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Abstract: A heterogeneous structure composed of elongated primary o and secondary a grains with a size of 670 nm
was produced by subjecting the bimodal microstructure of a titanium alloy to hot rolling, annealing, and aging
treatments. This heterogeneous structure exhibited significantly improved strength owing to a combination of
heterogeneous deformation-induced strengthening and dislocation strengthening. A short-duration high-temperature
heat treatment facilitated a synergistic enhancement of yield strength and elongation at both room temperature and
650 °C. The fracture elongation at room temperature and 650 °C increased by 36.7% and 130.4%, respectively,
compared with that of bimodal microstructure. The stacking of geometrically necessary dislocations with a single slip
system at the phase boundary and the longer effective slip length of the dislocations are the reasons for the significant
improvement in elongation. The elongated primary a phase in lamellar bimodal microstructure, composed of multiple
primary a grains, has better resistance to the anti-fatigue crack initiation effect.

Key words: titanium alloys; heterostructures; ductility; high-temperature deformation; heterogeneous deformation-
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reduced elongation at room temperature [6]. Both

1 Introduction

Near-a titanium alloys have garnered
significant research interest owing to their
exceptional specific strength, high-temperature

performance, and corrosion resistance [1,2].
However, achieving a synergistic enhancement in
room and high temperatures (particularly at 650 °C
[2]) performances remains a significant challenge.
The equiaxed microstructure exhibits a low strength
at both room and high temperatures [3-5].
Conversely, a lamellar microstructure exhibits

equiaxed and lamellar microstructures possess
inherent limitations that impede their widespread
application. The bimodal microstructure (BM) is
widely used because of its balanced mechanical
properties at room and high temperatures [7,8].
Nevertheless, their room-temperature elongation is
lower than that of the equiaxed microstructure, and
their high-temperature strength is lower than that of
the lamellar microstructure. Developing titanium
alloys that exhibit exceptional performance at
room and high temperatures (650 °C) presents a
formidable challenge [9]. Researchers continue to
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explore novel microstructure models to improve
their reliability in high-temperature environments.
Grain refinement has been a well-established
approach for strengthening metals. Ultrafine-
grained (UFG) alloys exhibit exceptional strength;
however, their low elongation severely limits their
practical application [10—15]. In recent years,
multiple reports have highlighted the significant
role of heterogeneous structures, such as
heterogeneous lamellar structure [10], ultralight
steel with a dual-heterogeneous-structure [16], and
ferrite/martensite laminated steels [17], which have
proven to be instrumental in achieving the
synergistic improvement in both strength and
ductility. These structures are formed through a
deformation process, incorporating a combination

of elongated coarse and fine grains. Such
heterogeneously  structured materials  exhibit
heterogeneous deformation-induced (HDI)

strengthening effects during deformation [16—23].
Nevertheless, the fine grains in these heterostructures
significantly reduce their high-temperature strength.
This phenomenon is the primary limitation hindering
the application of heterostructures at -elevated
temperatures. Consequently, the development of high-
temperature resistant heterostructures is challenging.

High-cycle fatigue behavior in titanium alloys
has been a subject of significant research interest.
During high-cycle fatigue, the amplitude of stress is
lower than the yield strength, and crack initiation is
primarily driven by local stress concentrations
caused by the microstructure. Therefore, the
microstructure plays a critical role in the fatigue
failure response of alloys [24]. The fatigue crack
initiation of BM usually occurs at the interface
between the primary o (a,) phase and secondary a
(as) phase or the ay/ap, grain boundary [25]. Planar
dislocation slip is more pronounced in o, grains,
and these planar slip bands appearing on the
surface can act as the starting position of fatigue
crack initiation. Crack initiation often occurs
preferentially on the a, side [26,27]. The lamellar
structure cracks fracture along and through the
lamellar path. Compared with the BM, the main
crack propagation path in the lamellar structure is
more tortuous and has a stronger anti-fatigue crack
propagation ability [28,29]. These findings indicate
that the microstructure has a dominant effect on the
initiation and propagation of microcracks in the
material.

Currently, there is little work on the
heterogeneous structure of near-o titanium alloys.
The aim of this study is to report novel methods for
preparing heterogeneous structures and investigate
the influence of heterogeneous structures on tensile
properties and room-temperature high-cycle fatigue
properties. We have achieved a significant
improvement in toughness (fracture elongation
increased by 36.7% and 130.4%) at both room
temperature and 650 °C without compromising the
strength by designing heterostructures in near-a
titanium alloys compared with the BM, i.e., forming
a 17% elongated op/as lamellar bimodal micro-
structure (LBM), and thus promotes delamination,
microstructural toughening, delayed initiation of
high-cycle fatigue cracks at room temperature. The
near-o titanium alloy with LBM was realized by
subjecting the initial structure to hot rolling and
well-designed heat treatment processes. Various
characterization methods were used to elucidate the
mechanism of formation and the process of the
microstructure evolution. The load—unload—reload
(LUR) test was used to confirm the strengthening
mechanisms. The fatigue crack initiation behavior,
microcrack initiation location, and dislocation slip
type of the LBM were discussed.

2 Experimental

2.1 Material preparation

A Ti—5.7A1-3.2Sn—5.4Zr—0.5Mo—1.0Nb—0.4Si—
0.2Er (wt.%) alloy ingot with a diameter of 200 mm
and a length of 140 mm was produced using the
vacuum arc remelting (VAR) technology three
times. The p/(o+p) transus-temperature of the
titanium alloy was 1005 °C, as measured using
differential scanning calorimetry. The ingot was
initially forged at 1150 °C to obtain a cubic billet
with a cross-section of 50 mm. This step was
followed by a second forging step at 980 °C to
obtain a rectangular billet with a cross-sectional
side length of 40 mm [30]. The processing of
titanium alloy involves two sequential steps. The
first step was to obtain a BM titanium alloy. The
forged bar was solution-treated at 990 °C for 1 h to
generate the BM with the equiaxed a, phase. The
second step was to obtain the hot-rolled
microstructure by hot rolling in the a phase region
of the solution-treated titanium alloy. The BM
sheets were annealed at a specific temperature for
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15 min. During hot rolling, a reduction of 15%
per pass was implemented, followed by 5 min
annealing after each pass. This rolling process was
repeated eight times, resulting in a total rolling
reduction of 73%.

2.2 Microstructural characterization

Scanning electron microscope (SEM, Quanta
FEG 650), electron backscatter diffraction (EBSD),
and JEM—2010F transmission electron microscope
(TEM) were used to observe the metallographic
structure and microstructure. The scanning step of
EBSD was 0.14 um. The SEM samples were finely
ground with sandpaper, polished, and etched. The
etching solution was 3 vol.% HF + 5 vol.% HNOs; +
92 vol.% H»0.

2.3 Tensile tests

Tensile samples with dimensions of 3 mm in
thickness and 55 mm in gauge length were cut
along the rolling direction (RD) in the sheet. Tensile
testing was performed at room temperature. Tensile
tests were performed on a universal testing machine.
Cyclic LUR tensile tests were performed with the
above tensile equipment. Apply a constant loading
rate (1x1073s™") to the sample until reaching a fixed
strain (e.g. 1%), then unload it to 20 MPa, followed
by reapplying the next fixed strain (e.g. 2%), and
then unload it to 20 MPa, to realize cyclic loading
and unloading test.

2.4 Fatigue experiment

Before the room temperature fatigue
experiment, we determined different fatigue
maximum stress based on tensile tests. The axial
high cycle fatigue test of titanium alloy was carried
out on the MTS810-50 fatigue testing machine. The
maximum stress of high cycle fatigue at room
temperature was set as 520, 550 and 580 MPa by
stress control. The loading waveform was a sine
wave, the stress ratio R was 0.1, and the loading
frequency was 100 Hz. The surface of the sample
was polished to eliminate the influence of
machining on the surface damage and fatigue life of
the sample.

3 Results

3.1 Initial BM
The alloy underwent a forging process,
followed by heat treatment at 990 °C for 1 h to form

the BM, as shown in Fig. 1. This BM functioned as
the precursor for subsequent processing steps.
The @, exhibited an equiaxed morphology and
comprised 17% of the microstructure. The o
consisted of fine platelets and constituted the
remaining 83% of the microstructure. The inverse
pole figure (IPF) maps revealed random
crystallographic orientations in the BM. The grain
size, characterized by the equivalent circle diameter,
followed a normal distribution with an average
grain size of 7.74 pum.

3.2 Characteristics of a-heterogeneous-structure
(a-HS) and LBM
Through multiple 15% hot rolling processes,
the initial equiaxed a, phase grains were elongated
along the RD. These elongated a;, grains exhibited a
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Fig. 1 SEM image (a) and IPF map (b) of BM, and grain
size distribution (c)
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high density of dislocations within the grains. The
length of these grains ranged from 20 to 50 pm,
with a thickness of approximately 3 um. The as
grains underwent recovery to maintain the hard
UFG structure. The hot-rolling process in the
single-phase region introduced a high density of
defects within the microstructure. In this
heterogeneous microstructure, as grains experience
multiaxial stress. Under the multiaxial strain
components and coexistence of soft o, and hard a;s
phases, significant grain refinement occurred. This
process maintained a high elongation by retaining
the large-sized a,, grains (the o, phase content was
17%). While the a, phase in the LBM still exhibits
a lamellar morphology (Fig. 2(g)), its interior is
composed of a series of equiaxed o, grains, as
highlighted by the white dashed box in Fig. 2(h).
The length of these o, phases ranged within
15—50 pum, with a thickness of 5 um. The a5 phase
was transformed back into a lamellar morphology
via a short-duration high-temperature treatment in
the (a+f) phase region (990 °C, 20 min, air cooling

o /Ffm@% ¢

1®r-1gated
O o 1Y

—— @ plafslels grins

(ACQ)). During this process, as transformed into the
S phase before the a, phase [31]. The 20 min of
duration ensured the complete phase transformation
of the o phase, while the a, phase underwent
incomplete recrystallization. Notably, the as grains
exhibited significant difference owing to different
heat treatment methods.

The kernel average misorientation (KAM)
maps of the three microstructures are presented in
Figs. 2(c, 1, 1). The KAM map reflects the density of
geometrically necessary dislocations (GNDs) in the
alloy. The average KAM values were 1.12x10',
9.8x10", and 3.3x10"m™. The hot-rolled
microstructure exhibited the highest density of
GNDs, with a lower density in the a, phase. The
density of GNDs in the recovered a;, phase in a-HS
decreased significantly, while the density in the as
phase remained relatively unchanged. The density
of GNDs in the o phase in LBM decreases sharply
after phase-transformation treatment. However, a
certain density of GNDs persisted, which were
primarily located at the grain boundaries. Similarly,

0001 1270 KAM/10%

V —

Fig. 2 SEM images (a, d, g), IPF maps (b, e, h) and KAM maps (c, f, i) of titanium alloys: (a—c) Hot-rolled

microstructure; (d—f) a-HS; (g—1) LBM
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the @, phase in the LBM, having undergone
incomplete recrystallization, also retained a certain
density of GNDs at the grain boundary. These
observations show that the density of GNDs in the
microstructure can be greatly reduced by short-term
phase transformation treatment (990 °C, 20 min,
AC), and the stabilization and aging treatment at
low temperatures have limited effect on eliminating
dislocations.

The grain size distributions of hot-rolled
microstructure, a-HS, and LBM are shown in
Figs. 3(al, bl, cl), respectively. Following the heat
treatment, the a-HS exhibited minimal changes in
grain size; it was characterized by the presence of
UFG as grains and micron-sized o, grains. In the
LBM, the o5 and a;, grains exhibited similar grain
sizes, comparable to those observed in the BM.
However, the overall grain size in the LBM was
small. To study the effect of deformation on the
texture formation of the overall phase, the o, and as
phases were separately analyzed. The results
indicate a dominant texture in the a, phase, with the
texture intensity as high as 42.26. Conversely, the
texture intensity of the as phase is only 13.66,
showing random texture. These observations
indicate that the «, phase bears the major
deformation during the rolling process, while the as
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phase undergoes grain refinement. The texture
strength of the a-HS decreased slightly compared to
that of the hot-rolled state, and the trend was the
same as that of the rolled state. However, the
texture strength of the LBM was only 8.6,
indicating a random texture [32].

In the o-HS, the as; grains underwent a
recovery process to maintain the hard UFG
structure [10] (Figs. 4(b, c)). Notably, the refined
as grain size was comparable to that of the
original platelet boundary width of the os grain
(Figs. 4(c, 1)), with a size of approximately 500 nm.
This finding indicates that the refinement of o
grains occurred along the platelet boundary inside
the grains, resulting in a loss of their original
plate-like morphology. Consequently, the grain size
of the o, grains in the o-HS depended on the
original platelet boundary width of the a5 grain in
the BM. The hot-rolling process conducted in the
single-phase a region introduced a high density of
defects. In this heterogeneous microstructure, os
grains experienced multiaxial stress. Under the
combined influence of multiaxial strain components
and the coexistence of soft o, and hard as phases,
significant grain refinement occurred. WANG
et al [33] reported that limited dislocation storage
efficiency in UFG materials leads to a rapid decline
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Fig. 3 Grain size distributions of hot-rolled microstructure (al), a-HS (b1) and LBM (cl), IPF maps of a, (a3) and as
(a5) phases, and pole figures (PFs) of aytas (a2, b2, ¢2), a, (a4) and o, (a6) phases
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Fig. 4 (a) Elongated o, grains of a-HS; (b) Broken a5 grains of a-HS; (c) Broken a5 grains boundary of a-HS;
(d) Equiaxed a, grains of LBM; (e) Interface boundary between o, and o of LBM; (f) a5 platelets and silicide following

phase transformation of LBM

in the work-hardening effect during deformation.
Consequently, such  high-strength  materials
typically exhibit low elongation unless larger grains
with appropriate sizes and volume fractions are
incorporated [33]. To address this limitation, this
study employed the strategy of retaining the
large-sized a, grains (the @, phase content was
17%) to maintain a high elongation in the final
material.

In the LBM, the a, grains that underwent
recrystallization exhibited a low density of
dislocations or were essentially free from
dislocations (Fig. 4(d)). The as phase was
transformed back into the lamellar morphology
via a short-duration high-temperature treatment
conducted in the a+pf phase region (990 °C, 20 min,
AC). During this process, the as phase transformed
into the f phase before the transformation of the o
phase [31]. Notably, the as grains exhibited
significant variations owing to the differences in the
employed heat treatment methods. Figure 4(f)
shows the structure of the o grains, revealing their
internal composition of platelets. The fusiform
silicide observed along the a5 platelets was
identified as the (Ti,Zr)¢Si; phase based on its
characteristic morphology and energy dispersive
X-ray spectroscopy (EDS) analysis [34]. Figure 4(e)
shows that a5 grains have recovered to a plate-like
morphology following the phase transformation.
The o, grains are situated at the flat phase

boundaries. This phase boundary is the demarcation
between the a, and a5 phases, and between the two
grain types (soft and hard grains and grains with
different sizes) in the heterogeneous structure.

3.3 Tensile properties

Compared with the initial BM, the a-HS
exhibited higher yield strength (1024 MPa), while
maintaining a comparable fracture elongation
(15%). Notably, the o-HS can significantly enhance
the room-temperature strength; however, it exhibited
a noticeable decrease in high-temperature strength
accompanied by a significant increase in elongation.
This observation aligned with the primary focus of
most heterogeneous-structure materials with room-
temperature performance [3,10,22]. To address the
challenge of reduced high-temperature strength in
the a-HS, we implemented a novel heat treatment
process (LBM). This process aimed to achieve a
synergistic improvement in both yield strength
and fracture elongation, particularly focusing on
enhancing the high-temperature fracture elongation
from 23% to 53%. Additionally, the room-
temperature fracture elongation also reached 20%.
As illustrated in Figs. 5(b) and (d), a-HS and LBM
exhibited performances that transcended the
conventional strength—ductility trade-off observed
in other titanium alloys [3]. They demonstrated
exceptionally high fracture elongation at both room
and elevated temperatures.
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Fig. 5 (a) Tensile properties at room temperature; (b) Tensile properties of a-HS and LBM with typical titanium alloys
[3,4,7,35-38] at room temperature; (c) Tensile properties at high-temperature (650 °C); (d) Tensile properties of a-HS
and LBM with typical titanium alloys at 600 or 650 °C [9,39—44]

3.4 Heterogeneous deformation-induced (HDI)

strengthening effect
To elucidate the underlying mechanisms
behind the exceptional mechanical behavior

observed in heterogeneously structured materials,
the contribution of the HDI strengthening effect
was investigated using the LUR tests. These tests
enabled the quantification of the Bauschinger effect
and HDI stress on the strength of the material
[16-23,45,46]. In BM, o-HS, and LBM, we
observed significant hysteresis loops, with larger
hysteresis loops indicating a stronger Bauschinger
effect and higher HDI stress. In other words, in
heterogeneously structured materials, the presence
of soft and hard phases leads to strain gradients
under stress. These strain gradients led to the
formation of a high density of GNDs near the
boundaries,  ultimately HDI
strengthening. HDI stress (oup1) was calculated
using the following equation [45]:

resulting  in

o,to

— I
0' =
HDI
2

where oy is the unloading yield stress, and o is the
reloading yield stress.

As shown in Fig. 6, before necking, the HDI
stress of the material increased with an increase in
strain, particularly in the early stage of strain, where
the HDI stress increased more significantly. In the
initial stage of the BM and LBM, the HDI stress
was relatively low, partly because of the low
dislocation density within the grains and the low
accumulation of GNDs at the phase boundary. In
contrast, the a-HS exhibited a comparatively high
HDI stress in the initial stage. As testing continued,
GNDs continued to accumulate, leading to an
increase in the HDI stress. Additionally, the
relatively similar grain sizes of a, and o in BM and
LBM resulted in a lower HDI stress compared with
that in the o-HS. In the case of HS, the significant
difference in grain sizes leads to a more pronounced
HDI strengthening effect, which is the primary
cause for the higher peak HDI stress observed in the
o-HS. Additionally, the higher density of GNDs in
the a-HS is the main reason for the higher HDI
stress in the early stage of strain. Furthermore,
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compared to the work of ZHOU et al [3], this study
completed a large number of LUR test cycles,
which is closely associated with a significant
improvement in elongation. Similarly, in the
later stages of testing, premature fractures occurred
because of the continuous accumulation of
dislocations during the LUR testing.
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Fig. 6 Contribution of Bauschinger effectand HDI
strengthening: (a) Tensile LUR true stress versus true
strain curves; (b) Evolution of HDI stress with true
strain; (c) Measured hysteresis loops at unloading strain
of 10% with definitions of o; and oy

3.5 Effect of microstructure on high-cycle fatigue
properties at room temperature

High-cycle fatigue tests were conducted on
BM and LBM at room temperature to evaluate
their room-temperature fatigue performances. The
fatigue strength of titanium is approximately 50%
of its tensile strength. The maximum stress levels of
520, 550, and 580 MPa were chosen for the room-
temperature high-cycle fatigue tests. The stress—
number curves of BM and LBM at room
temperature are shown in Fig. 7. The fit lines in
Fig. 7 were obtained using the least squares method.
The results indicate that the room temperature high-
cycle fatigue strengths (107 cycles) of BM and
LBM are 521 MPa and 559 MPa, respectively, the
room temperature fatigue strength of LBM being
38 MPa higher than that of BM. The fatigue
strength to tensile strength ratios of BM and LBM
are 50.2% and 53.0%, indicating that LBM
has significantly improved high-cycle fatigue
performance compared to BM.

580+
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(=]
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540
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5201
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Number of cycles to failure, N,

3x10°

Fig. 7 Stress—number curves for BM and LBM at room
temperature

Figure 8 shows the high-cycle fatigue fracture
morphology of BM fractured under the maximum
loading stress of 550 MPa. It was found that the
alloy fractures were divided into fatigue crack
initiation, crack propagation, and transient fracture
zones. Notably, only a single site for high-cycle
fatigue crack initiation was observed. The fatigue
crack initiation zone was observed at high
magnification, and fatigue facets were found on the
subsurface of the alloy, as shown in Fig. 8(b).
Therefore, a single crack source was initiated
at the subsurface of the alloy. The formation of
these fatigue facets is due to the dislocation motion
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Fig. 8 High-cycle fatigue fracture morphology of BM at room-temperature under 550 MPa: (a) General view of

fractured surface; (b) Fatigue crack initiation zone; (c,d) Microcracks on fracture surface and fracture section,

respectively; (e) Slip band traces in fatigue crack propagation zone

dominated by the plane slip in the o, phase at the
initial stage of cyclic loading. With the continuous
cyclic loading, the o, phase in the BM has a large
dislocation slip path. The ay/as boundary begins
to present dislocation accumulation along the
dislocation plane of the slip surface, resulting in
stress concentration and initiation of microcracks.
These microcracks gradually separated along the
specific slip surface, ultimately forming a small
fatigue facet. Figures 8(c) and (d) show the
presence of microcracks that initiate along the ay/o
boundary on both fracture surfaces and fracture
sections. These observations indicate that the
primary location for high-cycle fatigue crack
initiation in the BM at room temperature is the op/os
boundary.

Figure 9 shows the high-cycle fatigue fracture
morphology of the LBM fractured under a
maximum loading stress of 580 MPa. Only a single
fatigue crack source was observed. The fractured
surface morphology was divided into fatigue crack
initiation, crack propagation, and instantaneous
fracture zones. The fatigue surface is located on the
subsurface region of the alloy (Fig. 9(b)). At

the fatigue crack initiation zone in the LBM,
microcracks were initiated at the oo, and
ap/op boundaries. These microcracks subsequently
propagated along the o, Dboundary. These
observations indicated that the room-temperature
high-cycle fatigue cracks in the LBM were
primarily initiated along the a, boundary.

4 Discussion

4.1 Formation mechanism of heterogeneous

structure in titanium alloys

Figure 10 illustrates the heat treatment processes
and corresponding microstructural evolution of
various microstructures. During the rolling process,
the presence of both soft and hard phases in BM
led to uneven deformation. Under a single 15%
deformation, the a, grains elongated along the
rolling direction, while the o5 grains underwent
substantial grain fragmentation and refinement.
This fragmentation severely disrupted the plate-
like morphology of the o5 grains, resulting in the
formation of the aforementioned rolling state
microstructure.
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Fig. 9 High-cycle fatigue fracture morphology of LBM at room temperature under 580 MPa: (a) General view of

fractured surface; (b) Fatigue crack initiation zone; (c) Fatigue crack propagation zone; (d) Microcrack propagated

along a, boundary; (¢) Microcrack fracture surface
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Fig. 10 Schemes of microstructure evolution during
heat treatment, illustrating formation mechanism of
heterogeneous structure: (a) a-HS; (b) LBM

Based on the BM, we designed two distinct
processes. The first process, as shown in Fig. 10(a),
is a rolling and heat treatment. In this process, the
rolling temperature was chosen at the upper limit of
the single-phase o region (880 °C). In this single-
phase region, no phase transformation occurred,
making it easier to control and maintain a constant
op phase content. Additionally, this process
suppressed dynamic recrystallization during rolling,
resulting in a more pronounced elongation of the o
grains and refinement of the a; grains. A subsequent
annealing treatment (750°C, 1h, AC) was
employed to eliminate some of the dislocations and
internal stresses generated during rolling. This step
prevented the storage of excessive deformation
energy during the next step of the short-duration
phase-transformation process, which led to
excessive grain equalization of a, grains. The
short-duration high-temperature treatment (990 °C,
20 min, AC), in conjunction with the phase
transformation of the titanium alloy, ensured the
complete transformation of refined as grains into
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grains with lamellar morphology. Simultaneously,
this treatment refined the large, elongated a;, grains
into small a;, grains and aligned them along the RD.
This part needs to be coordinated with the
annealing treatment to achieve the desired effect.
Finally, the aging treatment of (700 °C, 5h, AC)
promotes the precipitation of silicides and other
phases near the phase boundaries and within the a,
and os grains. This aging treatment is a well-
established process.

4.2 Influence of heterogeneous structure on

tensile properties

In the a-HS, where small grains of as surround
large grains of ap, the hardness difference between
os and op regions is exacerbated, resulting in a,
being softer and as being harder. Under tensile
loading, dislocations preferentially nucleate in the
op phase [3]. Compared with equiaxed a, grains,
elongated ap, grains are more likely to maintain
planar slip. On the one hand, this is due to the
elongation direction of a;, grains being parallel to
the loading direction (LD), on the other hand,
due to the HCP structure of a-Ti having few
slip systems, which increases the difficulty of
dislocation glide plane changes [47]. This results in
the accumulation of dislocations with the same slip
plane at phase boundaries, where their stress fields
superimpose, thereby generating back stresses on
the o, side and forward stresses on the as side,
leading to significant HDI stresses [47]. Many years
ago, due to an insufficient understanding of HDI
strengthening, researchers regarded this extra
hardening as back stress, which is not comprehensive.
Therefore, researchers now commonly refer to this
extra hardening as HDI strengthening [22].

Under tensile loading, the soft «, phase
in heterogeneous structure deformed first [3].
However, the surrounding smaller and harder as
phase acts as a constraint during deformation,
impeding further deformation of the soft o,
phase. This constraint led to the accumulation of
dislocations at the ay/as phase boundaries, thereby
generating HDI stresses. These HDI stresses
impeded the subsequent movement of dislocations
in the o, phase, necessitating high stresses for
yielding to occur. This phenomenon ultimately
enhanced the yield strength of the heterogeneous
structure [3,46—50]. Notably, in this study, the
boundaries in the heterogeneous structure

encompassed not only the ap/as phase boundary but
also the boundary between large grains (o, grains)
and small grains (as grains). By adjusting the rolling
and subsequent heat-treatment processes, the
composite boundary was formed between these two
phases or grain sizes. In the a-HS, dislocations in
the «, phase slip led to a more pronounced
accumulation of GNDs at the composite boundaries.
This phenomenon significantly increased the HDI
stress, thereby enhancing strength and elongation
and contributing to the higher dislocation density.
While this high dislocation density strengthened the
material, it could also counteract the improvement
in elongation, resulting in a similar elongation as
that in the BM. Conversely, the accumulation of
GNDs at the phase boundaries in LBM was weaker,
resulting in a significantly lower HDI stress
compared with that in a-HS. However, a significant
improvement in elongation was achieved owing to
the lower dislocation density [51].

Figure 11 shows the SEM and TEM images of
the fractured surfaces of BM and LBM under
tensile stress. In the BM, the @, phase exhibited
significant elongation along the LD, with the grain
width decreasing from 7.7 to 4.1 um. This
observation indicated a continuous elongation of
the a, grains during the tensile deformation
accompanied by a progressive change in
crystallographic orientation. Numerous crystal
orientations aligned with the LD, facilitating the
continuous generation of new slip systems.
Ultimately, this process led to the formation of
dislocation cells at phase boundaries (Fig. 11(b)). In
contrast, the o, phase in the LBM maintained a
width of 5 um before and after the tensile
deformation, indicating a superior resistance to
high-temperature deformation. Because of the
pre-existing alignment of the LD with the RD, the
ap grains in the LBM experienced minimal changes
in crystallographic orientation during the stretching
process. This limitation restricted the activation of
new slip systems, resulting in a predominant slip of
dislocations along a single slip system parallel to
the LD at the phase boundaries (Figs. 11(d, e)). The
slip process was further impeded by the presence
of grain boundaries and silicide precipitates.
Consequently, dislocations from these single
slip systems accumulated at the phase boundaries,
resulting in the formation of GNDs accumulations
(Fig. 11(f)). Notably, as reported in previous studies
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Fig. 11 Microstructure ar;d Vdﬁirsliocation behavior near tensile fracture (necking zone) at 650 °C: (a) SEM image of BM;
(b) Structure of dislocation cell at phase boundary of BM; (c) SEM image of LBM; (d) Inhibitory effect of a, grain
boundaries on dislocation movement of LBM; (e) Image of dislocation pinned by silicide precipitate along grain

boundary of LBM; (f) Accumulation of GNDs on slip plane in front of phase boundary of LBM

on heterogeneous structures, the stacking of GNDs
generated from single slip systems is more
pronounced than those arising from multiple or
mixed slip systems [47]. This observation indicates
that the HDI strengthening effect remains
significant, contributing to improvements in high-
temperature yield strength and fracture elongation,
particularly enhancing the latter property.

In the BM, the a, grains exhibited an equiaxed
morphology, resulting in a short effective slip
length for dislocations [36,52]. Additionally, the
poor geometric compatibility between o, and o
phases hindered slip transfer across these
boundaries.  This  incompatibility = promoted
significant dislocation entanglement at the phase
boundaries, further  impeding elongation
improvement. In contrast, in the LBM, a;, phase was
composed of a series of a, grains, offering good
geometric compatibility that facilitated slip transfer,

particularly at high temperatures. This enhanced
compatibility significantly increased the effective
slip length of dislocations and minimized stress
concentration at the phase boundaries [36]. These
factors promoted improved -elongation without
compromising strength owing to the presence of the
small-sized a,, grains [53].

4.3 Influence of microstructure on high-cycle

fatigue properties at room temperature

To elucidate the microscopic mechanisms of
the initiation of fatigue crack in the BM, we
conducted a detailed characterization of the
dislocation structure near the main fatigue crack of
the material using TEM. Two-beam diffraction
under the condition g-b=0 was employed to
determine the Burgers vector and slip surface of the
dislocations. Figure 12 reveals the presence of
numerous straight dislocations slip lines in a;, and o
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phases after the high-cycle fatigue deformation
at room temperature. Two-beam diffraction was
performed on the selected areas to assess
dislocation visibility under specific diffraction
vectors: [1101], [2110] and [0112]. If the
dislocation was invisible under the [0112]
condition but visible under the other conditions, its
Burgers vector was 1/3[2110]. Conversely, if the
dislocation was invisible under [1101] conditions
but visible under other conditions, the Burgers
vector was 1/3[1120]. This two-beam analysis
indicates that the extensive parallel slip lines
originated from the prismatic slip activated by the
(a) type dislocations, because the prismatic slip in
the o phase of titanium alloy is known to be more
readily activated during deformation [54]. During
the initial stage of deformation, dislocations were
preferentially activated at the ap/fians boundary and
as/Presiaual boundaries owing to the significant
disparity in the structure and active slip systems
between the o and the residual § phases, as shown
in Fig. 12(c). As the number of loading cycles
increased, the pronounced difference in critical
shear stress between various dislocation slip
systems at room temperature promoted the

o

OfF e~

132110

e

/%

phase; (c, d) s phase

initiation of single dislocation slip in titanium alloy.
Additionally, the shear of ordered TizAl precipitates
further facilitated the planar slip of dislocations,
forming numerous parallel slip lines in the a, phase.
With the progressive increase in dislocation density
in the o, phase, dislocation pile-ups were formed at
the op/as boundary. These pile-ups led to stress
concentrations that triggered the initiation of fatigue
microcracks at the a,/as boundary. Furthermore, the
slip surfaces of the dislocations promoted the
initiation and propagation of these fatigue cracks.
Figure 13 illustrates the dislocation structure
of LBM after high-cycle fatigue deformation at
room temperature. The observations reveal the
following characteristics of dislocation motion.
First, the dislocation motion in the «, and o
phases was primarily mediated by the planar
slip mechanism. Two-beam diffraction analysis
confirmed that this slip was predominantly
prismatic slip activated by the {a)-type dislocations
with a Burgers vector of [1120]. Second, parallel
dislocation lines originating from the Sresiaqval phase
were observed. Thirdly, dislocation pile-up
occurred at the ap/a, and ap/as boundaries, as shown
in Figs. 13(b, ¢). In summary, the room-temperature




Ji-fei HU, et al/Trans. Nonferrous Met. Soc. China 35(2025) 2918-2934 2931

Fig. 13 Microstructures of LBM near main crack after room-temperature high-cycle fatigue fracture: (a) o, phase;

(b, ¢) Dislocation pile-ups at grain boundary and op/as boundary, respectively; (d) as phase

high-cycle fatigue crack initiation behavior and
underlying microscopic dislocation mechanism in
BM and LBM exhibited fundamental similarities.
Both materials experienced stress concentrations at
the a, phase boundaries owing to the prismatic slip
of dislocations, resulting in fatigue crack initiation
and propagation along specific slip planes. However,
the fine grain size in the LBM, and alignment of the
op grains in a straight line along the loading
direction influenced the dislocation behavior. The
shorter slip path in a single grain in the LBM
compelled dislocations to traverse multiple «,
grains before accumulating at the ap/os phase
boundary, significantly delaying pile-up formation.
And LBM exhibited a high lattice strength.
Consequently, LBM  demonstrated superior
resistance to fatigue crack initiation, resulting in a
high room-temperature high-cycle fatigue strength.
The LBM is a special case of BM, which
exhibited the following characteristics: (1) The o
phase exhibited a layered morphology and
comprised multiple o, grains aligned along the RD;
(2) The plate-like as phase effectively constrained
the op phase. These characteristics of the LBM
contributed to its superior mechanical properties:
(1) The layered characteristics of LBM facilitated
the accumulation of GNDs on a single slip plane in

front of the boundary. This stacking configuration
represented the most effective mode for the
accumulation of GNDs, thereby strengthening the
materials; (2) The elongated morphology of the o,
phase enhanced its stability at elevated temperatures
compared to the equiaxed o, phase observed in BM;
(3) The elongated «, phase exerted a stronger
constraint on the as phase compared to the equiaxed
op phase in the BM. This significant constraint
can influence the mechanical behavior of the
microstructure.

The a-HS exhibited distinct features compared
to the BM, contributing significantly to its
enhanced room-temperature strength. These
features arose from the morphological and size
differences between the a, and a5 phases: (1) The a,
phase exhibited a lamellar morphology, lacking
the equiaxed a, grains in the phase along the RD;
(2) The as grains were significantly refined and
lacked prominent lamellar characteristics; (3) The
fine o, phase effectively constrained the a;, phase.

5 Conclusions
(1) Compared to the initial alloy with BM, the

near-a titanium alloy with heterogeneous structure
(a-HS) exhibited a significant increase in room-
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temperature strength (YS: 1024 MPa) without
compromising elongation (15%). The observed high
strength was primarily attributed to the contribution
of HDI stresses.

(2) The near-a titanium alloy with lamellar
bimodal microstructure (LBM) achieved high
strength and exceptional fracture elongation at both
room temperature (YS: 977 MPa, EL: 20.5%) and
650 °C (YS: 526 MPa, EL: 53%). Compared to the
initial alloy with BM, the significant enhancement
in high-temperature elongation could be attributed
to the stacking of GNDs with a single slip system at
the phase boundary and the longer effective slip
length of the dislocations.

(3) In the LBM, the primary mode of
dislocation motion during high-cycle fatigue was
prismatic slip mediated by the (a)-type dislocation.
The phase boundaries were the primary sites for
microcrack initiation. Notably, the elongated «,
phase composed of multiple o, grains exhibited
superior resistance to fatigue crack initiation.
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