatment: (a) S1; (b) S2; (c) S3; (d) S4
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point, three positions (P1, P2, P3) were selected to
halt loading for subsequent EBSD testing. The
in-situ tensile mechanical properties are shown in
Table 4. Similar to Table 3, the anisotropy of
mechanical properties in L and ST directions still
exist. Figure 12 shows the EBSD results of different
strain positions in the L direction. In the initial stage
of tensile deformation (P1), strain mainly
concentrates near the prior § grain boundary, with
no significant deformation observed inside the
grains (Fig. 12(a)) as a result of the presence of soft
grain boundary a grains and associate precipitation
-free zone (Fig.9). The white box region in
Fig. 12(a) is finely scanned, and the reconstruction
information of the relevant region is depicted in
Fig. 12(b). The reconstruction reveals the presence
of two prior S grains with (100) orientation in this
area, along with some equiaxed DRXed grains
nearby. In the P2 stage, cracks begin to initiate. The
black noises in Figs. 12(c) and (d) are microcracks.
Combined with the KAM map and the
reconstruction map of the P2 stage, it can be
determined that the strain is mainly concentrated
near the DRXed grains and inside the grains with
(100) orientation. Moreover, cracks preferentially
initiate in the vicinity of the fine DRXed grains.
In the P3 stage, macroscopic cracks have appeared
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Fig. 10 SEM images showing Sians microstructures of S1 (a), S2 (b), S3 (¢), and S4 (d)

Table 3 Results of tensile and impact toughness tests

Sample Direction uTs/ YS/ EV toflr;lllzzz;/
MPa  MPa % (J-m?)

L 1103+6 1028+8 16.0+0.5 495+15

St ST  1106+4 1036+10 13.5£0.3 351+10
L 1105+11 1030£10 16.0+£0.6 51048

52 ST  1096+9 1032+13 12.9£1.1 346+7
L 10957 1020+5 15.4+1.3 552+13

5 ST  1083+13 1020+7 11.8£0.7 30849
" L 1088+6 1012+9 15.1+1.6 620+12

ST  1073+10 1010£11 11.2+0.3  300+7

near the DRXed grains, accompanied by numerous
microcracks occurring within the grains oriented
along (100), as depicted in Figs. 12(e) and (f).
Figure 13 shows the EBSD results at different
strains (P1-P3 in Fig. 11) in the ST direction.
During the initial stage of tensile deformation (P1),
the strain was predominantly concentrated at the
prior § grain boundary (Fig. 13(a)). At the P2 stage,
the strain was highly localized within the (100)
oriented grains, indicated by a relatively high
degree of deformation. As deformation increases,
crack initiation occurs at the grain boundaries of

1200 PI P2,P3
1000

800 |
600

400 -

Engineering stress/MPa

200 L

0 002 004 006 0.08 0.10
Engineering strain

Fig. 11 Engineering stress—strain curves of Ti-55511
titanium alloy obtained in in-situ tensile test

(100) oriented grains compared to the L direction,
as indicated by the white arrows in Fig. 13(f).
Therefore, when the loading direction is parallel to
the ST direction, the crack occurs not only in the
interior of the grain with (100) orientation but also
at the grain boundary.

4 Discussion

4.1 Dynamic recrystallization behavior

Based on the previous results, it is evident that
DRX becomes more pronounced as strain increases.
To analyze the DRX behavior in different strain
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Fig. 12 EBSD results of different strains (P1-P3 in Fig. 11) in ST direction: (a) KAM map collected at P1;
(b) Reconstructed prior f grains in fine scanning region; (¢, d) IPF and associated KAM map collected at P2,

respectively; (e, f) IPF and KAM map obtained at P3, respectively

Table 4 UTS and YS of TI-55511 in L and ST directions

Loading direction UTS/MPa YS/MPa
L 1075 1035
ST 1025 945

regions, this study first examined the DRX
mechanism. The change in misorientation at the
arrow in Fig. 5 is statistically analyzed, as shown in

Fig. 14. From Figs. 14(a, b), it is evident that the
cumulative misorientation increases gradually in the
small strain region. However, the point-to-point
misorientation remains less than 2°, suggesting a
significant strain gradient within the prior f grain.
This gradient creates favorable conditions for
continuous dynamic recrystallization (CDRX). In
the high strain region, the cumulative misorientation
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Loading direction

111

Fig. 13 EBSD results of different strains (P1-P3 in Fig. 11) in ST direction: (a) KAM map collected at P1;
(b) Reconstructed prior f grains in fine scanning region; (¢, d) IPF and associated KAM map collected at P2,
respectively; (e, f) IPF and KAM map obtained at P3, respectively

continues to increase, with several peaks exceeding
2° observed in the point-to-point misorientation
(Figs. 14(c, d)). This indicates the formation of
LAGBs and the onset of subgrain progressive
rotation processes. According to previous studies
[25—28], cumulative misorientations exceeding 15°
are considered characteristic of CDRX. It is worth
noting that Fig. 5 also exhibits grain boundary
bulging phenomena, which are indicative of
discontinuous dynamic recrystallization (DDRX)
[29,30].

In summary, based on the changing trend of
misorientation, it can be concluded that DRV is the
primary deformation mechanism in the small strain
region, while CDRX predominates in the high
strain  region. Additionally, DDRX occurs
concurrently. Figure 15 shows the DRX maps in
different strain regions. In the figure, red represents
deformed grains, yellow indicates substructured
grains, and blue denotes DRXed grains. The
volume fractions DRX in different regions are
4%, 6.28%, 20.84%, and 21.46%, respectively. The
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larger strain increases dislocation density, providing
sufficient energy for DRX. As the volume fraction
of DRX increases, dislocation density decreases
significantly (Fig. 5). However, in the S3 and S4
regions, the volume fraction of DRX does not
change significantly with increasing strain. The
strain increase does not lead to a notable increase in
the volume fraction of DRX. This observation may
explain why the {100} texture intensity in the S4
region is higher than that in the S3 region. On the
one hand, since titanium alloy is a high stacking
fault metal, and CDRX can be regarded as a strong
DRV mechanism, although the volume fraction can
be increased, the DRV will also consume a large
amount of deformation storage energy, which limits
the increase in volume fraction of DRX. This
underscores the critical role of DRV in the CDRX
process [31]. On the other hand, by examining the
orientation relationship between DRXed grains and
unrecrystallized grains, it is evident that the
orientation of DRXed grains is very random, as
shown in Fig. 16. This phenomenon has also been
reported by LI et al [32] and ZHANG et al [33].
Therefore, it is difficult to weaken the deformation
texture by CDRX.

PRIMIG et al [34] believe that the Taylor
factor of (111)-oriented grains is greater than that of
(100)-oriented grains when {101} and {112} slip
systems are taken into account for the calculation in

a body-centered cubic structure. Therefore, (111)-
oriented grains possess higher stored energy during
compression. This energy provides sufficient
driving force for grain boundary migration from
(100)-oriented grains to (l11)-oriented grains,
leading to gradual expansion of the (100)-oriented
grains and increasing the intensity of the {100}
texture. Furthermore, LIM et al [12] observed that
the grain boundaries of the near (001) oriented
grains exhibit a higher misorientation towards
(111)-oriented  grains, causing the (001)
recrystallized grains to grow towards the deformed
(111) grains, consuming some of the (111) oriented
grains. Similar studies have been reported in the
Ref. [10]. In summary, DRV, CDRX and DDRX
collectively influence the strength of the texture
during the deformation process.

4.2 Impact of # texture on « phase precipitation
Figure 7 indicates strong (100) and (111)
textures in the S3 and S4 samples. Previous studies
have suggested that the texture of the prior S phase
may influence the orientation during the
precipitation of the o phase. In order to explore the
influence of f phase texture on o« phase
precipitation, an EBSD analysis was performed on
the S4 sample and the results are shown in Fig. 17.
Figure 17(a) represents the grain orientation
distribution maps of the S4 sample, with grains

Fig. 16 Orientation relationship of DRXed grains in S3 (a) and S4 (b) regions
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101

Fig. 17 (a) EBSD orientation map of S4 sample after heat treatment; (b) Reconstructed orientation and morphology of

prior S grains; (c) IPF of a phase in S4 region

predominantly colored in red and blue. Figure 17(b)
shows the reconstructed orientation and
morphology details of the prior f grains derived
from this analysis. The reconstructed data reveal
that the prior f grains are elongated, with grain
colors predominantly concentrated in the (100) and
(111)  orientations, which aligns with the
observations in Section 3.2. Figure 17(c) depicts the
inverse pole figure (IPF) calculated from the region
shown in Fig. 17(a). As indicated in Fig. 8, it is
evident that the generation of this texture is due to
the strong (111) texture in the sample. As it is well
known, the Burgers relationship in Ti alloys is
(110)4//(0001),, [111],//[1120],,. Therefore, in the
S3 and S4 regions, the strong (111) texture will
induce the formation of the {0001}(1120) //ST fiber
texture in the a phase.

4.3 Difference of mechanical properties in large
strain region
In terms of impact toughness, the higher
toughness observed in the L direction compared to
the ST direction can be attributed to the

morphology of the § grains in the samples [35,36].
Figure 18 shows the microstructure near the
fracture surfaces of the specimens in the S4 region
after the impact toughness test. In Figs. 18(a) and
(b), crack in the L direction passes through the
elongated S grains. During crack propagation,
deflection repeatedly occurs due to the orientation
differences between neighboring grains, thereby
requiring higher energy absorption for crack
propagation [37]. Conversely, in the ST direction,
crack propagation is primarily perpendicular to the
ST direction along f grain boundaries, which results
in easy crack extension and consequently leads
to inferior impact toughness (Figs. 18(c,d)).
According to Table 3, impact toughness improves
significantly in the L and LT directions with
increasing strain. On the one hand, the prior S
grains are clongated as strain increases. In samples
S3 and S4, the crack traverses a greater number of
grains in the L and LT directions compared to S1
and S2. Therefore, the energy required for crack
deflection within f grains is the highest in the S4
sample. Figure 19 depicts the schematic diagram of
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the crack propagation path during
toughness.

Furthermore, regarding tensile properties, the
significant strength reduction in the ST direction is
attributed to deformation texture. For S1 and S2
samples, considering their lower strain and the
absence of pronounced texture, there is no
significant difference in strength, with only a slight
reduction in ductility observed in the ST direction.
While as for the case of S3 and S4, a noticeable
decrease in strength is linked to the development of
p texture. The literature [38—40] shows that the
elastic modulus of £ phase in titanium alloy is

impact

o 0
Qoooooood

0ooooo0og
o 0

o
Uoooooood

70—105 GPa, and the elastic modulus of o phase is
100—145 GPa. HEMERY and VILLECHAISE [41]
tested the elastic modulus of Ti-5553 alloy with
different orientations and found that when the (100},
(101), and (111) preferred orientations of f phase
appear, the elastic moduli are 79, 92, and 97 GPa,
respectively. Furthermore, HUET et al [42]
demonstrated that when the loading direction is
parallel to f grains with (100), (111), and (101)
orientations, the f grains with (100) orientation
experience premature plastic deformation. This is
attributed to the lower stiffness of 5 grains along the
(100) direction, leading to early elastic deformation.

Fig. 18 Microstructures near fracture surfaces of specimens after impact toughness tests in S4 region: (a) Microstructure

in L direction; (b) Enlarged figure of red box region in (a); (c) Microstructure in ST direction; (d) Enlarged figure of red

box region in (c)

(2)

Crack

(b)

P

Crack

ST

Fig. 19 Schematic diagrams of crack propagation path during impact toughness test along L (a) and ST (b) direction
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Therefore, the difference in elastic modulus
between the two phases leads to highly
uncoordinated deformation, resulting in strain

concentration. This phenomenon facilitates easier
initiation and propagation of micro- cracks.
Moreover, S grains oriented with (100) directions
exhibit higher Schmid factors, making their slip
systems more prone to activation. The study further
indicates that the o phase embedded in £ grains with
(100) orientation experiences higher average stress
levels compared to those embedded in f grains with
(101) or (111) orientations. As a result, significant
slip activity is primarily initiated in the f grains
with (100) orientation [42]. Therefore, the
development of (100) texture results in a significant
reduction in UTS and El with increasing strain in
Ti-55511 alloy die forgings.

In addition to the texture and morphology of
the prior S grains, differences
properties are also influenced by the orientation of
the a, phase. When the loading direction is parallel
to the c-axis, basal (a) slip {1010}(1120) and
prismatic {a) slip {1010}(1120) are more difficult
to activate [43]. At this stage, the o phase exhibits
the highest elastic modulus and greater tensile
strength. As the loading direction deviates from the
c-axis, the initiation of basal (a) slip {1010}(1120)
and prismatic (a) slip {1010}(1120) becomes
easier, and the elastic modulus and tensile strength
gradually decrease. For this reason, this paper
counts the orientation of a, within the white box
region of Fig. 13(c), as illustrated in Fig. 20. The
orientations of &, can be categorized into two types.
The first type is marked in red with a deviation
angle of <30° along the c-axis. The second type is
marked in blue with a deviation angle of <60°.

in mechanical

. Loadlng direction

)

. C a1xs
L .<

Fig. 20 Orientation distribution of different a-phase

variants

It can be found that the number of a, in the
first type is much larger than that in the second
type. When the loading direction is parallel to the
ST direction, the loading force is nearly
perpendicular to the c-axis of the first type of o,
phase and nearly parallel to the c-axis of the second
type of o, phase. Therefore, the basal (a) slip and
prismatic {a) slip are easier to activate, leading to
lower tensile strength. On the contrary, when the
loading direction is parallel to the L direction, the
basal (a) slip {0001}(1120) and the prismatic
(a) slip {1010%(1120) are difficult to activate,
resulting in higher strength.

To further verify the above inference, the
Schmidt factors of basal (a) slip {0001}(1120),
prismatic {(a) slip {1010}(1120), and pyramidal {a)
slip {1011}(1120) are calculated for Fig. 12(L
direction) and Fig. 13 (ST direction), as illustrated
in Fig. 21. A higher Schmidt factor indicates that
the slip is easier to activate. The results indicate
that the Schmidt factor of the pyramidal (a) slip
{10 11}(1120) is the highest when loaded in the L
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Fig. 21 Schmidt factor distribution of Ti-55511 alloy
tensile sample with different slip systems: (a) L direction;
(b) ST direction
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direction. When the loading direction is parallel to
the ST direction, the proportion of prismatic {a) slip
{1010}(1120) is the highest, followed by basal (a)
slip {0001}(1120) . Therefore, when loading along
the ST direction, the prismatic {a) slip
{1010}(1120) and the basal {a) slip {0001}(1120)
are preferentially activated, leading to reduced
strength. When loading along the L direction, the
small angle between the loading direction and the
c-axis makes it difficult to activate prismatic
(@) slip {1010%1120) and basal (a) slip
{1010}(1120), thereby increasing the strength. At
the same time, the activation of prismatic {a) slip
(1010)(1120) further increases the strength.
According to the results of this study, and
considering the actual deviation from the analysis
of microstructure uniformity and mechanical
properties, it can be determined that the strain in the
forging process should be controlled to be less than
0.65 as far as possible. In the actual production, the
deformation of forgings can be optimized by
repeated iterations to weaken the texture and
mechanical properties in different directions.

5 Conclusions

(1) The prior g grains are equiaxed in the small
strain region, and the main deformation mechanism
is DRV. The prior f grains are elongated in the large
strain region, and the main deformation
mechanisms are CDRX and DDRX.

(2) The {100} texture appears in the large
strain regions (S3 and S4). Compared with S3, the
texture intensity and volume fraction in the S4
region increase. As the strain increases, (100)
oriented grains gradually expand, thereby
enhancing the strength of the {100} texture. There
is no significant difference in the thickness and
volume fraction of the a phase after heat treatment
in different strain regions.

(3) When the loading direction is parallel to
the L direction, the strain is concentrated near the
DRXed grains and inside the grains with (100)
orientation, leading to crack initiation. When the
loading direction is parallel to the ST direction, the
strain is concentrated at the grain boundary of the
grains with (100) orientation. At the same time, the
crack occurs not only in the interior of the grain
with (100) orientation but also at the grain
boundary.

(4) Regarding impact toughness, the elongated
prior f grains in the L direction enhance resistance
to crack propagation. In terms of tensile properties,
the difference in elastic modulus between the two
phases causes highly uncoordinated deformation,
leading to strain concentration, which makes the
initiation and propagation of micro-cracks more
likely.
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