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Abstract: Self-designed induction coils, rigid restraint kits, and the existing laboratory induction heating apparatus were combined to
conduct a local induction heating-based rigid restraint thermal self-compressing bonding (TSCB) treatment on a 5 mm-thick TC4
titanium alloy plate (the base metal), and the influence of holding temperature and heat treatment on the microstructure and
mechanical properties of the joint was investigated. The results demonstrate that excessively low holding temperature (900 °C) results
in insufficient atomic diffusion, while excessively high holding temperature (990 ° C), exceeding the  — a phase-transition
temperature, leads to the formation of coarse Widmanstatten microstructures, both of which contribute to the decrease in the
mechanical properties of the joint. As the temperature increases, the pressure applied to the joint by the thermal constraint stress field
initially rises and subsequently declines, so does the quality of the joint connection. Optimal mechanical properties are achieved only
when the holding temperature is slightly below the f—a phase-transition temperature, specifically 950 °C, at which the microstructure
distribution exhibits the highest level of uniformity, characterized by a significant presence of equiaxed a-phase grains. Additionally,
the atomic diffusion is sufficiently enhanced, coupled with the highest pressure of the joint exerted by the stress field, resulting in the
attainment of optimal mechanical performance. Upon annealing heat treatment at 650 °C for 3 h, the a — f phase-transition is
observed, accompanied by a reduction in the degree of lattice distortion and grain refinement. The residual stress state of the TSCB
joint transitions from tensile stress to compressive stress. The residual stress is significantly reduced, leading to stress relief.
Consequently, the mechanical properties of the TSCB joint are improved, addressing the problem of low plasticity of the TSCB joint.
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With advancements in civil and military sectors, aircraft
equipment demands greater energy efficiency, performance,
reliability, and durability. Consequently, materials with high
structural properties are essential, leading to the development
and extensive utilization of titanium alloys due to their low
density and exceptional resistance to corrosion, high
temperatures, and fatigue! . Titanium alloys have been
widely used in aerospace, ships, weapons, equipment, and
biomedical fields™®. Fusion welding is a commonly used
technique for the welding of titanium alloys. However, this
welding process is prone to the occurrence of defects, such as
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porosity and cracks'”.

Diffusion welding is a solid-state joining technique that
possesses several advantages over conventional fusion
welding methods by effectively preventing defects such as
porosity and cracks in the weld joint™®. However, traditional
diffusion welding relies on high temperature and external
pressure to induce plastic deformation for bonding!"”, which
can lead to lower welding quality of joints due to insufficient
external pressure. For addressing this problem, a novel
method called as local induction heating-based rigid restraint
thermal self-compressing bonding (TSCB) is proposed in this

Foundation item: Cross-Disciplinary Science Foundation from Beijing Institute of Petrochemical Technology (BIPTCSF-013); Classified Development Projects of

Beijing Municipal Institutions (11000023T000002199202)

Corresponding author: Zhang Hua, Ph. D., Professor, School of Mechanical Engineering, Beijing Institute of Petrochemical Technology, Beijing 102617, P. R. China,

Tel: 0086-10-81292220, E-mail: huazhang@bipt.edu.cn

Copyright © 2024, Northwest Institute for Nonferrous Metal Research. Published by Science Press. All rights reserved.



1288 Li Huizhao et al. / Rare Metal Materials and Engineering, 2024, 53(5):1287-1295

study. In this method, the joint is subjected to localized non-
melting heating, leading to the generation of a temperature
gradient within the joint under rigid constraint, and thereby
forming a stress field. Compared with traditional diffusion
welding, this method significantly enhances the pressure
applied to the joint due to the formation of the stress field,
thereby achieving enhanced efficiency and quality in diffusion
welding. Currently, research on TSCB primarily focuses on
the following aspects: demonstrating its feasibility,
investigating the effects of different holding time on the
microstructure and properties of joints, assessing joint fatigue
performance, analyzing the thermal stress-strain process, and
exploring optimal electron beam power settings” ', Pan et
al” conducted thermal self-compressing diffusion bonding on
a TC4 titanium alloy plate, revealed the thermal stress-strain
cycle occurring during TSCB bonding, and confirmed the
feasibility of TSCB bonding. Deng et al® investigated the
influence of holding time on the microstructure and properties
of TSCB joints. The findings reveal that holding time
exceeding 5 min results in TSCB joints with high quality,
uniform microstructure, and favorable mechanical properties.
However, it is observed that when held for the same time of 2
min, TSCB joints exhibit a significant decrease in elongation
compared with the base material. Furthermore, it is found that
the influence of different holding temperatures on the
microstructure and properties of TSCB joints has not been
thoroughly analyzed, despite extensive research on the effects
of varying holding time.

Therefore, self-designed induction coils, rigid restraint Kits,
and the existing laboratory induction heating apparatus were
employed to conduct a local induction heating-based rigid
restraint TSCB on a 5 mm-thick TC4 titanium alloy plate (the
base metal). By investigating the influence of different
holding temperature conditions on the microstructure and
properties of the joints, this research provides valuable
guidance for attaining high-performance TSCB joints. To
address the problem of reduced elongation of TSCB joints
compared with that of the base material, 650 °C/3 h annealing
heat treatment was applied to the TSCB joints under the
optimal holding temperature conditions. This treatment aims
to establish a foundation for the further application and
development of TSCB technique.

1 Experiment

In this test, a 5 mm-thick TC4 titanium alloy plate
(measuring 60 mm (L)*50 mm (W)*x5 mm (H)) was used as
the welding material, and the chemical composition details are
provided in Table 1. Prior to welding, the surface of the test
plate intended for bonding underwent grinding by a grinding
machine to achieve a roughness of R=0.8 and to facilitate
diffusion bonding. Subsequently, the plate was immersed in an
acid solution to eliminate impurities such as grease and
oxidation film.

Fig.1 illustrates a device used for local induction heating-
based rigid restraint TSCB. The operating principle!®'” of this
device involves the use of an electromagnetic induction heat

Table 1 Chemical composition of TC4 titanium alloy (wt%)
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Fig.1 Schematic diagram of the whole TSCB device

source for non-melting localized heating on a rigid restraint
interface that needs to be bonded. By subjecting the interface
zone to high-temperature heating, the metal in that region
experienced extrusion and expansion within a thermal
restraint stress-strain field. This field is formed due to the
surrounding cold metal material and rigid restraint. As a
result, atomic diffusion occurs on both sides of the interface,
leading to solid-state bonding. The test plates were subjected
to local heating by the induction heating apparatus with
temperatures controlled by an infrared camera and
temperature-regulating device in tandem.

Upon completion of the diffusion bonding process, the test
plate was sectioned by wire-cut electrical discharge machining
in a direction perpendicular to the bonding interface.
Subsequently, epoxy resin was poured onto the cut section,
resulting in the formation of a metallographic specimen. The
specimen was ground by abrasive paper, and then polished
with a polishing machine. Additionally, it was subjected to
corrosion in a corrosive liquid (HF: HNO,: H,0=3: 10: 100).
The metallographic structure of the specimen was then
examined by a Leica DMi8C metalloscope. In order to
investigate the reasons behind the performance improvement
resulting from post-weld heat treatment, the TSCB joints were
subjected to heat treatment under the optimal parameters:
holding temperature of 950 °C for a duration of 7.5 min. The
heat treatment parameters included the holding temperature of
650 °C, holding time of 3 h, and subsequent furnace cooling.
The residual stress distribution along the transverse cross-
section at the wide center position of the TC4 titanium alloy
plate was evaluated before and after heat treatment. The
residual stress measurement was conducted by X-ray
diffraction residual stress testing method. A Cu target was
employed with the diffraction plane of (213). Tensile
specimens were obtained by wire cutting equipment to extract
specimens perpendicular to the joint interface direction. These
specimens were then subjected to tensile testing to evaluate
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the mechanical properties of TSCB joints at different holding
temperatures before/after heat treatment. The dimensions of
the tensile specimens are as shown in Fig. 2. Three tensile
specimens were prepared for each experimental group. Tensile
testing was performed on a CMT-7304 electronic universal
testing machine.

2 Results and Discussion

2.1 Effects of different holding temperatures on micro-
structure

Fig.3 depicts optical microscope (OM) images of the TSCB
joint interface held at varying temperatures for 7.5 min. At a
holding temperature of 900 ° C, the joint interface exhibits
unwelded areas (Fig. 3a). However, when the holding
temperature is elevated to 950 °C, the butt joint interface is
nearly indistinguishable without unwelded areas (Fig. 3b).
When the holding temperature further increases to 990 °C, the
butt joint interface reappears, accompanied by a few unwelded
areas (Fig.3c). At holding temperatures of 900 or 950 °C, the
microstructure of the joint interface exhibits equiaxed o and
grains. However, when held at 990 ° C, the microstructure
surrounding the joint interface exhibits Widmanstatten
patterns. The final structure of the joint is determined by the
thermal cycle during the diffusion bonding process. When the
holding temperature is set at 900 or 950 °C, the joint does not
undergo significant structural changes during the TSCB
process. This is because both holding temperatures are lower
than the f — a phase-transition temperature of the TC4
titanium alloy, and the heating time is relatively short.
Consequently, after TSCB, the heated areas of the joint
exhibits uniform structures. The diffusion of alloying elements
within the a phase and the suppression of the boundary phase
contribute to slow grain growth during the heating process,
ultimately resulting in the formation of equiaxed structures. At
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Fig.2 Schematic diagram of TSCB joint tensile specimen

a holding temperature of 990 °C, which exceeds the f— «a
phase-transition temperature of the TC4 titanium alloy, the
original o+ f phase structure of the material is completely
transformed into f phase structure. Due to the poor thermal
conductivity and high thermal capacity of the TC4 alloy™*, the
diffusion coefficient of atoms within the f phase increases,
leading to the formation of coarse f grains. During the slow
cooling stage, a diffusion-type structural transformation
occurs, wherein the f phase is transformed into flake-like or
needle-like o phase. The f phase grain boundaries are
transformed, resulting in the formation of a phase structure
along the grain boundaries while retaining the original shape
of the f grains. During the rapid cooling stage, it is
challenging to separate the a phase from the S phase due to
the difficulty in inhibiting the crystal structure formation of
the f phase through cooling. The crystal structure of the
original f phase changes, resulting in a supersaturated solid
solution where the original components remain unchanged,
but the crystal structure resembles martensite, forming a
needle-like martensitic o' structure due to edge trimming™”.
When heated to 990 °C, the structures surrounding the inter-
face are completely transformed into coarse f phase grains.
During the cooling process, the cooling rate is relatively slow,
but still higher than the furnace cooling rate. As a result, a non-
diffusion-type structural transformation occurs, wherein the S
phase is transformed into a needle-like o phase coexisting
with the coarse f grains. Ultimately, a coarse Widmanstatten
structure is formed.
2.2 Effects of different holding temperatures on mechan-
ical properties

Fig. 4 depicts the tensile properties of the rigid restraint
TSCB joint held at various temperatures for 7.5 min. When
the holding temperature is set at 900 °C, the restricted plastic
deformation can be attributed to the low holding temperature.
Additionally, the presence of a small temperature gradient
near the interface contributes to a reduced extrusion effect on
the thermoplastic state metal. Consequently, the insufficient
atomic diffusion at the joint interface of the TSCB joint
adversely affects the interface bonding quality. Moreover, the
joint exhibits comparatively diminished tensile strength, yield
strength, and elongation. With the elevation of the holding
temperature to 950 °C, a notable plastic deformation occurs at
the interface due to the influence of tensile stress, thereby

Fig.3 OM images of TSCB joints held at different temperatures for 7.5 min : (a) 900 °C, (b) 950 °C, and (c) 990 °C
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and base material®

enhancing the thermocompression effect. The thermal elastic-
plastic stress-strain field within the TSCB interface is
reinforced due to the heightened thermocompression effect,
resulting in an augmented diffusion depth of the interfacial
elements. The equiaxed transformation of the o phase particles
becomes more pronounced, accompanied by improved atomic
diffusion and a more uniform distribution of S phase and «
phase particles. Consequently, the joint experiences
enhancements in its tensile strength, yield strength, and
elongation. When the holding temperature reaches 990 ° C,
several effects are observed. Firstly, a non-diffusion-type
transformation occurs, causing the § phase to transform into a
needle-like @' phase. This transformation weakens the
interaction of intergranular S phase at the nail dislocation site
within  the

transformation into a coarse Widmanstatten structure, leading

joint. Secondly, the joint wundergoes a
to grain coarsening and a subsequent reduction in mechanical
properties. Consequently, compared with that at the
temperature of 950 ° C, the joint exhibits decreased tensile
strength, yield strength, and
experiments on TC4 titanium alloy base metal were conducted

by Pan et al”’ using specimens with the same dimensions. The

elongation. The tensile

average tensile strength, yield strength, and elongation of the
TC4 titanium alloy base metal were measured to be 1069.8
MPa®, 1042.9 MPa", and 16.1%"”, respectively, as shown in
Fig.4. Under three different holding temperature conditions, it
can be observed that the tensile strength and yield strength of
TSCB joints are comparable to those of the base material.
However, the elongation of TSCB joints decreases by 72%,
49%, and 49.7% compared with that of the base material at
900, 950, and 990 °C, respectively. These results indicate that
though TSCB joints exhibit higher strength, there is a notable
decrease in plasticity.

2.3 Impact of pressure on jointing quality in TSCB process

The trend of the transverse stress-strain at the center point
of the TSCB joint bonding interface is shown in Fig.5.

The calculation method for the stress-strain field remains
consistent with the approach proposed by Pan et al®.
Traditional diffusion bonding relies on external pressure to
induce plastic deformation into the materials. However, due to
the limitations of external pressure, the applied pressure
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Fig.5 Transverse stress and transverse plastic strain evolution at the

interface center point during TSCB jointing process

typically ranges within 10-20 MPa”"*?. In this experiment, a
self-constrained method was employed to generate a stress
field. The stress field is formed as a result of temperature
gradients near the heated materials, leading to significantly
higher pressure compared with traditional diffusion bonding
methods. From Fig.5, it can be observed that the peak values
of transverse compressive stress (a,) at 900, 950, and 990 °C
are 235.6, 242.9, and 230.6 MPa, respectively. These values
are significantly higher than the external pressure applied
during traditional diffusion bonding. The time required to
reach peak o, at 900, 950, and 990 °C is 35.3, 34.0, and 35.3 s,
respectively. The occurrence of transverse plastic strain (¢,)
takes place at 50 s for all three temperatures, indicating a
delay of approximately 15 s in the onset of plastic
deformation in TSCB joints. This delay can be attributed to
the non-melting heating temperature difference effect, which
generates a thermally constrained stress field. It causes the
plastic deformation to initiate only after a certain heating
duration, when the transverse compressive stress approaches
its peak and exceeds the yield strength of the material. As the
temperature increases, o, initially rises and then decreases,
indicating a corresponding trend in the applied pressure on the
joint. This suggests that the influence of pressure on the
jointing connection quality follows an trend of initial
increasing and then decreasing. When the holding temperature
is 900 °C, the effect of the thermally constrained stress field
on the joint is relatively small, resulting in a comparatively
low applied pressure on the joint. As the holding temperature
increases to 950 °C, the impact of the thermally constrained
stress field on the joint intensifies, enhancing the joint
connection and increasing its yield strength. Consequently, the
applied pressure on the joint increases. However, if the
temperature rises to 990 °C, a phase transformation occurs
near the bond interface, resulting in the formation of coarse
p -phase structures that are subsequently transformed into
Widmanstatten structures upon cooling™™!. The volume change
caused by this phase transformation affects the plastic
deformation of the joint structure. Due to the smaller volume
of B -phase crystals compared to a -phase, the formation of
[-phase structures leads to volume contraction and decrease in
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transverse compressive stress”". In conclusion, temperature is
the main influencing factor on the pressure of TSCB joints.
Heating temperature difference generates a thermally
constrained stress field, which applies pressure to the joint. As
a result, the pressure on TSCB joints is primarily determined
by the holding temperature. The optimal joint connection is
achieved when the holding temperature is slightly below the
f— o phase-transition temperature of TC4 titanium alloy, as it
maximizes the applied pressure on the joint and ensures the
best bond quality.

2.4 Influence of post-weld heat treatment on residual

stress of TSCB joints

Under the optimal process parameters of a holding
temperature of 950 °C and a holding time of 7.5 min, the
residual stress distribution of the TSCB joint before and after
annealing at 650 °C for 3 h is shown in Fig. 6. It can be
observed that the range of stress distribution is reduced from
25 mm away from the weld interface to 8 mm after the heat
treatment. Before heat treatment, the longitudinal stress within
26 mm from the joint interface is tensile stress, and the
maximum tensile stress is located at 6 mm from the joint
interface, measuring 105.43 MPa. The transverse stress within
approximately 18 mm from the joint interface is tensile stress,
and the maximum tensile stress is located at 2 mm from the
joint interface, measuring 111.2 MPa. Compressive stress is
observed away from the joint interface, with the maximum
compressive stress of 14.6 MPa located at a distance of 20
mm from the joint interface. After heat treatment, the
transverse stress within approximately 8 mm from the joining
interface is predominantly compressive, with a maximum
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Fig.6 Residual stress distribution of joint before (a) and after (b)

heat treatment

compressive stress of 74 MPa. The longitudinal stress exhibits
tensile stress within 2 -5 mm from the bonding interface,
while the rest of the region exhibits compressive stress, with a
maximum tensile stress of 41 MPa and a maximum
compressive stress of 57 MPa. In TC4 titanium alloy, the a
phase and S phase have hexagonal close-packed (hcp) and
body-centered cubic (bcc) structures, respectively™. After
heat treatment, o — f phase transformation occurs, which
improves the matching degree between the lattices of the a
and S phases. This leads to a reduction in residual stress
within the joint, and the residual stress state changes from
tensile stress to compressive stress.

2.5 Influence of post-weld heat treatment on micro-

structure of TSCB joints

The grain orientation distribution maps, inverse pole figure
(IPF), and phase distribution (PD) maps of the joint before
and after heat treatment are presented in Fig. 7. Minimal
changes in the microstructure of the TSCB joint can be
observed before and after heat treatment, as depicted in Fig.7a
and 7b. The microstructure of the joint primarily consists of
equiaxed a grains and intergranular £ grains, both before and
after heat treatment. The IPF analysis of the f phase, as
presented in Fig.7c, reveals a prominent preferred orientation
of B grains along the <1010> crystallographic direction prior
to heat treatment, characterized by a high maximum uniform
density (MUD) value exceeding 10. Nonetheless, after heat
treatment, as illustrated in Fig. 7d, the MUD value of the S
grains decreases below 10, indicating a diminished degree of
preferred orientation along the <1010> crystallographic
direction. The phase content distribution before and after heat
treatment is illustrated in Fig. 7e and 7f, respectively. After
heat treatment, the content of the f phase increases from the
initial 1.0% to 2.1%. This can be attributed to the
transformation of the stress state within the joint from tensile
stress to compressive stress during heat treatment. The change
in stress leads to a decrease in the o — f phase-transition
temperature of the joint, facilitating the redistribution of solute
elements between the two phases. This leads to an increase in
the free energy of the a phase and a decrease in the free
energy of the f phase, promoting the partial transformation of
o phase into f phase.

Fig. 8 presents the microstructures of the TSCB joint
obtained by electron backscatter diffraction (EBSD) before
and after heat treatment. Fig.8a and 8b correspond to the grain
orientation spread (GOS) maps before and after heat
treatment, respectively. It is generally believed that grains
with a GOS smaller than 2° undergo recrystallization, while
grains with a GOS larger than 2° undergo deformation™.
After the heat treatment, the proportion of deformed grains
with a GOS larger than 2° decreases from 15.6% to 14.8%.
Additionally, the average GOS value of the grains decreases
from 0.65° to 0.6°, indicating a reduction in the degree of
deformation within the grains®”. After heat treatment, there is
a slight increase in the proportion of recrystallized grains
within the joint, from 78.0% to 80.3%. Fig.8c and 8d depict
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Fig.8 EBSD microstructures before (a, c) and after (b, d) heat treatment: (a—b) GOS maps and (c—d) KAM maps

the kernel average misorientation (KAM) maps before and
after heat treatment of the joint. The KAM distribution within
the joint interface primarily ranges from 0° to 1°, accounting
for 87.9% and 86.9% before and after heat treatment,
respectively. After the heat treatment, the average KAM value
decreases from its original value of 0.78 to 0.68, indicating a
reduction in lattice distortion within the joint. And the local
strain and geometrically necessary dislocation density are

reduced””.
improved.

Fig. 9a presents a comparison of grain size distribution
before and after heat treatment. The grain size distribution
within the joint, both before and after heat treatment,
predominantly ranges from 0.3 pum to 2 pm. The proportion of

Consequently, the mechanical properties are

grains with average grain size smaller than 2 pm within the
joint before and after heat treatment is 50.7% and 56.6%,
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respectively. The reduction in average grain size after heat
treatment indicates grain refinement. EBSD observations
demonstrate that the grain refinement in TSCB joints after
heat treatment is a synergistic outcome of three mechanisms.
The first mechanism involves the segmentation of grains due
to dislocation interfaces during the heat treatment process.
Due to the presence of numerous low angle grain boundaries
(LAGBs) in the original TSCB joint, a large number of
dislocation interfaces are also present. These dislocation
interfaces continuously fragment the grains during the heat
treatment process, resulting in grain refinement™. The second
mechanism involves the stress concentration formed by the
motion and accumulation of dislocations, leading to the
segmentation and refinement of deformed grains. As depicted
in Fig. 8, a larger number of deformed grains are observed
prior to heat treatment. During the heat treatment process, the
joint experiences plastic leading to the
proliferation of dislocations within the deformed grains.

deformation,

Additionally, the change in stress during heat treatment
causes the proliferated dislocations within the deformed grains
to migrate and to accumulate at grain boundaries, creating
stress concentrations that drive the initiation and propagation
of cracks. Consequently, the deformed grains undergo
segmentation, resulting in a reduction in their quantity and the
development of a finer grain size. The third mechanism
involves grain refinement through dynamic recrystallization.
As depicted in Fig.8, an increased proportion of recrystallized
grains within the joint after heat treatment indicates the
occurrence of dynamic recrystallization during the heat
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Fig.9 Comparison of grain size (a) and orientation difference

distributions (b) before and after heat treatment

treatment process, leading to grain refinement™. Fig. 9b
presents the distribution of grain orientation differences before
and after heat treatment. It can be observed that both before
and after heat treatment, the TSCB joint is predominantly
composed of LAGBs ranging from 2° to 10°. The proportion
of LAGB:s in the joint before heat treatment is 82.6%. After
heat treatment, the proportion of LAGBs in the joint increases
to 84.7%, increased by 2.9% compared to the pre-heat
treatment condition. This phenomenon can be attributed to the
presence of intergranular f-phase grains in the joint micro-
structure. The joint already contains a large number of LAGBs
before heat treatment, which store a higher amount of
dislocation energy compared with high angle grain boundaries
(HAGBs). During the heat treatment process, the LAGBSs,
influenced by the pinning effect of the intergranular S-phase
grains, undergo a more limited release of stored energy
compared to HAGBs. Consequently, the heat treatment
facilitates atomic mobility and reduces the energy stored in
HAGBES, thereby facilitating their transformation into LAGBs.

2.6 Influence of post-weld heat treatment on mechanical

properties of TSCB joints

The tensile mechanical properties of the TSCB joint before
and after heat treatment are presented in Fig.10. The average
tensile strength, yield strength, and elongation of the original
TSCB joint are determined to be 1008.4 MPa, 924.9 MPa, and
8.2%, respectively. After heat treatment, the average tensile
strength, yield strength, and elongation of the TSCB joint are
measured as 1026.8 MPa, 969.6 MPa, and 15.5%,
respectively. The average tensile strength, yield strength, and
elongation of TC4 titanium alloy base material are consistent
with those shown in Fig. 4, as depicted in Fig. 10”. After
annealing heat treatment at 650 °C for 3 h, the TSCB joint
exhibits notable increase in its tensile strength, yield strength,
and elongation by 1.8%, 4.8%, and 89.3%, respectively. The
significantly increased elongation problem in the TSCB joint
after heat treatment is evident from the comparison shown in
Fig. 10. After heat treatment, a decrease in grain deformation
and a reduction in local strain are observed. On the one hand,
the pinning effect of intergranular f phase dislocations is
significantly enhanced by the heat treatment-induced
transformation of the microstructure from a phase to S phase.
This results in an improved lattice matching between the a
and f phases, leading to a transition of the residual stress state
in the joint from tensile stress to compressive stress. And there
is a decrease in residual stress and stress relief. On the other
hand, grain refinement not only strengthens the grain
boundaries but also facilitates the interaction of dislocations,
thereby effectively enhancing the tensile strength of the joint.
After heat treatment, an increase in the number of LAGBs and
a concurrent grain refinement result in a higher interfacial area
at the grain boundaries. This hinders the motion of
dislocations and leads to an improvement in the yield strength
of the joint. The plasticity of the joint is enhanced due to
increased content of S phase after heat treatment, as S phase
exhibits higher plasticity compared with o phase®™. The grain
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refinement and reduction in lattice distortion lead to a
decrease in dislocation density within the grains of the joint.
Additionally, the increased LAGBs facilitate dislocation slip,
resulting in a significant enhancement of the joint’s pla-
sticity™.

3 Conclusions

1) Under the same holding time, different scenarios emerge.
Specifically, at a holding temperature of 900 or 950 °C, the
interface microstructure of the joint is composed of equiaxed
o and f grains. However, when the holding temperature
reaches 990 °C, the joint microstructure is transformed into
Widmanstatten patterns.

2) At a holding temperature of 900 °C, which is relatively
low, insufficient atomic diffusion occurs, resulting in
relatively poorer mechanical performance. When the holding
temperature is set at 950 °C, slightly below the f— a phase-
transition temperature, the presence of equiaxed a-phase grains
becomes more prominent. The grain distribution becomes
more uniform, and there is an increased depth of element
diffusion, indicating sufficient atomic diffusion. This temper-
ature results in the best tensile strength, yield strength, and
elongation, making it the optimal holding temperature.
However, if the holding temperature exceeds the f—a phase-
transition temperature of the titanium alloy (990 ° C), the
transformation of the joint microstructure leads to a reduction
in mechanical properties.

3) As the temperature increases, o, initially rises and then
decreases, indicating a corresponding trend in the applied
pressure on the joint. This suggests that the influence of
pressure on the joint bonding quality follows an trend of
initial increasing and then decreasing. The pressure on TSCB
joints is primarily determined by the holding temperature.
Optimal joint connection is achieved when the holding
temperature is slightly below the S — a phase-transition
temperature of TC4 titanium alloy, because it can maximize
the applied pressure on the joint and thus ensure the best bond
quality.

4) After annealing at 650 °C for 3 h, no significant changes
can be observed in the microstructure, which consists of
equiaxed o grains and intergranular f grains. Heat treatment

has the capability to refine the grain structure of TSCB joints,
to promote the transformation of a phase into f phase, to
reduce lattice distortion, and to increase the quantity of
LAGBs. Consequently, a significant improvement in plasticity
can be achieved, effectively addressing the problem of low
plasticity of TSCB joints.

5) The microstructural changes, phase content distribution,
degree of deformation within grains, and distribution of grain
misorientation exhibit minimal variations after heat treatment,
indicating that they are not the primary factors influencing the
mechanical properties. However, significant changes are
observed in the residual stress distribution, KAM distribution,
and grain size before and after heat treatment. This suggests
that the main factors contributing to the improved mechanical
properties after heat treatment are: (1) reduction in lattice
distortion within the joint, (2) transition and relief of residual
stress state, and (3) grain refinement.
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IFRRE RS IEXS TC4 K& & B EERFE LA A MM RER RN

Zrosgft, DRYLERS, Bk OB, RBEEE', FWE, MR, FEM, SIEMR, gk 4R
(1. AERTA ML T2 UM CRE 2R, dbat 102617)
Q. I FEM ARG LEFA, Jbat 100076)

O R EAT RO RN LR L W R L S SR R N MR B A5 &, LA S mm 5 TC4 8K & 5 9 B REAT R I 2 I #AR
PEHI R B R B0 (TSCB), 4R F8 1 AN [RIN #AIR B2 A R AL 310 2 SR O A0 23R g 2 PR R RS20 o 25 SRR WD, In #4UIR B2 A1
(900 C) X FHUATH EAT Y, MAGEEE & (990 C, N oo iR TR KB IRIKH AN, S8 LI AR,
BEAUR B TH R, A OSBRI B s A7 S T v e AR, Sk BRI B B S T e 5 AR A IR D 950 CRIFHIR T 8
—a AR LR, AR A 5], oMb W, HIE TP D, B BN s e, Bty &
650 ‘C/3 hiB kK MKEH G, AL T aop AL, EHEIIALTERERRIC, SRIHE. TSCB KAk AR R PR A B AN B 7o BRAR
2B A, N EIRE, MTIHE e 1 TSCB K JI2AERE, ok 1 TSCB $5 Sk BB LB AR A i

KB TCAERE®: MBS HUER; #CA, BRI itk
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