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Abstract: In order to better understand the interface bonding behavior of linear friction welding (LFW) of a near-$
titanium alloy, the thermo-physical simulation for deformation behavior and microstructure evolution of a near-f TB2
titanium alloy was carried out by using hot compression tests with specially designed hat-shaped specimens under
different compression displacements, temperatures and strain rates which were decoupled in the simulation process. The
results show that the peak shear stress in bonding zone (BZ) during hot compression increases with decreasing
deformation temperature and increasing strain rate, and the width of BZ decreases with increasing deformation
temperature and strain rate. The margin of BZ has largely deformed grains, and the center of BZ has fine equaxied
recrystallized grains. The mechanism of the joint is continuous dynamic recrystallization (CDRX) and the degree of
CDRX in BZ increases with increasing compression displacement, deformation temperature and strain rate. In addition,
{112}[111] texture forms in the margin of BZ, and {110}[001] texture forms in the center of BZ.

Key words: linear friction welding; TB2 near-§ titanium alloy; thermo-physical simulation; deformation behavior;

microstructure evolution; microtexture evolution

1 Introduction

Solid-state welding is an excellent welding
process for high strength alloys as it does not
produce detrimental defects related to melting and
solidification [1-3]. Linear friction welding (LFW)
is a type of solid-state welding process emerged in
the 1980s, which extends the application range of
rotary friction welding and can be used to join non-
axisymmetric cross-section metal components [4,5].
It is a key technology for manufacturing the
integrally bladed discs (blisks) of high thrust-
weight ratio aeroengines [5—7]. During welding,
significant frictional heat is generated from the

reciprocating movement of two components under
friction pressure, which plasticizes the interfacial
region. Subsequently, interfacial plastic metals are
extruded under the combination of friction pressure
and shear stress. When enough plastic metals are
extruded, the forging pressure will be applied to
completing welding. The LFW process is divided
into four distinct stages: the initial, transition,
equilibrium (quasi-steady friction stage) and
deceleration [8—10]. The main features of LFW
process are strong thermo-mechanical coupling,
large temperature gradient, and local violent
distortion [5]. To date, many materials have been
successfully joined by LFW, such as titanium
alloys [6—13], superalloys [14—16], steels [17—19],
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and aluminum alloys [20—22], where titanium
alloys take up a great proportion.

LANG et al [23] investigated the LFWed TC11
two-phase titanium alloy joints and found that the
grains in weld zone (WZ) were refined compared
with those in base metal (BM), which indicated that
dynamic recrystallization occurred in the WZ. The
thermo-mechanically affected zone (TMAZ) was a
highly deformed a+f microstructure along the
friction direction. In addition, the grain size in WZ
was greater with friction time rising. WANG
et al [24] also studied the LFWed TC11 two-phase
titanium alloy joints and identified that a micro-
structure of recrystallized £ grains with acicular a
laths formed in WZ, and the grain size in WZ
became smaller with increasing friction pressure.
The grains in TMAZ were elongated along the
friction direction and the width of the TMAZ
reduced with friction pressure or/and shear velocity
(calculated with 4af [5], a is the oscillation
amplitude and f is the oscillation frequency). LI
et al [6] found that if the friction pressure was
relatively low, some spherical a grains formed near
the weld interface of the LFWed TCI11 two-phase
titanium alloy joint. JI et al [25] investigated the
LFWed Til7 two-phase titanium alloy joint and
found that the microstructure in WZ had the
recrystallized f grains with a large number of
parallel a needles which deposited along the grain
boundaries, while in TMAZ, some partial
recrystallized grains formed in severely deformed
microstructures. LI et al [26] also identified
dynamic recrystallization occurred in the WZ of
LFWed Til7 two-phase titanium alloy joint, and
found that many superfine and equiaxed a grains
dispersed uniformly in the recrystallized f grains or
at the boundaries. In addition, highly deformed «
and B phases were distributed along the friction
direction in TMAZ. ROMERO et al [11] studied the
influence of friction pressure on LFW of TC4
two-phase titanium alloy, and the results showed
that the widths of WZ and TMAZ and the a-Ti
intensity in WZ generally decreased with increasing
the friction pressure. DALGAARD et al [12]
carried out a LFW test of Ti5553 near-# titanium
alloy and pointed out that the WZ was very fine S
grains (1—5 pm) which were far smaller than the
grains in BM (100—-250 pm).

According to the above references, it can be
stated that the weld microstructure of LFWed

titanium alloy joints is changed compared with that
of their BMs, and the weld microstructure of the
titanium alloy under welding
parameters shows different characteristics. When
the LFW process enters the quasi-steady friction
stage, the weld metals are in dynamic plastic
deformation. The change of deformation conditions
(e.g., strain rate, temperature and deformation
amount) at this stage will affect the weld
microstructure, which further affects the joint
mechanical properties. The deformation conditions
are affected by the LFW parameters (frequency,
amplitude and friction pressure). However, the
relationship between the deformation conditions
and the welding parameters is complex. Hence, it is
difficult to quantitatively study the effects of
deformation conditions on weld microstructure by
directly adjusting the welding parameters.

Thermo-physical simulation can be used to
quantitatively investigate the effects of deformation
conditions on the weld microstructure [27]. Our
previous studies [27,28] simulated the flow behavior
and interfacial microstructure evolution of the LFW
of GH4169 superalloy by hot compression tests.
However, only two cylindrical GH4169 superalloy
specimens were upset with certain strain rates under
axial forces and high temperatures. The interfacial
metals were only deformed by extrusion, which did
not well reflect the large shear deformation of the
interfacial metals during LFW. Thus, in this work,
the authors designed the special hat-shaped
specimen which can generate shear deformation
during hot compression tests, and used a near-f
titanium alloy TB2 (Ti—5Mo—5V—-8Cr—3Al) [29]
whose phase structure is relatively simple and
easy to identify the microstructure evolution after
hot compression, to simulate the microstructure
evolution of LFW with different deformation
conditions.

same various

2 Experimental

A commercially available TB2 near-£ titanium
alloy was used in this study. The nominal chemical
composition of this alloy is listed in Table 1 [29].
The specimens were cut from a forged TB2 block,
which was processed by solution aging treatment
(solution treatment at 970 °C for 1 h with air cooling
and aging treatment at 500 °C for 8 h with air
cooling). As shown in Fig. 1, the equiaxed f grains
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Table 1 Nominal chemical composition of TB2 alloy
(wt.%) [29]
Al Mo A% Cr Ti
2.5-35 4.7-5.7 4.7-5.7 7.5-8.5  Bal

with random orientation appear in the BM of TB2,
and the volume fraction of £ phase in the BM is
99.3%. The grain boundaries in the BM are mainly
high-angle grain boundaries (HAGBs, the black
lines in Fig. 1(b)), and only a small number of
low-angle grain boundaries (LAGBs, the white
lines in Fig. 1(b)) are inside the equiaxed grains.
The p-transus temperature and recrystallization
temperature of TB2 are about 750 and 483 °C,
respectively [29].

Fig. 1 BM of used TB2 titanium alloy: (a) Optical
microstructure; (b) Inverse pole figure (IPF)

The hat-shaped hot compression specimens
were designed by referring the specimen structures

in some shear deformation studies of alloys [30—32].

The dimensions and configuration of the hat-shaped
specimens are shown in Fig. 2. Figure 3 shows the
schematic diagrams of the hot compression test
with the hat-shaped specimen. During the hot
compression, the cylinder was pressed into the ring
at a certain strain rate under an axial force, and
large shear deformation occurred at the connection
position between the ring and the cylinder to form a
weld like bonding zone. The hot compression
tests were conducted on a Gleeble—3500 thermal

simulator (the maximum heating rate reached
10000 °C/s, the temperature control accuracy
reached =1 °C; the maximum tensile and
compressive loads were 100 kN; the displacement
measurement accuracy was 0.002 mm).

(a) d6.1 (b)
i | Cylinder
— T 477
= Ring [Z]
- \OE o~
!
d6
d1s .
Unit: mm

Fig. 2 Dimensions (a) and configuration (b) of designed
hat-shaped specimens

(a)
Fig. 3 Schematic diagrams of hot compression test:

(a) Before compression; (b) After compression

The hot compression tests were conducted at
various compression displacements, strain rates and
temperatures as listed in Table 2. The compression
displacements were 1, 2, and 3.6 mm, respectively.
Referring to the interfacial strain rate equation
during LFW developed by VAIRIS and FROST
[8—10] and the numerical simulation results given
in reference [33], two typical strain rates of 1 and
10 s' were selected for the hot compression tests.
The equation is as follows:

é=af IL (1)

where ¢ is the interfacial metals strain rate (s ™), a
is the oscillation amplitude (mm), f'is the oscillation
frequency (Hz), and L is the length of the specimen
along the friction direction (mm). The temperatures
selected in this study are 650 and 850 °C, which are
below and above the f-transus temperature of TB2,
respectively.
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Table 2 Process parameters of hot compression tests
C i Heati te/ Holdi Cooli
Specimen Temperature/°C ~ Strain rate/s! . ompression e 1ng7ra ¢ . © m,g 008
displacement/mm (°C-s™h time/min method
1# 850 1 1
24 850 1 2
3# 850 1 3.6
10 3 Air cooling
44 650 1 3.6
S# 650 10 3.6
6# 850 10 3.6

After the hot compression tests, the polished
metallographic specimens were etched using Kroll’s
reagent (0.5 vol.% HF + 1.5 vol.% HNOs+ 2 vol.%
HCI + 96 vol.% H>0). Subsequently, the specimens
were observed under an optical microscope (OM)
(OLYMPUS PMG3) and a scanning electron
microscope (SEM) (Helios G4 CX) to investigate
the microstructure characteristics of the hot
compression bonded joints. The electron back-
scattered diffraction (EBSD) analysis was also
carried out to investigate the microstructure
evolution of the hot compression bonded joints.
The samples were electro-polished in a solution
(30 vol.% C4sHoOH + 64 vol.% CH3;0H + 6 vol.%
HCIO4) with a voltage of 20V for 80s at 0 °C
firstly. And then, the EBSD was performed on a
SEM (TESCAN MIRA3 XMU) with an Oxford
EBSD data acquisition software (HKL-Channel 5).
Moreover, the Vickers hardness of hot compression
bonded TB2 joint was tested using an HX—1000
hardness tester. The test directions were along and
perpendicular to the bonding zone (BZ). The load
was 1 kg, the dwell time was 10 s, and the test step
length was 150 um.

3 Results and discussion

3.1 Deformation behaviors of hot compression

bonded joints under different conditions

The cross-sections of 1#, 2# and 3# joints
under different compression displacements are
shown in Figs. 4(a, c, e), respectively. It can be seen
from Figs. 4(a, c, e) that when the temperature and
strain rate are constant, with the increase of
compression displacement, the deformation degree
of interfacial metal between the cylinder and ring
increases. Figure 4(b) shows that when the
compression displacement is 1 mm, the BZ is mainly
composed of largely deformed grains. When the

compression displacement is 2 mm, a shear band
forms in the BZ, and a few fine equiaxed grains
form at the largely deformed grain boundaries
(marked by arrows in Fig. 4(d)), which indicates
that local dynamic recrystallization occurs. When
the compression displacement is 3.6 mm, there are
a large number of fine equiaxed grains distributing
in the BZ (Fig. 4(f)), which indicates that the
sufficient dynamic recrystallization occurs. Based
on the above results, it can be concluded that with
the increase of compression displacement, the
dynamic recrystallization degree of the BZ in the
hot compression bonded joint increases. Generally,
in most LFWed titanium alloy joints, dynamic
recrystallization occurs in the weld zone, resulting
in forming many fine equiaxed recrystallized grains.
Hence, when the compression displacement is
3.6 mm, the microstructure of the BZ is similar to
the weld zone of a LFWed joint.

During the hot compression tests, the shear
stress of the BZ can be expressed as follows [32]:

T:P/[nh(de;diﬂ )

where 7 is the shear stress (MPa), P is the axial
force (MPa), % is the initial connection height
between the ring and the cylinder of the specimen
(mm), d. and d; are the diameter of the cylinder and
the inner diameter of the ring (mm), respectively
(see Fig. 3). Based on the recorded axial forces, the
shear stresses were calculated with Eq. (2). Figure 5
shows the shear stress—displacement curves of
1#, 2#, and 3# joints under different compression
displacements. It should be pointed out that the
pre-set compression displacements of the three
joints are 1, 2, and 3.6 mm, respectively, but the
final displacements in Fig. 5 are less than them.
This is because slight displacement occurs during
the holding time before the compression, and the
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Fig. 4 Cross-sectional micrographs of 1#, 2# and 3# joints at different compression displacements: (a) Cross-section
of 1# joint; (b) BZ of 1# joint (red frame in (a)); (c) Cross-section of 2# joint; (d) BZ of 2# joint (red frame in (c));
(e) Cross-section of 3# joint; (f) BZ of 3# joint (red frame in (e)); (g) High magnification of (f) by SEM
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Fig. 5 Shear stress—displacement curves of 1#, 2# and 3#
joints

displacements in Fig. 5 are the actual compression
displacements of the three joints. At the initial stage
of the hot compression, the shear stresses of the
three joints increase rapidly. When the displacement
reaches about 0.4 mm, there is a shear stress peak
(about 400 MPa). When the displacement is larger
than 0.4 mm, the shear stresses of 2# and 3# joints
begin to decrease. It can be attributed to that
dynamic recrystallization occurs when the
accumulated dislocation density exceeds a critical
strain [34]. It should be pointed out that the shear

stress curves of 2# and 3# joints do not show wavy
change when the compression displacement is
larger than 0.4 mm, which illustrates that the
dynamic recrystallization mechanism of the hot
compression bonded TB2 joint is continuous
dynamic recrystallization (CDRX) [35]. Moreover,
the shear stresses of 2# and 3# joints increase
continuously after the shear stress valley of about
380 MPa, which can be attributed to that the large
diameter cylinder is continuously pressed into the
small inner diameter ring.

The shear stress—displacement curves of 3#, 4#,
5# and 6# joints are shown in Fig. 6. When the
strain rate is 1 s™!, the peak shear stress of 3# joint
(400 MPa) is lower than that of 4# joint (590 MPa).
When the strain rate is 10 s™!, the peak shear stress
of 6# joint (530 MPa) is lower than that of 5# joint
(660 MPa). This can be attributed to that the
deformation temperatures of 3# and 6# joints
(850 °C) are higher than those of 4# and 5# joints
(650 °C), the deformation resistances of 3# and 6#
joints are lower than those of 4# and 5# joints
during hot compression, leading to the fact that the
applied axial forces of 3# and 6# joints are lower
than those of 4# and 5# joints. Hence, according to
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Fig. 6 Shear stress—displacement curves of 3#, 4#, 5#

and 6# joints

Eq. (2), the peak shear stresses of 3# and 6# joints
are lower. When the deformation temperature is
850 °C, the peak shear stress of 3# joint is lower
than that of 6# joint. When the deformation
temperature is 650 °C, the peak shear stress of 4#
joint is lower than that of 5# joint. This can be
attributed to that the strain rates of 3# and 4# joints
(1 s are lower than those of 5# and 6# joints
(10 s™"). When the strain rate is relatively high
during hot compression, more dislocations are
driven at per unit time and more serious dislocation
tangling forms, which causes larger degree work
hardening and higher peak shear stress [27,28].

The shear stresses of 3#, 5# and 6# joints
decrease obviously after the peak shear stress due to
the dynamic recrystallization. However, the shear
stress of the 4# joint does not decrease obviously,
indicating that there is no dynamic recrystallization
occurring during hot compression or the dynamic
recrystallization is not obvious. It should be
attributed to the lower deformation temperature and
strain rate of 4# joint. After reaching the peak shear
stress, the shear stresses of 5# and 6# joints
decrease more obviously than those of 3# and 4#
joints. This is because more distortion energy is
stored in 5# and 6# joints due to their higher strain
rates, and larger degree dynamic recrystallization
occurs. In addition, the shear stress of 3# joint
decreases more obviously than that of 4# joint after
reaching the peak shear stress. This is because the
degree of dynamic recrystallization increases with
increasing deformation temperature. However, the
shear stress of 5# joint shows the more obvious
drop than that of 6# joint after the peak shear stress,

although the deformation temperature of 5# joint is
lower than that of 6# joint, which can be attributed
to that the BZ of 5# joint breaks, as shown in Fig. 7.
And the reason why the BZ of 5# joint breaks is
that the shear strength of TB2 titanium alloy at
650 °C is lower than 640 MPa [29], but the peak
shear stress in the BZ of 5# joint during hot
compression reaches 660 MPa due to the lower
deformation temperature (650 °C) and higher strain
rate (10 s7™1).

Fig. 7 Cross-sectional micrograph of 5# joint

Based on the aforementioned results, it can be
concluded that the peak shear stress during the hot
compression of TB2 titanium alloy increases with
decreasing deformation temperature and increasing
strain rate. And the dynamic recrystallization degree
in the BZ of hot compression bonded TB2 joint
increases with increasing deformation temperature
and strain rate.

The microstructures of the BZs in 3#, 4# and
6# joints are shown in Fig. 8 In previous
description, the dynamic recrystallization occurs in
the BZs of 3# and 6# joints, so the grains in the BZs
of 3# and 6# joints are refined, as shown in
Figs. 8(a) and (c), respectively. It can be seen from
Fig. 8(b) that the grains in the BZ of 4# joint are
mainly deformed grains and the microstructure
shows streamline characteristic. This is because the
dynamic recrystallization does not occur or the
dynamic recrystallization is not obvious in the BZ
of 4# joint, and the grains are not refined. The width
of the BZ in 3# joint is about 180 pm and it is
smaller than that of the BZ in 4# joint (240 pm).
It can be attributed to that the deformation
temperature of 4# joint (650 °C) is lower that of
3# joint (850 °C), and the softening degree of
the BZ metal of 4# joint is less than that of 3# joint
during hot compression, so the BZ metal of 4# joint
is relatively difficult to flow along the shear
direction, resulting in forming the wider BZ.
Although the deformation temperatures of 3# and
6# joints are both 850 °C, the width of the BZ in 6#
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Fig. 8 OM images of BZs in 3#, 4# and 6# joints: (a) 3#
joint; (b) 4# joint; (c) 6# joint

joint is about 115 pwm, which is smaller than that of
3# joint. It can be attributed to that the shear stress
of 6# joint is larger than that of 3# joint during hot
compression (see Fig. 6), so the BZ metal of 6#
joint is easier to flow along the shear direction,
resulting in forming the narrower BZ. Hence, it
can be concluded that the width of BZ in the
hot compression bonded TB2 joint decreases
with increasing deformation temperature and
strain rate.

3.2 Microstructure evolution of hot compression
bonded joint

The 6# joint is selected to conduct the EBSD

test to observe the microstructure evolution of the

BZ in hot compression bonded TB2 joint. Except
for the BM, four positions are scanned, which are
shown in Fig. 9. Position 4 is located at the margin
of BZ, and Position D is located at the center of BZ.

Figure 10 shows the IPFs of Positions 4, B, C
and D in Fig. 9. The white lines represent LAGBs
with the misorientation angles of 2°-15°, and
the black lines represent HAGBs with the
misorientation angle greater than 15°. Figure 10(a)
shows that the grains at Position 4 are mainly
elongated grains, which form from the BM
equiaxed grains under strong thermo-mechanical
coupling during the hot compression. Some LAGBs
form in the elongated grains. This is because a large
number of dislocations gather in the elongated
grains during hot compression, and dislocations
rearrangement occurs to form some LAGBs [24].
Figure 10(b) shows that the elongated grains are
still in Position B, and the LAGBs in this position
are more than those in Position 4. There are many
sub-structure grains which are composed of LAGBs
forming in the elongated grains, and some sub-
structure grains transform to equiaxed recrystallized
grains (marked by arrows in Fig. 10(b)) which are
composed of HAGBs by absorbing dislocations.
This reveals that the low degree dynamic
recrystallization occurs at Position B. Figure 10(c)
shows that at Position C, there are many fine
equiaxed recrystallized grains and sub-structure
grains, with no elongated grains. This reveals that
sufficient dynamic recrystallization occurs in this
position. As shown in Fig. 10(d), Position D also
has many fine equiaxed recrystallized grains, but
the average grain size (4.5 um) is larger than that at
Position C (2.5 um). It can be attributed to that
the temperature of Position D is higher than that
of Position C during hot compression due to more
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4 »JJ“IJW

Fig. 10 IPFs of Positions 4, B, C and D in Fig. 9: (a) Position 4; (b) Position B; (c¢) Position C; (d) Position D

plastic deformation heat, so the recrystallized grains
at Position D grow up. From above results, it
can be stated that from Position 4 to Position D,
largely deformed grains transform to equiaxed
recrystallized grains, and dynamic recrystallization
degree increases gradually. There is a similar rule in
LFWed from thermo-
mechanically affected zone to weld zone, deformed
grains transform to equiaxed recrystallized grains
and the degree of dynamic recrystallization
increases. Besides, it should be pointed out that
there are a large number of LAGBs and sub-
structure grains forming in the hot compression
bonded TB2 joint during hot compression, which is
a significant characteristic of continuous dynamic
recrystallization (CDRX) [36]. Hence, the dynamic
recrystallization mechanism of the hot compression
bonded TB2 joint is CDRX, which confirms the
conclusion in Section 3.1. Figure 11 shows that the
average misorientation angles of Positions 4, B, C
and D in Fig. 9 are 17.6°, 19.3°, 26.5° and 32.0°,
respectively, which illustrates that proportion of
HAGBsS increases from Position 4 to Position D. It
can be attributed to that the degree of CDRX
increases from Position 4 to Position D and the
number of LAGBs transforming into HAGBs
increases.

titanium alloy joints,

3.3 Microtexture evolution of hot compression

bonded joint

Figure 12 shows the {100}, {110} and {111}
pole figures of different positions (the BM and
Position 4, B, C and D in Fig. 9) of 6# joint. The Xy
direction represents the shear direction, and the Y
direction represents the shear plane normal. The
evolution of the texture is described using the
density of pole figures given as multiple of uniform

111
e | 101

40

30

N

20

Average misorientation angle/(°)

Position  Position  Position  Position
A B C D

Fig. 11 Average misorientation angles of Positions 4, B,
Cand D in Fig. 9

uniform distribution (mud). The deformation mode
of the hot compression in this research can be
regarded as simple shear. For a bcc material, seven
ideal textures in simple shear are identified [37—-39],
which are given in Fig. 13 and Table 3. From
Fig. 12(a), it is evident that F texture ({110}[001])
which forms in forging process dominates in BM
and the maximum texture density is about 8.52 mud.
It can be seen from Fig. 12(b) that D, texture
({112}[111]) dominates at Position 4 and the
maximum texture density is about 16.57 mud. The
texture density of Position 4 is larger than that
of the BM because the grains at Position 4 deform
along the shear direction under strong shear
stress. Figures 12(c) and (d) reveal that D;
texture ({1 12}[111]) dominates at Positions B and
C, and the maximum texture densities are 8.78
and8.99 mud, respectively. Both of them are lower
than that of Position 4, which can be attributed to
that dynamic recrystallization occurs at Positions B
and C, and the recrystallized grain orientations at
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Fig. 12 Pole figures of 6# joint at different positions in Fig. 9: (a) BM; (b) Position 4; (c) Position B; (d) Position C;

(e) Position D
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Fig. 13 Ideal crystallographic orientations of bcec material in simple shear [37—39]

Table 3 Ideal crystallographic orientations of bcc
material in simple shear [37—39]

Texture Description
D, {T12}[111]
D> {112}[111]
E {110}[111]
E {110}[111]

F {110}[001]
J {110}[112]
7 {110}[112]

Positions B and C tend to be more disperse.
Moreover, it should be pointed out that the D; and
D, textures are mirror-symmetric and both of them
belong to {112}[111] texture. This type of texture
has also been found in the LFWed TB9 near-f
titanium alloy joint [40] and LFWed TC11 two-
phase titanium alloy joint [24]. Figure 12(e) shows
that F texture ({110}[001]) dominates at Position D
and the maximum texture density is 9.88 mud.
Although sufficient CDRX occurs at Position D, the
texture density is still larger than that of Positions B
and C, which can be attributed to that Position D is
the most plastic zone of the hot compression
bonded TB2 joint, the strong shear stress
contributes to the recrystallized grains rotation and
the F texture forms in the center of BZ.

3.4 Microhardness of hot compression bonded
joint
Figure 14 shows positions of the micro-
hardness measurement on the cross-section of 6#
joint, where Line A is perpendicular to the shear
direction and Line B is along the shear direction.
Figure 15(a) shows the microhardness distribution

along Line 4, and there is a microhardness peak
of about HV 310, which is located at the center
of BZ. It can be seen from Fig. 15(b) that the
microhardness of the center of BZ along Line B is a
little uniform, and the average microhardness
is HV 314, which is higher than the average
microhardness of BM (HV 278). Because the grains
in the center of BZ are refined compared with the
grains in BM due to dynamic recrystallization, the
fine grain strengthening makes the microhardness
of the center of BZ higher than that of BM. In
addition, it can be seen from Fig. 15(a) that the
average microhardness of the margin of BZ
(HV 285) is also higher than that of BM, which can
be attributed to the deformed grains along the shear
direction, causing the strain strengthening. In the
study on LFW of TB2 titanium alloy, it was found
that the fine grain strengthening in weld zone and
the strain strengthening in the thermo-mechanically
affected zone make its microhardness higher than
that of BM [41,42]. Hence, the microstructure
evolution and strengthening mechanism of the hot
compression bonded TB2 joint are similar to those
of the LFWed TB2 titanium alloy joint.

Fig. 14 Microhardness measurement positions of 6# joint
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Fig. 15 Microhardness distributions of 6# joint:
(a) Perpendicular to shear direction (Line 4); (b) Along

shear direction (Line B)
4 Conclusions

(1) The shear stress—displacement curves of
the hot compression tests are sensitive to the strain
rate and temperature. Under the same compression
displacement, the peak shear stress increases with
decreasing temperature and/or increasing strain rate.

(2) The dynamic recrystallization mode of the
BZ in hot compression bonded TB2 joints is CDRX,
and the degree of CDRX increases with increasing
compression displacement, temperature and strain
rate.

(3) When the compression displacement is
3.6 mm and the strain rate is 1 s”!, the width of BZ
decreases from 240 to 180 um with the temperature
increasing from 650 to 850°C. When the
compression displacement is 3.6 mm and the
temperature is 850 °C, the width of BZ decreases
from 180 to 115 pm with the strain rate increasing
from 1to 10s7".

(4) From the margin of BZ to the center of BZ,

largely deformed grains transform to fine
recrystallized grains, and the degree of CDRX
increases. The {112}[111] texture forms in the
margin of BZ and the maximum texture density is
16.57 mud; the {110}[001] texture forms in the
center of BZ and the maximum texture density is
only 9.88 mud due to CDRX occurring.

(5) The average microhardnesses of the center
and margin of BZ are HV 314 and HV 285,
respectively. Both of them are higher than that of
BM (HV 278), which can be attributed to the fine
grain strengthening in the center of BZ and the
strain strengthening in the margin of BZ.
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