"’

. & Science
ELSEVIER Press

Available online at www.sciencedirect.com

“s.“ ScienceDirect

Trans. Nonferrous Met. Soc. China 33(2023) 1114—-1123

Transactions of
Nonferrous Metals
Society of China

www.tnmsc.cn

Multi-scale characterizations of microstructure and mechanical
properties of Ti6242 alloy linear friction welded joint with
post-welded heat treatment

Zong-yu DANG!, Guo-liang QIN', Hong MA!, Pei-hao GENG?

1. School of Materials Science and Engineering, Shandong University, Jinan 250061, China;
2. Joining and Welding Research Institute, Osaka University, Osaka, 567-0047, Japan

Received 10 December 2021; accepted 11 May 2022

Abstract: A near o titanium alloy (Ti6242) was joined by the linear friction welding technique followed by the post-
welded heat treatment (PWHT). Both joints in as-welded and PWHTed conditions were characterized in a multi-scale
manner to investigate the evolution of microstructure and establish the relationship between the microstructure and
mechanical properties of the joints. Results show that both joints fail in the base material, while the PWHTed joints
have large hardness enhancement in the welding line (WL) and thermo-mechanically affected zone (TMAZ). After heat
treatment, the cluster of the flakier o phase is formed inside the equiaxed grains in WL, while the martensite phase in
TMAZ is decomposed into the (a+f) phase, both of which can improve the hardness of the joint.
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1 Introduction

Linear friction welding (LFW), as a solid
phase joining process, realizes the welding of two
components by the oscillatory motion of one
component relative to another under the action of
friction pressure [1,2]. With the application of key
parameters, including amplitude, frequency and
friction pressure, varying heat levels can be
generated at the friction interface to plasticize the
material and promote the mutual diffusion of atoms
of both components [3]. Therefore, LFW presents
clear advantages such as high welding efficiency,
and no hot crack, which has been attracted
considerable attention in recent years. More
importantly, under the thermo-mechanical coupling
effect, the plasticized materials can be expelled
from the interface, which effectively avoids the

existence of oxidation and other contaminations
that possibly exist at original weld interface, which
is referred to as self-cleaning mechanism [4—6].

Up to now, LFW has been used to join
aluminum alloy [7,8], steel [9,10], superalloy
[11,12], titanium alloy (Ti alloy) [13,14] and
dissimilar metals [15,16] with different levels of
success. Among different materials, titanium alloy
has a wide range of applications as the structural
component in the aerospace field because of its low
density, high strength, good corrosion and fatigue
resistance [17-21]. Because of the low thermal
conductivity of titanium alloys, the molten pool is
susceptible to oxygen and nitrogen contamination
and prone to the formation of porosity, cracks and
other defects, making it of significant difficulty to
obtain sound titanium alloy joint. Compared to
the fusion welding technique, LFW holds obvious
advantages in obtaining high-strength Ti alloy joints.
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Numerous researches have been conducted on the
microstructure [22], mechanical properties [23] and
even simulation of different Ti alloys [14].

For the LFW of near « Ti alloys, the LFWed
joint can be divided into welding line (WL),
thermo-mechanically affected zone (TMAZ) and
heat affected zone (HAZ). The WL is mainly
recrystallized grains formed by fine martensite o'
and original § phase structure. The TMAZ consists
of deformed primary a, secondary o and retained 5.
The structure of the HAZ is similar to that of the
base material (BM) [24,25]. Since WL, being the
area with the highest processing temperature during
welding, could reach the critical phase transition
temperature, a high fraction of o phase can be
observed in WL with almost no f phase [26]. Due
to grain refinement in the WL and work hardening
in TMAZ, the welded area usually showed higher
strength than BM, leading to the fracture at
BM [18,25,26]. As for the microhardness of the
welded joints, different researchers have come to
different Some researchers have
shown that the microhardness gradually increases
from BM to WL and reaches the maximum at
the WL [18,24,26]. However, RAJAN et al [25]
reported that there would be a distinct softening
area in the HAZ of the joint. GUO et al [27] found
that the HAZ and WL had a lower microhardness
than the base metal, which was related to the
transformation of the f to orthorhombic a” during
the welding process. Fewer studies have been
conducted on other aspects of the mechanical
properties of near o titanium alloy LFWed joints
such as the variation of local modulus and strength,
which needs to be further studied.

The post-welded heat treatment (PWHT) of
titanium alloys is an important means of tuning the
properties of welded joints. Since near a titanium
alloys are not heat-treatable strengthened titanium
alloys, the role of heat treatment after LFW is
mainly to reduce the possible residual stress
generated during the welding process. FRANKEL
et al [28] reported that the residual stresses on the
Ti6242 side are significantly reduced after the
PWHT of the dissimilar titanium alloy LFWed joint.
However, MESHRAM and MOHANDAS [29]
found that PWHT at 700 °C for 2 h would damage
the ductility of the joint, which was relevant to
the precipitation of silicide. Different results in the
above literatures may be due to the different

conclusions.

temperatures employed in their studies, causing
distinct annealing behavior of the joint. Hence,
more studies are required to clarify the above
explanations.

In this work, for LFWed joints of near a
titanium alloy, Ti6242, multi-scale characterizations
of microstructure evolution, grain orientation and
texture in different regions of the joints by using a
scanning electron microscope (SEM) and electron
backscattered diffraction (EBSD), and multi-
technics characterization of mechanical properties
of the joints by using digital image correlation (DIC)
and nanoindentation techniques were conducted to
get an in-depth understanding of the microstructure
evolution and mechanical performance of the joint
with/without heat treatment. Moreover, the local
bonding strength of as-welded and PWHTed joints
in different characteristic zones was revealed.

2 Experimental

2.1 Material and welding process

The material used in the present experiment
was Ti6242, the near a titanium alloy, with the
chemical composition measured by optical emission
spectrometer (M12, Spectro-Lab) as given in
Table 1. Blocks of 8 mm x 16 mm % 35 mm were
cut by electronic discharge machining (EDM)
from a Ti6242 forged billet, while the area of
8 mm x 16 mm was the friction interface with the
oscillation direction being along the y-axis and
the forging direction along the z-axis, as shown in
Fig. 1(a).

Table 1 Main chemical composition of Ti6242 alloy
(wt.%)
Al Sn Zr Mo Si Ti
6.17 2.03 4.08 1.96 0.075 Bal.

The LFW equipment used was an HSMZ-30
developed by Harbin Welding Institute Limited
Company. The controlled welding parameters of
LFW were frequency (f), amplitude (4), friction
pressure (P) and friction time (¢). Prior to welding,
the faying surfaces were ground by sandpaper and
wiped with alcohol to remove grease and oxide.
Based on a preliminary study, welding was applied
at the welding condition of f=20 HZ, 4=3 mm,
P=100 MPa and =3 s. The welding process is
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Fig. 1 Schematic diagram of welding process and specimen dimensions (a), sampling position of metallographic
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specimens (b), sampling position of tensile specimens (c), and dimensions of tensile specimens (d)

displayed in Fig. 1(a). The average burn-off was
7.3 mm. The welded joint was then subjected to
a PWHT process at 595°C for 8 h and then
air-cooled to room temperature.

2.2 Experimental procedures

Metallographic specimens were cut by an
EDM in a direction perpendicular to the friction
interface, which is shown schematically in Fig. 1(b).
After that, the samples were ground with sand-
paper with different grits and polished with 0.5 pm
diamond paste. Specimens dedicated to macro-
appearance and microstructure inspection were
analyzed by the optical microscope (ECLIPSE
LVI50N, Zeiss) and the field emission SEM
(JSM-7800F) using the backscatter electrons
(BSE) detector after being etched with the Keller’s
reagent (2.5 mL HNOs;+ 1.5 mL HCI + 1 mL HF +
95 mL H,0). The texture orientation and grain size
at different positions of the welded joint were
characterized by EBSD (NordlysMax3, Oxford)
equipped on the above-mentioned SEM. EBSD
specimens were prepared by electrolytic polishing
(voltage: 35V, time: 10 s, temperature: 0 °C) in a
mixture of 10 mL perchloric acid and 200 mL
alcohol.

For characterization of mechanical properties,
a universal tensile machine, equipped with a DIC
system, with a tensile rate of 1 mm/min was used to
measure the tensile strength of the welded joints
in a displacement-controlled mode. The detailed
sampling position and dimensions of the tensile
specimens are shown in Figs. 1(c, d). Microhardness
was measured by a microhardness tester (HXD-
1000C) with a load of 500 g for dwell time of 10 s

across the welding line zone. Nanoindentation
(HYSITRON TI 980) with Berkovich tip was used
to explore further the properties of different phases
in the characteristic regions.

3 Results and discussion

3.1 Microstructure of base material

Figure 2(a) shows the microstructure of
Ti6242 alloy base material, from which it can be
seen that the BM contains the dark-colored primary
a phase and the light-colored retained S phase.
There are two kinds of a phase: the one existing
along the f grain boundary is called grain boundary
a, and the other located inside the original f phase
is called basket-weave o [27].

3.2 Microstructure of as-welded and PWHTed

joints

The macrostructure of the as-welded joint from
the welding interface to BM is shown in Fig. 3.
The whole LFWed joint has no obvious welding
defects, such as pores and cracks. The welded joint
can be divided into the WL and TMAZ with no
obvious HAZ observed. The microstructure of
the WL is significantly different from the other
zones, characterized by fine equiaxed grains. The
formation of such grain is attributed to the higher
temperature at the friction interface enabling the
subsequent recrystallization. TMAZ 1is subjected
to severe plastic deformation and its grains are
deformed. The shape and distribution of a grains
are clongated along the direction of deformation.
On account of the low-temperature joining feature
of LFW, it is difficult to distinguish the HAZ. The
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Fig. 2 Microstructure of Ti6242
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Fig. 3 Metallographic image of different zones of as-welded joints

previous literature has shown that the micro-
structure difference between HAZ and BM was the
grain size as no significant heat and force were
experienced in HAZ [30]. Therefore, the further
characterization of HAZ was not performed. In
order to further investigate the microstructure in
different regions, SEM analysis was conducted.

The typical microstructure at different zones of
the as-welded and PWHTed joints using SEM is
shown in Fig.4. The temperature in the WL
exceeds the f transformation temperature of the
titanium alloy, leading to the phase transformation
of a to . Due to large cooling rate after welding,
the f phase cannot be completely transformed to the
o phase. Therefore, only a small amount of flaky a
phase is precipitated along the grain boundary to
form a rim. As the temperature continuously drops,
the flaky o phase can also be formed inside the
grain, as shown in Fig. 4(a). After PWHT, more
flakier o phases precipitate and clusters are formed
in the equiaxed grains in Fig. 4(d). A different
microstructure is also observed at the TMAZ. The
most significant feature in the as-welded joint is the
growth of the § phase and the wave-shape of both
phases under the action of plastic deformation at a
lower temperature in comparison with WL. The o'

martensite also exists in TMAZ. Through PWHT,
fine needle-like phases (atf) appear on the § phase,
making the boundary between a and S phase
blurred. This is mainly due to the fact that the
martensite a’ generated at TMAZ is a typical meta-
stable phase. Upon heating, the decomposition of a’
to a occurs, leading to the growth of needle-like
phases. The BM subjected to PWHT has fine-sized
spherical secondary phases formed, where the Si
and Zr elements aggregate on the lamellae during
the heating process [31].

3.3 Texture characteristics of as-welded and

PWHTed joints

The evolution of the microstructure during
LFW has a great impact on the texture, which also
affects the mechanical properties of joints [32,33].
Therefore, the pole figures of a phase at different
regions in the as-welded and PWHTed joints are
shown in Fig. 5. Due to the presence of a large
number of a phase stabilizing elements in Ti6242
alloy, the BM contains a very small amount of /S
phase. In the as-welded and PWHTed joints, the
texture density at the same regions is relatively
close and the type of texture is similar. Interestingly,
a high texture density as well as several typical
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(c, f) BM

textures are present in the BM, as shown in the
{1000} pole diagrams of Figs. 5(a, d). This is
mainly related to the EBSD scanning area, where
the large grains in the BM make the acquisition area
contain only a few grains. Therefore, the density
of the texture is larger at both BM and TMAZ.
Because dynamic recrystallization occurs in the WL
leading to finer grain sizes, the texture density is
reduced to some extent. This phenomenon was also
reported in the study of WANG et al [34].

Four different types of textures are mainly
shown in Fig. 5, which are transverse (T) texture
({1010%1120)), basal (B) texture, rolling (R) texture
({112231123)) and R1 texture. These textures
have been confirmed in previous studies [32]. The
B texture is present in different regions of both

Secondary phase

joints. The BM of Ti6242 has a stronger B texture
and the weaker R and R1 texture. After heat
treatment, there is almost no change in the texture
of the BM. In the as-welded joint, TMAZ has a
stronger B texture, while the T texture replaces the
R and R1 texture in BM, being the only one
remaining among the 12 possible variants. As for
the WL, B texture becomes weaker, while a
stronger R texture reappears. The texture change in
titanium alloy is directly related to phase transition
between a and f phases (about 1007 °C) [35]. The T
texture formed at TMAZ is most likely due to the
formation of the martensite in the TMAZ that
hinders the selection of other variants [36,37]. The
dynamic recrystallisation in WL may promote the
reappearance of R texture. However, the texture
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Fig. S Polar figures of o phase in different regions of as-
welded (a, b, ¢) and PWHTed (d, e, f) joints: (a, d) BM;
(b, e) TMAZ; (c, f) WL (Xo is pressure direction, and Y
is oscillation direction)

at TMAZ and WL of PWHTed joints is changed.
The intensity distribution in the polar diagram is not
regular, which means that different types of texture
may have been generated, as shown in Figs. 5(e, ).
This could be attributed to the microstructure
changes that occur after PWHT as observed above.
In particular, the sub-stable martensite decomposes
into (atp) phases, resulting in a more deviant
texture pattern in the pole figure in Fig. 5(e).

3.4 Mechanical properties of as-welded and
PWHTed joints
Microhardness
results
Microhardness tests are performed on the
center of the metallographic specimens along the
direction perpendicular to the WL with the results
shown in Fig. 6. The hardness value of the welded
joint is symmetrically distributed about the WL.
The lowest hardness of the BM is about HV 330,

34.1 and nanoindentation test

while in the TMAZ and WL, the hardness value
rises significantly and reaches the maximum value
(about HV 400) at the WL. This trend is consistent
with the previously-reported one in LFWed Ti
alloys [24,34,38,39]. For the PWHTed joint, the
hardness of both WL and TMAZ increases and the
highest value can reach up to about HV 430 at WL,
still being the area with the highest hardness in the
whole joint, but the hardness of the BM is not
changed significantly. The a phase is gradually
precipitated inside the equiaxed grains at the WL
after heat treatment and a cluster of a phase is
formed. Although a certain amount of martensite o'
is formed at the welded joint, it has little effect on
the microhardness of the joint. The martensite o’
formed in the S phase in TMAZ is sub-stable and
decomposes into fine (o+f) phases after heat
treatment. Both of these play a significant role in
the increase of the microhardness of welded joints.

440 | —s=— As-welded joint
\ S louc —*—PWHTed joint
420+ Lo
S 400 -
3 400
é 380 F
£ 3601
=
=}
5 340
p=
320 F WL
M BM
3001 . TMAZ TMAZ

-25-20-15-1.0-05 0 05 1.0 1.5 2.0 2.5
Position/mm
Fig. 6 Microhardness curves of as-welded and PWHTed
joints

The microhardness of the different regions of
the joint in the two states shows a large difference
and it fails to reveal the subtle variations of the joint
following PWHT due to relatively large indenter, so
nanoindentation tests are conducted for the larger
size o phase in titanium alloy to investigate the
variation of the hardness and elastic modulus of a
phase in different regions. Figure 7 shows the
load—indentation depth curves for the a phase of the
two joints obtained from the nanoindentation test.
Table 2 gives the nanoindentation hardness values
and elastic modulus values of the o phase at
different regions. The hardness and elastic modulus
of the o phase in BM are close to those in TMAZ
of the as-welded joint. After heat treatment, the
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Table 2 Nanoindentation hardness and elastic modulus
values of a phase

Region Hardness/GPa Elastic modulus/GPa
BM 5.2 149.7
TMAZ 5.4 147.5
PWHT-BM 5.1 106.5
PWHT-TMAZ 6.8 1194
< 1000
& (@
=
> 3 4 3
S 800F 15
5 600 1
£
5
o 400
o
S
g 200}
3
=
I
Macroscopic engineering strain/%
b 1 2 3 4 5 2597%
e B
3 -~ ” - .
g N : ‘
= ‘
pp 1.08%

Zong-yu DANG, et al/Trans. Nonferrous Met. Soc. China 33(2023) 1114-1123

hardness of the a phase in the BM (maximum
indentation depth of ~610 nm) is not changed much,
while the hardness value of the a phase in the
TMAZ (~508 nm) increases significantly from 5.38
to 6.75 GPa. This is related to the microstructural
transformation after heat treatment.
3.4.2 Tensile behavior and fracture morphology

The influence of different microstructures on
the tensile property of as-welded and PWHTed
joints is explored. The DIC device is able to obtain
macroscopic engineering stress and strain curves
and strain accumulation maps for both joints.
Figures 8(a, ¢) show the macroscopic engineering
stress—strain curves for the tensile process of the
as-welded and PWHTed joints. The accumulated
strain maps at five different moments on the curve
are extracted, as shown in Figs. 8(b, d). It is found
that the fracture location of both joints is far from
the WL and the strength of the joint is improved
after heat treatment. However, the engineering
strain in the tensile test of the PWHTed joint is
significantly reduced to half that of as-welded joint
(from 4.9% to 2.5%), indicating that the ductility
of the PWHTed joint is severely damaged. The
cumulated local strain field (¢yp) maps in Fig. 8(b)

—
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Fig. 8 Results for DIC tensile tests: (a, b) Stress—strain diagrams and epp cumulated strain fields for tensile testing of

as-welded joints; (c, d) Stress—strain diagrams and ¢, cumulated strain fields for tensile testing of PWHTed joints
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show that the &,, distribution on the whole tensile
specimen is more uniform when the load is applied
at the initial stage. With further loading, the &y,
fields become non-uniform. A noticeable increase at
a certain location in the BM affects the surrounding
area over a wide range. The ¢, field at failure is
25.97% and the fracture is in a shear mode with 45°
to the loading direction. In contrast, the &, fields at
failure for the PWHTed joint are only 20.56%, but
the range of the &, fields is more concentrated. This
phenomenon demonstrates that following the heat
treatment, the strength of WL and TMAZ is
preserved, being higher than that of the base metal
regardless of the heat treatment state, whereas it
possesses a significant effect on the strength and
ductility of the BM.

The results of tensile strengths are given in
Table 3. The BM tensile tests show that the mean
ultimate tensile strength (UTS) is 867 MPa, while
UTS of BM increases to 882.4 MPa after PWHT. It
is generally believed that the strength in the WL
region is due to the recrystallization of the welding
process forming fine equiaxed grains. And the
faster cooling rate after welding makes it difficult
for the fine grains to grow, thus forming a fine
grain strengthening effect. For TMAZ, the work
hardening due to severe plastic deformation
increases the strength in this region compared to the
BM. The increase in tensile strength of the BM after

TN A

Fig. 9 Fracture morphologies of as-welded (a—c) and PWHTed (d—f) joints

Table 3 Results of tensile strength for different joints
(MPa)

As-welded PWHT BM PWHT-BM
841.7+17.32 857.7+19.16 867.0+£5.55 882.4+12.04

heat treatment can be attributed to the strengthening
effect of the spherical second phase particles
precipitated.

Figure 9 shows the fracture morphologies of
the as-welded and PWHTed joints. The fracture
type of both joints is the ductile—brittle fracture
where tear edges and dimples are presented. But the
fracture surface in the as-welded joint consists of
more uniform and deep dimples, which indicates
higher ductility. This is consistent with the results
of the DIC tensile analysis and nanoindentation
tests.

4 Conclusions

(1) A sound LFWed joint of Ti6242 alloy is
obtained. The WL in the as-welded joint is
composed of equiaxed recrystallized grains, while
a cluster of lamellar a phase is distributed in the
equiaxed grains after PWHT. The TMAZ is
subjected to severe plastic deformation with the
deformed o phase and a certain amount of o'
martensitic phase is formed. After PWHT, the
o' martensitic phase transforms into (a+f) phase.
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There is no obvious change in the BM except the
precipitation of a small amount of spherical second
phase.

(2) B, T, R and R1 textures are found to exist
in the LFWed joint. B texture exists in different
regions of the joints with or without heat treatment.
The transformation of R and R1 texture to T texture
in TMAZ of the as-welded joint may be related to
the generation of the martensite, which hinders the
nucleation of other texture variants. However, the
TMAZ in the PWHTed joint is shown to have other
different types of texture due to the decomposition
of martensite.

(3) The microhardness of the WL and TMAZ
is higher in the PWHTed joints compared to that of
similar regions in the as-welded joints, while the
hardness has no significant changes in the BM.
After tensile tests, the fracture of both as-welded
and PWHTed joints is located in the BM, but
the latter shows higher tensile strength and
reduced ductility, which may be attributed to the
precipitation of the second phase of the BM.
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