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Abstract: The effects of various hot deformation states on the evolution of microstructures and mechanical properties
in diffusion bonded TC4 alloys were investigated using the hot bending of thick plates. Finite element simulations were
conducted to characterize the deformation states during bending at 750 °C with angles of 17° and 32°. The
microstructures and mechanical properties of the bonding interface were then analyzed. The joint subjected to uniaxial
stress exhibited the highest ultimate tensile strength, which was attributed to the significant accumulation of dislocation
density and the low-angle grain boundaries within the grains. The texture strengthening in the basal {0001} plane was
also observed, along with a relatively low Schmid factor corresponding to the primary slip systems aligned with the
deformation direction. In contrast, the joint under stress-free conditions showed a slip direction that was less favorable
for deformation, resulting in an ultimate tensile strength higher than that of the joint under biaxial stress conditions.
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1 Introduction

Diffusion bonding has been widely used in the
fabrication of titanium alloy components with
complex internal geometries, such as aero-engine
blades and microchannel heat exchangers [1,2].
Typically, the diffusion bonded (DB) titanium alloy
plates undergo additional hot forming processes to
achieve the final shapes, such as the hot bending,
twisting, and superplastic forming for the
aeroengine blades [3]. Since these components
generally suffer from harsh service environments,
including heavy load and extreme ambient
temperature, mechanical properties of the DB joint
must be preserved following these subsequent
forming  operations [4]. Consequently, a
comprehensive investigation into how various
deformation states affect the microstructures and

resulting mechanical properties is essential for
ensuring the performance and reliability of these
critical components.

Many studies have investigated the welding
parameters to enhance the performance of DB joints,
focusing on bonding stress, temperature, and holding
time [5]. The post-processes can be summarized as
post-weld heat treatment (PWHT) and post-weld
heat deformation (PWHD). ZHANG et al [6]
demonstrated that PWHT could increase the impact
toughness of the TC4 DB joint due to grain
boundary migration. DZIADON and MUSIAL [7]
proved that the strength properties of post-weld
aged AZ91 laser welded joint were much worse
than the welded material. The above studies about
the effect of PWHT on the properties of welded
joints are often related to interface migration and
grain growth. LI et al [8] found that different hot
tensile conditions led to a remarkable difference in
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dynamic softening performance between the TC4
DB joint and heat-treated base metal. The plasticity
of the TC4 DB joint during the tensile process was
damaged by very few tiny voids at the bonding
interface. JIANG et al [9] showed that the
post-weld tensile deformation retarded the ductility
degradation of the reeled-pipeline welded joint
because of the dislocation walls and cells related to
the PWHD process. TANG et al [10] proved that
the hot compression significantly affected the
bonding interface of the TiAl/Ti2AINb DB joint.
TAN et al [11] performed isothermal compression
deformation and heat treatment on the electron
beam welded Ti2AINb/TCI1 joint, and the impact
toughness of the joint was improved. LIU et al [12]
examined that the yield strength of the ZK60
friction-stir-welded joint increased by 45 MPa after
5% post-weld compression because of the twins and
dislocations generated during the compression.
ZHU et al [13] investigated the influence of PWHT
and hot compression on interfacial microstructure
and mechanical properties of the TiAl/Ti2AINDb
direct DB joint. Both post-bonded treatments can
enhance the tensile properties of the joint by
eliminating the brittle intermetallic compounds. The
influence of hot compression on the welding
interface is mainly due to dislocation and
compound evolution. WAN et al [14] applied the
cold bending process to the 316L stainless steel arc
welded sheet, and the hardness in the welded joint
increased with the increasing bending angle. Tensile
and compressive residual stresses were observed on
both the outer and inner surfaces of the bending
sheet. However, the research on diffusion bonding
is limited.
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Most current studies primarily focus on simple
tension or compression deformation states, which
significantly differ from the typical deformation
states, such as bending, used to manufacture actual
parts. In this study, a hot bending method is used to
obtain various deformation states in the thick
DB plate efficiently, and the microstructures and
mechanical properties of the DB joint are discussed.

2 Experimental

A good bonding quality of the TC4 DB plate,
with a thickness of 46 mm, was obtained under the
optimal bonding pressure of 2 MPa with a
temperature history of 900 °C for 1 h and 930 °C
for 2 h, which lays a foundation for the reliability of
subsequent results.

As shown in Fig. 1(a), the DB plate was cut
into thick plate samples with dimensions of
280 mm % 90 mm x 46 mm. Hot V-bending tests
were conducted at 750 °C with a stamping speed of
1 mm/s. The movement displacements of the upper
mold were 30 and 45 mm, respectively. Before the
test, the plate and mold were spread with the boron
nitride lubricant on both sides to reduce friction.
After V-bending, the plate was cooled in the air. As
shown in Fig. 1(b), the bending angle before
springback is denoted as ar, and the bending angle
after springback is denoted as as. So, the springback
angle is denoted as Ao=ar—as.

However, directly measuring ar is difficult
before unloading at high temperatures. According to
GB/T 232—2010, the value of o can be determined
by the displacement of the upper head, which can
be expressed as

Fig. 1 Schematic diagram of hot bending experiment: (a) Hot bending die and thick sheet; (b) Hot bending process

(Unit: mm)
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where a is the plate thickness, D is the punch
diameter, p is the distance between the fillet center
of the low die and the center axis of the indenter,
and f'is the displacement distance of the punch.

The hot-bending plate can be divided into
two regions: the PWHD region with bending
deformation and the PWHT region with negligible
deformation, as shown in Fig. 2. The TC4 DB joints
at the PWHD and PWHT regions were selected for
tensile tests and microstructure characterizations.
Tensile tests at RT with a tensile speed of
0.025 mm/s conducted on an Instron
Sans-100 kN universal machine. Each test was
repeated four times. The geometric dimensions of
tensile specimens are also shown in Fig. 2.

Microstructures of the DB joints under
different states were observed using a Gemini 450
scanning electron microscope (SEM) and electron
backscattering diffraction (EBSD). The samples for
OM and SEM were rotary polished and etched
using Kroll solution. The samples for EBSD
characterization were vibratory polished. EBSD
data can be used to obtain the pole figure (PF),
inverse pole figure (IPF), grain boundary (GB)
maps, local average misorientation (LAM) maps,
and Schmid factor (SF) maps.
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Fig. 2 Schematic diagram and dimensions of specimens
for tensile test (Unit: mm)

3 Finite element simulation

A two-dimensional symmetric finite element
(FE) model was established using dynamic explicit
and static algorithms to simulate the hot bending
and springback of the TC4 DB plate. Figure 3(a)
displays the EBSD microstructure of the DB joint,
which shows some variation in the thickness of the
weld zone, with an average value of approximately
0.1 mm. Hence, a subsection is defined in the FE
model, as illustrated in Fig. 3(b). The element
meshes used in this analysis are hexahedral
elastic-plastic elements. In the matrix zone, a
four-node solid element with a mesh size of 1.5 mm
is used, while the mesh in the weld zone consists of
four layers with a mesh size of 0.025 mm.

Fig. 3 Model definition of hot bending DB plate: (a) EBSD map of DB joint; (b) Schematic diagram of hot bending FE

model
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Table 1 Model parameters of matrix and weld zone for TC4 DB plate

Zone Temperature/  Young’s  Poisson’s Thermal conductivity/ Specific heat capacity/ Yield Density/
°C modulus/MPa  ratio  (mW-mm!-°C™") (kJ-kg™'-°C™ strength/MPa (107° kg-m )
Matrix 750 10973 0.42 14.6 717 281 4.4
Weld 750 12285 0.42 14.6 717 316 4.4
As shown in Table 1 and Fig. 4, the material (a) a=17°

parameters of the matrix zone and weld zone at
750 °C and 0.1 s' were obtained by uniaxial tensile
tests. The tools were set to be rigid bodies. The
bending temperature was set as 750 °C, and the
friction coefficient was 0.15. Velocity boundary
conditions were applied to the upper mold. The
z-axis (Fig.2) displacement of nodes on the
symmetrical axis was set as zero.
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0.05 0.10 0.15 0.20

Plastic strain

Fig. 4 True stress—plastic strain curves at 750 °C and
0.1s7!

4 Results

4.1 Deformation states

The bending angles, denoted as as, were
measured for the thick plates, as illustrated in Fig. 5.
The measured angles are 17° and 32°, respectively.
The calculated values of ar were 17.98° and 32.26°
according to Eq. (1). So the springback angles are
0.98° and 0.26°, respectively. When a; equals 17°,
the thickness of the metal layer inside the weld after
bending is 23 mm, and the thickness outside the
weld is 21 mm. When o, equals 32° the
corresponding thicknesses are 23.5 and 19.3 mm,
respectively. According to the thick plate metal
bending theory [15], the inward movement of the
strain neutral layer leads to the plate thickness
thinning of the deformation area (PWHD region).
The experimental results agree with the theory,

- ]m

Fig. 5 Thick plate after hot-bending with different
bending angles

which shows that the greater the bending angle, the
greater the inward displacement of the neutral layer.

The load simulation results for the TC4 DB
plate during bending are shown in Fig. 6(a). The
simulated load is approximately 200 kN, matching
the experimental value. The boundary curves of the
cross-section for the bending plate before and after
springback are extracted. The comparison results
are shown in Figs. 6(b) and (c). The black solid line
represents the sample before springback, while the
red dotted line indicates the sample after springback.
When the bending angle is 17°, the springback
angle predicted by the simulation is 1.40°, which is
close to the experimental results (0.98°). At a
bending angle of 32°, the simulation shows a
significantly small springback angle of 0.10°,
which is also consistent with the experimental
observation of 0.26°. These findings demonstrate
the effectiveness of the simulation model.

As shown in Fig. 7(a), the distribution of
equivalent stress is asymmetrical in the radial
direction, which is mainly because the lowest point
of the upper mold is not in contact with the plate
during the subsequent forming process. The PWHD
region can be subdivided into representative
PWHDI and PWHD?2 regions. At the PWHDI1
region, stress concentration occurs at the inner
rounded corners. In contrast, the PWHD2 region
exhibits relatively high stress levels that extend
across the weld layer. As shown in Fig. 7(b), 35
nodes are selected along the thickness direction to
obtain tangential stress (o¢) and radial stress (oy).
The nodes in the weld zone are numbered from
No.17 to No.19.
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Fig. 6 Simulation results of TC4 bending DB plate:
(a) Load curves; (b, ¢) Springback results at a,=17° and
0s=32°, respectively
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Fig. 7 Sample cutting schematic diagram of TC4 DB
plate after bending

The stress distribution in the typical regions is
shown in Fig. 8. As shown in Figs. 8(a) and (b),
when the bending angle increases from 17° to 32°,
the deformation state of the weld zone at the
PWHDI region is in a transition stage from

tangential tension to compression and radial
compression to tension. For the weld zone of the
PWHD?2 region, the tangential stress remains in a
tensile state at a bending angle of 17°. The radial
stress is negligible. However, when the bending
angle increases to 32°, the tangential stress becomes
negligible, while the radial stress remains in a
compressive state. Figure 8(c) summarizes the
deformation states in the weld zone obtained by
bending. The stress-free state without deformation
is applied to the PWHT joint. Bending causes stress
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Fig. 8 Deformation states of weld zone in TC4 DB
bending plates: (a) Tangential stress; (b) Radial stress;
(c) Stress state in weld zone
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partitioning in metal microstructure, which has been
proven to cause inhomogeneous dislocation
distribution [16]. The PWHDI1, PWHD2 and
PWHT joints with different deformation states are
selected for tensile tests and metallographic
observation.

4.2 Mechanical properties

The ultimate tensile strength and elongation of
the DB joints are illustrated in Fig. 9. At a bending
angle of 17°, the ultimate tensile strength of the
joint at the PWHDI1, PWHT and PWHD2 regions
are 755.18, 786.25 and 820.96 MPa, respectively.
At a bending angle of 32°, the ultimate tensile
strength of the joint at the PWHD1, PWHT and
PWHD2 regions are 706.60, 783.58 and
1177.45 MPa, respectively. The increase in tensile

strength of the PWHD?2 joint at a bending angle of
32° is more significant than that at a bending angle
of 17°.

4.3 Microstructure evolution
4.3.1 SEM observation of DB interface

As shown in Fig. 10(a), the voids and gaps at
the DB interface of the as-received (AR) joint are
eliminated due to volume and surface diffusion
processes. Some isolated ellipse voids remain
visible at the DB interface, as shown in Figs. 10(b)
and (c). These voids are often difficult to observe
due to their small size. Generally, a sound joint
with few defects is acceptable, and the influence of
tiny voids on the mechanical properties was
neglected.

Figures 10(d—f) show the DB interface of the

1400 7
@ w750 °C, 17° (b) w750 °C, 17°
1200 - 750 °C, 32° 6l mmm 750 °C, 32°
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S 1000 S
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& 400 z
F
200
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Joint Joint

Fig. 9 Tensile properties of TC4 DB joint after hot bending: (a) Strength; (b) Elongation
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Fig. 10 SEM images of TC4 DB joint under different deformation states with as=32°: (a, b, ¢) AR joint; (d) PWHD1

joint; (e) PWHD?2 joint; (f) PWHT joint
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PWHDI, PWHD2, and PWHT joints at a bending
angle of 32°, respectively. The PWHDI1 joint, as
shown in Fig. 10(d), generally exhibits very few
unbonded areas, which is attributed to the typically
small and round shape of the interfacial voids. The
DB interface of the PWHD?2 joint, as depicted in
Fig. 10(e), also shows limited visibility of voids,
with some bright phases decorating the bonding
lines. In contrast, Fig. 10(f) reveals interfacial voids
with irregular edges, which are smaller than those
shown in Figs. 10(b, c).
4.3.2 Grain orientation evolution

To better investigate the microstructural
differences of the TC4 DB joint under various
deformation states, the variations of grain morphology,
size, and orientation of the DB interface were
analyzed. Figure 11 shows the IPFs in the x—y plane
along the y direction (the x and y directions are
defined in Fig. 2). By comparing Figs. 11(a) and (d),
it is evident that the microstructure of the PWHD1
joint, which has a relatively low bending angle of
17°, is almost consistent with the PWHT joint with
a bending angle of 32°. Both joints mainly consist
of undeformed grains. As the bending angle
increases to 32° for the PWHDI joint, the blurred
and distorted grain boundaries are observed, as
shown in Fig. 11(b), which is a typical instability
phenomenon during hot deformation. Deformation
bands are seen as unstable regions, which are
always caused by flow localization [17]. The

representative microstructure of the deformation
band marked by the box has elongated and
fragmented grain characteristics for the PWHD2
joint with a relatively high bending angle (32°), as
depicted in Fig. 11(c). It has been noted that the
deformation band is usually associated with the
activation of the preferred slip system that requires
the lowest deformation energy consumption [18].
Similar phenomena have been previously reported
in other metals [19]. In addition, there is a significant
change in grain orientation, with the (120) crystal
orientation dominating in localized areas.

The PFs of the a phase under various
deformation states are displayed in Fig. 12. As seen
in Figs. 12(a) and (b), the maximum texture
intensity of the PWHDI joint decreases from 4.85
to 3.88 as the bending angle increases from 17° to
32°. In Fig. 12(c), the maximum texture intensity of
the PWHD2 joint increases to 4.51, showing a
strong local basal texture as the basal poles shift
from the x-side to the y-side (Fig. 2). Figure 12(d)
indicates that the crystal orientation of the PWHT
joint, which is in a stress-free state and has not been
deformed, appears relatively random. Overall,

texture evolution occurs due to the gradual shift
of the grain sliding surface and the sliding
direction in the primary deformation direction. This
evolution reflects the activation of the grain boundary
sliding mechanism during plastic deformation
process [20].

Ti-hexagonal
010

120

Ti-cubic
111

Fig. 11 IPFs of TC4 DB joint under different deformation states: (a) as=17°, PWHDI1 joint; (b) as=32°, PWHDI joint;
(c) as=32°, PWHD?2 joint; (d) as=32°, PWHT joint (Observation along y was applied to IPF triangle)
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4.3.3 Slip system

Since the TC4 alloy studied in this work
mainly contains the a phase, the slip systems of the
o phase are discussed here. It is well known that the
high Schmid factor (SF=cos Acos ¢) could contribute
to grain boundary migration and grain rotation
under external stress [21]. In other words, a low SF
value indicates that the grains are in the unfavorable
slip orientation and appear to be hard grains, while
a high SF value indicates that the grains are
favorably oriented for slip and appear to be soft
grains [22].

Figure 13 shows the average SF values and
relative frequencies of high SF values (>0.4) for the
basal and primary {a) slip systems under different
deformation states, respectively. In the primary {(a)
slip system, the average SF values of the PWHD?2
and PWHT joints with a bending angle of 32° are
less than 0.3, and the relative frequency of SF>0.4

Ul‘
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Tom (1120}

-~

{0001}

(@)

{0001}

Max: 4.51

is less than 40%, which is much lower than that of
the PWHDI1 joint with bending angles of 17° and
32°. In the basal {a) slip system, all four types of
joints exhibit relatively low average SF values and
relative frequency (SF>0.4). The reason for the SF
value fluctuations with the change of deformation
state is crystallographic orientation evolution
resulting from the progressive rotation of adjacent
subgrains [23].
4.3.4 Deformation mechanism of primary o phase
The IPFs, GB maps, and LAM maps (Fig. 14)
are given to further explain the bending
deformation mechanism of the TC4 DB joint. As
shown in Fig. 14(b), when the PWHD joint with a
small bending angle is subjected to a biaxial stress
state, the proportions of the low-angle grain
boundaries (LAGBs) represented by the red lines
and the high-angle grain boundaries (HAGBs)
represented by the green lines are 75.65% and

{1120}

Fig. 12 PFs of TC4 DB joint under different deformation states: (a) a,=17°, PWHDI1 joint; (b) as=32°, PWHDI joint;

(c) a=32°, PWHD?2 joint; (d) as=32°, PWHT joint
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Fig. 13 Statistical analysis of TC4 DB joint under different deformation states: (a) Average SF; (b) Relative frequency

with SF >0.4
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LAGBs=75.65%

LAM map

]

HAGBs=24.35%

| HAGBs=7.35%

Min

TR 1%

¥ LAGBs=70%
_ HAGBs=30%

Max

Fig. 14 IPF maps, GB maps, and LAM maps of TC4 DB joint under different deformation states: (a—c) a,=17°, PWHD1
joint; (d—f) as=32°, PWHDI joint; (g—i) as=32°, PWHD?2 joint; (j—1) as=32°, PWHT joint

24.35%, respectively. As the bending angle
increases, the LAGBs proportion of the joint
increases to 88.16%, as shown in Fig. 14(e).
Figure 14(h) indicates that the LAGBs proportion
(92.65%) of the joint under continuous uniaxial
stress significantly improves. The PWHT joint has a
minimum LAGBs proportion (70%), as shown in
Fig. 14(k). It can be found from Figs. 14(e) and (h)
that many LAGBs are located within the grains, and
the grains are divided into several fine subgrains.
Multiple subgrain structures bounded by LAGBs
are typical characteristics of dynamic recovery
(DRV) [24]. These subgrains can easily convert to
new grains with further deformation.

LAM maps can illustrate the plastic strain
distribution of crystalline materials and reflect the
dislocation density. The PWHD2 joint with a
bending angle of 32° shows the highest fraction of

the green area representing the higher LAM,
implying a higher defect density and higher
deformation stored energy. Moreover, the defect
distribution within the grains is inhomogeneous and
primarily concentrated at the deformation band, as
indicated by black rectangles in Figs. 14(g) and (h).

5 Discussion

The bending tests result in local deformation
accumulation and the lattice structure distortion of
the TC4 DB plate. The bending simulation results
indicate three kinds of deformation states in the
weld zone. The weld materials of the PWHDI joint
are subjected to biaxial stress. The deformation
strain also increases as the bending angle increases
from 17° to 32°, as shown in Figs. 14(c) and (f).
The weld materials of the PWHD2 joint maintain
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the uniaxial deformation state, causing the highest
dislocation density and deformation strain. Such
stress partitioning characteristics result in tensile
properties partitioning. The PWHD?2 joint has the
highest ultimate tensile strength, followed by the
PWHT joint and the PWHDI joint.

During the deformation process, some
dislocations migrate to grain boundaries and vanish,
while others plug and entangle. The final
dislocation density depends on the competition
between the two mechanisms. A higher dislocation

density makes it more difficult for slip to begin [25].

The LAGBs gradually developed from a/f grain
boundaries into grains interior, indicating the
development of the DRV process. In addition, as
shown in Figs. 14(h) and (i), the green stripes in the
LAM map coincide with LAGBs. The LAGBs can
act as nucleation sites for new grains during
the subsequent dynamic recrystallization (DRX)
process. The conversion of subgrain boundaries
from LAGBs to HAGBs consumes many
dislocations and results in the refinement of the
original structure. The DRV grains do not have
enough time to transform due to the relatively low
temperature of 750 °C. So, many new dislocations
are maintained, causing a high dislocation density
under an inadequate DRV process.

The relatively low SF value in the main slip
systems indicates an unfavorable slip orientation in
the main slip system of the PWHT joint. From the
above analysis, it has been proven that the
mechanical properties of the DB joint can be
improved by applying appropriate deformation
states to the DB interface during hot bending.
The significant accumulation of LAGBS and
dislocations for the joint, under a uniaxial stress
state characterized by continuous tangential tension
and radial compression deformation, is the main
reason for the better mechanical properties
following hot bending.

6 Conclusions

(1) Three types of deformation states were
obtained in the weld zone for the TC4 DB joint by
hot bending, including the stress-free state without
deformation, the uniaxial stress state with only
tangential tension or radial compression, and the
biaxial stress state with radial compression/
tangential tension or radial tension/tangential

compression.

(2) The joint under the uniaxial stress state in
the weld zone showed the highest ultimate tensile
strength. This enhancement is attributed to texture
strengthening in the basal {0001} planes, resulting
from the gradual shift of grain sliding surface and
sliding direction, as well as the presence of
deformation bands in the joint.

(3) Microstructural analyses confirmed that the
significant accumulation of dislocation density and
LAGBS in the grains are the main reasons for the
improvement in mechanical properties of the joint
under the uniaxial stress state, which caused the
relatively low SF value in the primary (a) slip
systems.

(4) The texture randomization was found in the
joint under the stress-free state without deformation.
The joint showed a higher tensile strength
compared to that under biaxial stress conditions.
Although few dislocations and LAGBS existed in
the joint under the stress-free state, the unfavorable
slip orientation in the main slip system was
confirmed.
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AEHTRIRSKH HUER TC4 8¢
BMARMAFERERTRIFMN

Fol F B ORBA BRER? FRE, B2

1 dEE SR KRS MU R & Hshib 2B, Jbat 100191;
2. VEFHERMA S REIWLE R ST AR, TEFH 110043

O R M S R TRAS Y BOERE TC4 &4 RSV 77 S e BRI 5 o 2425 iR e
9750 °C. BT A0 17°80 3200, il A RICEAUIRT 7RI TRES, 704 1 9 B 3 57 A 2 ik 4
G 2k RE . AL BB PIRES R BB B R AR SR GT R0 L, I el oz i E AT Aokt P /N A7 B2 5K B
RGN . SLIEE IR T HEH {0001 } U4 3R LK FI R RIS TR 7 A BUC K i 25 A8 R TE . ToR
R T HEESRAFAEAR TR BIE R T 1), ARBRAT 28 2 i T XU B2 IR N 2k
KRR PHOER BARG AE NJPIRE: R

(Edited by Xiang-qun LI)



