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Influence of High-Temperature Annealing
on Microstructure and Properties of Welded Joints Using
Narrow Gap Laser Welding of TC4 Titanium with Welding
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To solve the technical problems of poor strength–plasticity–toughness matching of titanium alloy welded
joints, the optimized multi-stranded wires are used as the filler metal for narrow gap laser welding of TC4
titanium, and the welded joints obtained using high-temperature annealing were heat-treated at 850 �C
holding 2 h. The macrostructure, microstructure and texture of both welded joints were compared by
employing an optical microscope, scanning electron microscope and transmission electron microscope, and
the tensile and impact properties were also evaluated. The results show that after heat treatment of the
welded zone acicular a’ martensite decomposition into lamellar a-phase + b-phase, the welded joint
microhardness distribution tends to be smooth, the average tensile strength of the welded joints is 902 MPa,
elongation is 14.5%, about 4.1% lower than the as-welded of the welded joints tensile strength, but elon-
gation increased 3.5%, and room-temperature impact energy is 18.5 J, increased by about 54% than the as-
welded impact energy, achieving a reasonable match of strength–plasticity–toughness of titanium alloy
welded joints.

Keywords high-temperature annealing, laser filler wire welding,
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1. Introduction

Titanium and titanium alloys are widely used in aerospace
and aeronautics, marine engineering, and military applications
due to their advantages in low density, superior strength-to-
weight ratio, and excellent corrosion resistance properties (Ref
1-3). TC4 titanium alloy is an a + b duplex-phase alloy,
containing 6% of a-phase stable element Al and 4% of b-phase
stable element V, which have underpinned its excellent overall
performance in ductility, toughness, and high-temperature
resistance. Therefore, it is widely applied in key component
manufacturing, such as structural parts of hulls, pressure-

resistant shells of deep submersibles, and engine compartments
of aviation equipment (Ref 4-6).

However, titanium alloys are highly active and susceptible to
oxidation during thewelding process and thus prone to the formation
of gas-rich layers, making welding a more difficult job (Ref 7-8).
Traditional fusionweldingof titaniumalloys tends to causeproblems
like holes (Ref 9), cracks (Ref 10), distortions (Ref 11-12), and poor
ductility(Ref13)duetoelongatedhigh-temperatureresidencetimefor
their high melting point, low thermal conductivity, and high thermal
expansioncoefficient,whilenarrowgaplaserwireweldingoftitanium
alloys could save us from all those troubles. This welding procedure
requires low heat input, presents narrow heat-affected zone, and is
highly efficient. It allows the addition of beneficial elements through
filler wires, which also compensate for the loss of burned alloys. It is
moreadaptable toweldinggrooveswithdifferent formsandsizes and
could effectively control welding stress and strain in the joints while
ensuring itsmicrostructure andproperties (Ref 14-18).With its broad
applicationprospects in joining titaniumalloyswith large thicknesses
and complex structures, narrow gap laser wire welding technology
will become one of the most advanced technologies in terms of the
engineering applications of titanium alloys (Ref 19-20).

One problem when narrow gap laser welding with thick-
wall titanium alloy wire feed is that welded joints’ plasticity
and impact toughness are hard to control (Ref 21-23). Since the
a phase, due to a large temperature gradient, shear transforms to
acicular a’ martensite rather than diffusing fully and growing in
the b-phase during the cooling process of the welded, post-weld
heat treatment is an effective way to solve this problem and get
high-quality welding joints. By controlling the temperature
below the transition temperature of the b-phase to allow the full
diffusion and decomposition of a’ martensite, the plasticity and
toughness of welded joints can be fully guaranteed (Ref 24-26).
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Related studies have indicated that setting the annealing
temperature between 600 and 850 �C would effectively pro-
mote the a’ martensite to diffuse and decompose, thus
improving the plastic toughness (Ref 27). Another study
showed that a’ martensite decomposition was easily observed
when heat treatment was performed under 750-900 �C, which
helped to improve the plastic toughness (Ref 28).

Using 1 9 3 twisted wire as filler metal and a defects-
suppressing welding procedure, laser welding with wire feed of
TC4 titanium alloy plate was performed in this paper. Our
research team designed and developed the welding wire and the
welding procedure. In order to optimize the strength–plasticity–
toughness of the welded joints, a high-temperature annealing
heat treatment at 850 �C/2 h was performed, and systematic
analysis was followed up on the microstructure and properties
of the joints as-welded and after heat treatment, respectively.
This research could provide technical support for future laser
welding applications with wire feed of titanium alloys.

2. Experimental Procedures

TC4 titanium alloy sheets with a thickness of 20 mm were
used in this study. The chemical composition (in mass fraction)
of TC4 titanium alloy was 6.25% Al, 4.10% V, 0.15% Fe,
0.028% C, and balance Ti, respectively. TC4 multi-stranded
wire with 1 9 3 structure and 1.6 mm diameter was selected as

filler metal whose chemical composition (in mass fraction) was
6.20% Al, 3.92% V, 0.20% Fe, 0.028% C, and balance Ti,
respectively. The plate to be welded was processed into a Y-
groove before welding, with a groove blunt edge 2 mm, a
groove root gap 3.2 mm, and a single-sided groove angle 1.5 �.
The test plate to be welded was fabricated into a Y-shape
groove, with a root face 2 mm, a root opening 3.2 mm, and a
bevel angle 1.5 �. The butt joints of sheets were joined by
circular oscillation narrow gap laser welding with wire feed, in
which oscillating frequency and width were set at 100 Hz and
2 mm, respectively. Laser power, welding speed, welding wire
feeding rate, and defocusing distance were 4000 W, 0.42 m/
min, 3.5 m/min, and + 20 mm, respectively. The narrow gap
laser welding was carried out with equipment, including FLW
D50W scanning laser torch, Kuka robot, Fronius KD 1500 D-II
wire feeder, and YLS-30000-S4 fiber laser. Argon was applied
as shielding gas at a rate of 30 L/min. A schematic represen-
tation of the welding process is shown in Fig. 1.

To optimize the microstructures and mechanical properties
of the TC4 titanium alloy welded joint, a high-temperature
annealing (850 �C/2 h, furnace cooling) treatment was per-
formed, followed by microstructure analysis and mechanical
properties test. The metallographic sample of the welded joint
was cut off perpendicularly to the weld, and a cross section was
prepared for metallographic analysis by grinding, polishing,
and corrosion resistance tests. The microstructure of the welded
joint was examined via optical microscopy (OM, model:
Olympus Cky53), scanning electron microscopy (SEM, model:

Fig. 1 Schematic diagram of the welding process
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EVO 18), and transmission electron microscopy (TEM, model:
FEI Talos F200X). The micro-Vickers hardness (model: HVS-
1000Z) curve covered the joint from the welded metal (WM) in
the center to the base metal (BM) in the right, measured with
dots in an interval of 0.4 mm. The force in the test was 500 g,
which was held for 10 s. A schematic diagram of the sampling
position and size of tensile and impact is shown in Fig. 2.
Tensile test at room temperature was carried out according to
the standard EN ISO 4136:2011. Impact test at room temper-
ature was carried out according to the standard EN ISO
9016:2012. Figure 2(a) shows the sampling position of tensile
and impact. Figure 2(b) shows the sampling size of tensile and
impact. The tensile test was carried out at room temperature
using an AG-X PLUS electron-tensile tester at a 1 mm/min
rate, and a room-temperature impact test was carried out with
JB-300B.

3. Results and Discussion

3.1 Microstructure

Figure 3 and 4 shows the microstructure of as-welded and
high-temperature annealing joints examined with OM and SEM
techniques. Figure 3(a) and 4(a) shows the microstructure of as-
welded and high-temperature annealing joints examined with
OM. Though grain size varies significantly in each zone of the
welded joints, as can be seen, they tend to grow from BM to
WM. The melting point of titanium alloy requires large heat
input during laser welding. The titanium plate was thick; thus,
the cooling of the welded joints was fast and uneven. The
microstructure of the WM showed typical casting microstruc-
ture characteristics: coarse columnar crystals grew from both
sides of the low-temperature zone to the center of the welded
seam. Besides, the widmanstatten structure of joints as-welded
was found at the center of the welded seam.

Figure 3(b) and (e) shows the OM and SEM images of the
microstructure of BM as-welded. The BM is mainly composed

of evenly distributed equiaxed a-phase, a small amount of
elongated a-phase generated during the rolling process, and b-
phase that is evenly distributed and attached to a-phase;
Fig. 4(b) and (e) shows the OM image of the microstructure
and SEM morphology of the BM after high-temperature
annealing. The BM is dual phase and composed of equiaxed
a-phase, secondary a-phase, and b-phase. Compared with the
BM as-welded, the size of the equiaxed a-phase is more
uniform, and the b-phase becomes smaller after heat treatment.
At the same time, the elongated a-phase generated during
rolling also disappears. Figure 3(c) and (f) shows the OM and
SEM images of the microstructure of the heat-affected zone
(HAZ) as-welded. The HAZ mainly consists of a small amount
of initial ap phase and a’ martensite, and there is few acicular
a’ martensite in this zone. The microstructure of HAZ is also
finer than that of WM. Figure 4(c) and (f) shows the OM image
and SEM image of the microstructure of HAZ after high-
temperature annealing. This zone is mainly composed of long
acicular a-phase and b-phase. Figure 3(d) and (g) shows the
OM image and SEM image of the microstructure of the WM as-
welded. This zone is full of messy distributed acicular primary
a’ martensite throughout the columnar crystalline b-phase,
which finally forms a basketweave microstructure. Among the
intricate primary a’ martensite, a small amount of short
secondary a’ martensite is found. The primary a’ martensite
is formed at the early stage of b-phase solidification, while
secondary a’ martensite is formed at the late stage, thus
becoming shorter due to weak solidification driving force.
Figure 4(d) and (g) shows the OM image and SEM image of the
microstructure of the WM after high-temperature annealing.
This zone is full of coarsened a + b sheets, and the grain
boundaries are clearer.

Figure 5 shows the inverse pole figure (IPF) image of the
phase distribution of the welded zone as-welded and after heat
treatment, respectively. When comparing Fig. 5(a) with (c), it
can be found that phases with different orientations interwoven
in the welded zone, while after heat treatment, they are less
interweaved. Researchers (Ref 14-15) have indicated that

Fig. 2 Schematic diagram of sampling position and size of tensile and impact (a) sampling position and (b) sampling size (unit: mm)
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anisotropic materials are more efficient in resisting crack
propagation than isotropic materials, which helps to improve
the toughness. The comparison also shows that the acicular
lamellae grow thicker in the weld after heat treatment, and its
length-to-diameter ratio decreases. The morphology of the
lamellar phase will affect the properties of the alloy, and the
growing thickness of the lamellar phase will reduce the tensile
strength and hardness (Ref 16).

From Fig. 5(a), it can be found that the welded seam after
heat treatment consists of small-size, big length–width ratio
acicular a’ martensite, a small amount of residual b-phase, and
a small amount of granular b-phase. From Fig. 5(b), it can be
found that the welded zone as-welded consists mainly of a’
martensite (shown in red with 99.33% content) and a small
amount of residual b-phase (shown in yellow with 0.67%
content). After heat treatment, the a-phase content of the
welded seam decreases (shown in red with 98.66% content),
and the b-phase content increases (shown in yellow with 1.34%
content). Related studies show that when the annealing
temperature is set within the a + b-phase zone, the a’
martensite will decompose and form a granular b-phase at the

dislocations or laminated b-phase at the martensite boundary.
Therefore, laminae b-phase exists between a-phases (Ref 29).

In order to better understand the microstructures and
properties of the welded joints as-welded and after heat
treatment, the microstructure of the welded zone was examined
and analyzed using the TEM technique. Figure 6(a) shows the
microstructure of the welded zone using the TEM technique.
As seen in Fig. 6(a), there are a number of lath a¢ martensite
with different orientations. During the laser welding process,
with the increase of heat input, b-phase transformation will
occur in the TC4 titanium alloy. Thus, b grains grow and
coarsen rapidly. Due to the rapid cooling of the liquid melt
pool, the grown and coarsened b-phase, being not able to
diffuse and transform to a-phase, shear transforms to a’
martensite, which is with the same crystal structure but different
morphology of a-phase (Ref 30). These a’ martensite interlaced
with each other in a basketweave morphology. The width of the
lath within the viewing field is 0.59 lm, and there are also
dislocations in part of the lath martensite a¢. Figure 6(b) shows
the welded zone microstructure after high-temperature anneal-
ing using the TEM technique. As seen in Fig. 6(b), there is
lamellar a-phase in the microstructure, and when the annealing

Fig. 3 Microstructure of as-welded joints examined with OM and SEM (a) overall micromorphology, OM of the (b) BM, (c) HAZ and (d)
WM, SEM of the (e) BM, (f) HAZ and (g) WM
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is performed at 850 �C, which is within the a + b-phase zone,
the a’ martensite will decompose, generating lamellar a-phase
with lath width of 1.39 lm in the field of view. The width of the
a-phase increased by 1.35 times compared with that of as-
welded. In addition, dislocation density within the a-phase is
also significantly decreased.

For an in-depth understanding of the deformation of the as-
welded and high-temperature annealing joints, quantitative
analysis on the probability of slip system initiation was
performed in the welded of the two groups of welded seam
with the EBSD test technique. It is known that Schmid factor
(SF) describes the initiation of the slip system in a given
direction for crystal materials (Ref 29). Figure 7 shows the SF
images and diagrams of the main phases of as-welded and high-
temperature annealing joints. Figure 7(c) and (d) shows that
29.1% of the a’ martensite as-welded is with SF less than 0.15,
and 25.9% is with SF between 0.4-0.5, while for high-
temperature annealing ones, 14.1% martensite is with SF less
than 0.15, and 42.9% is with SF between 0.4 and 0.5. The SF is
higher for the as-welded joint than that of high-temperature
annealing ones. Thus, the strength of a’ martensite of the as-

welded joint is better than that of the high-temperature
annealing joint.

3.2 Mechanical Properties

3.2.1 Microhardness. Figure 8 shows the microhardness
distribution of as-welded and high-temperature annealing
joints. It can be found that the microhardness values of each
joint are symmetrically distributed along the central axis of the
welded seam. The microhardness values of WM, HAZ, and BM
were 345 HV, 323 HV, and 295 HV for the as-welded joint,
respectively. The microhardness value of WM and HAZ is
higher than that of BM and fluctuates from WM, HAZ, to BM,
particularly in HAZ, while after high-temperature annealing,
the microhardness values of WM, HAZ, and BM were 334 HV,
313 HV, and 304 HV, respectively. Compared with the data of
the as-welded joint, the microhardness of WM and HAZ
decreased by 3.2 % and 3.1 %, respectively, and the micro-
hardness of BM increased by 3.0 %. Besides, the fluctuation of
microhardness among the three zones also abated. Such results
may be because the varying microhardness values of welded

Fig. 4 Microstructure of high-temperature annealing joints examined with OM and SEM (a) overall micromorphology, OM of the (b) BM, (c)
HAZ and (d) WM, SEM of the (e) BM, (f) HAZ and (g) WM
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Fig. 5 IPF image for (a) as-welded and (c) high-temperature annealing state, phase distribution for (b) as-welded and (d) high-temperature
annealing state

Fig. 6 TEM microstructure morphology for (a) as-welded and (b) high-temperature annealing state
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joints are related to the microstructures of BM, HAZ, and WM.
Related studies (Ref 25) indicated that the microhardness of
titanium alloys follows the rule of a’ > a > b. The
microstructures of the as-welded joint from WM, HAZ, to
BM were a great amount of acicular a’ martensite, a few initial
ap phases, a’ martensite, evenly distributed equiaxed a-phase,
and a small number of a-phase and b-phase, respectively. As
indicated in Fig. 6, a’ martensite features a high density of
dislocations and subgrain boundaries. Therefore, the micro-
hardness value would be greater when approaching closer to the
center of the welded seam. High-temperature annealing joint
occurred a’martensite decomposition, so the fluctuations in the
microhardness reduced significantly.

3.2.2 Tensile Strength. Table 1 shows the test results of
the tensile properties of the BM and welded joints. The average
tensile strength of the welded joints and BM as-welded was
941 MPa and 925 MPa, respectively. The elongation rate of the
joint was only 11.0%, about 88% of the BM; for a high-
temperature annealing joint, the average tensile strength was
902 MPa, with an elongation rate of 14.5%. Compared with the
as-welded joint, the elongation rate of high-temperature
annealing joint has increased 3.5%, with tensile strength

reduced by only about 4.1%, indicating a satisfactory perfor-
mance of the tensile strength and plasticity. Tensile specimens
fracture location of as-welded and high-temperature annealing
joints is shown in Fig. 9. A tensile fracture appeared at the BM
of the as-welded joint. As for high-temperature annealing joint,
the fracture occurred at WM.

Figure 10 shows the fracture morphology of the tensile
specimen of as-welded and high-temperature annealing joints.
Both fractures were ductile. The fracture of the as-welded joint
was with shallow dimple and cleavage, while the other was
with deeper and wider dimples, inside which tiny dimples could
also be found. It may be due to the different microstructures of
the WM and BM. During the tensile process, the deformation
of WM and BM was uncoordinated: brittle phase a’ martensite
in the BM has reduced plasticity though strength was improved.
Under tensile stress, the deformation of BM resulted in
hardening, so the tensile strength of the WM was better than
that of the BM, while deformation in WM was slight, resulting
in a low elongation rate of the WM.

a’ martensite, after high-temperature annealing, will trans-
form to lamellar a + b phase, of which b-phase belongs to the
dense row of hexagonal and with more slip systems than a’
martensite has. In addition, as shown in Fig. 7, the SF of the a

Fig. 7 Distributions of a for (a) as-welded and (b) high-temperature annealing state, SF of a for (c) as-welded and (d) high-temperature
annealing state
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Fig. 8 Microhardness in welded cross section of as-welded and high-temperature annealing state

Table 1 Tensile properties of BM and welded joint for TC4 titanium alloy

Test sample State Value Tensile strength, MPa Elongation rate, % Failed location

BM … Measured 912, 928, 935 12.5, 12.5, 13.0 …
Average 925 12.5

Joint-1 As-welded Measured 935, 940, 945 10.5, 11.0, 11.5 BM
Average 941 11.0

Joint-2 High-temperature annealing state Measured 898, 904, 906 14.5, 14.5, 15.0 WM
Average 902 14.5

Fig. 9 Tensile specimen fracture location of as-welded and high-temperature annealing welded joints
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phase of the as-welded joint is higher than that of high-
temperature annealing one, so the probability of slip system
initiation is bigger. Lastly, the a-phase lath thickness of high-
temperature annealing joint increased by about 800 nm com-
pared to the as-welded joint. Related studies have proved a
Hall–Petch relationship between post-break elongation and lath
thickness of welded joints: the post-break elongation rate will
increase with lath thickness. Therefore, it explains why the
welded joints strength decreased and the plasticity improved
after high-temperature annealing (Ref 31-32).

3.2.3 Impact Toughness. The impact test performance of
V-notch under room temperature is shown in Fig. 11. The
impact toughness of WM as-welded is 12 J, and high-
temperature annealing is 18.5 J, increased by about 54%. The
impact toughness of WM is improved significantly.

Figure 12 shows the impact fracture morphology of WM as-
welded and with high-temperature annealing state. The impact
fracture of the as-welded joint has shallower dimples. In
contrast, the high-temperature annealing impact fracture has
deeper dimples. The influence mechanism of impact toughness
is very complicated. The content, morphology, and size of a’
martensite, a-phase, and b-phase will strongly influence the
impact toughness. The above results may be due to the high
content of acicular a’ martensite in the as-welded joint. a’
martensite with a brittle phase tends to be a crack source during
the impact process, which allows the crack to propagate
through a low-energy path. a’ martensite has provided such a
path due to its small size, which requires less energy for a crack

to pass through than to steer direction or bifurcation. High-
temperature annealing has coarsened the a-phase, requiring
more energy for the crack to pass through than to steer direction
or bifurcate. Thus, the crack bypassed and propagated along the
lamellar a-phase or a/b grain boundaries, presenting a zigzag-
ging cracking path. In this way, the impact properties were
improved significantly (Ref 33-34).

4. Conclusions

After narrow gap laser welding of TC4 titanium alloy with
wire feed, this study performed high-temperature annealing of
the welded joint to improve its microstructure and mechanical
properties. It further revealed the relationship between
microstructure and mechanical properties. The main conclu-
sions are as follows:

(1) After high-temperature annealing at 850 �C/2 h, super-
saturated b-columnar crystals and acicular a’ martensite
of the WM decompose to lamellar a and b-phase. The
content of the a-phase decreased, and b-phase increased
compared with that of as-welded. The a-phase width in-
creased by 1.35 times, the internal dislocation density
decreased sharply, and the probability of slip system ini-
tiation increased.

Fig. 10 Fracture morphology of tensile specimens for (a) low and (b) high magnification of as-welded, (c) low and (d) high magnification of
high-temperature annealing state
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Fig. 11 Charpy impact energy comparison histogram of as-welded and high-temperature annealing state

Fig. 12 Fracture morphology of impact specimens for (a) low and (b) high magnification of as-welded, (c) low and (d) high magnification of
high-temperature annealing state
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(2) The microhardness of WM, HAZ, and BM of the as-
welded joint was 345 HV, 323 HV, and 295 HV, respec-
tively. Different microstructures of WM, HAZ, and BM
caused fluctuations in the microhardness of the as-
welded. After high-temperature annealing, the micro-
hardness of WM and HAZ reduced by 3.2 % and 3.1
%, respectively, while that of BM increased by 3.0 %,
and the fluctuation of microhardness values also abated
in different joint zones.

(3) The average tensile strength of WM the as-welded joint
was 941 MPa, respectively, and the elongation rate was
only 11.0%, impact toughness only 12 J. After high-
temperature annealing state, the average tensile strength
of the WM was 902 MPa, and the elongation rate was
14.5%, with about a 4.1% decrease in tensile strength
and a 3.5% increase in elongation rate, showing satisfac-
tory strength and plasticity performance. the impact
strength grew to 18.5 J, increasing by about 54%.
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