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Abstract: Aiming at the problem of deterioration of the properties of beta titanium alloy welded
joints due to many porosity defects and coarse grains, multi-vibrator ultrasonic-assisted laser welding
(M—ULW) technology was used to improve the structure and properties of beta titanium alloy
welded joints. The microstructure evolution, tensile strength, elongation, and fracture behavior of the
weld joint were studied through scanning electron microscopy, electron back-scatter diffraction, and
a universal testing machine. The results show that ultrasonic vibration has no effect on the phase
composition of titanium alloy welds during ultrasonic-assisted laser welding. However, it caused all
grains in the weld to be transformed into equiaxed grains, and the higher the amplitude, the finer
and more uniformly distributed were the equiaxed grains. When the ultrasonic amplitude reached
20 pum, the fine equiaxed crystals were uniformly distributed throughout the weld, and the average
grain size of the weld was 56.15 um, which is only one-third of that of the unultrasonicated laser
welded joint. Ultrasonic refinement makes the joint grain size decrease, weakens the beta titanium
alloy {200} direction weaving, increases the dislocation density within the weld; and increases the
tensile strength of the welded joint. The tensile strength of the welded joints exceeded that of the
base material by 907 MPa, and the elongation was significantly increased by a factor of 1.8 compared
with that of the un-ultrasonicated laser welded joints, resulting in a shift of the fracture location from
the center of the weld to the heat-affected zone.

Keywords: beta titanium alloy; multiple vibrator ultrasonic assisted; microstructure; mechanical properties

1. Introduction

Due to the high specific strength, excellent corrosion resistance, good cold and hot
forming properties, as well as comprehensive mechanical properties, beta titanium al-
loys find extensive applications in aerospace and deep-sea fields. These include military
reconnaissance aircraft skeletons and deep-sea submarine fasteners [1-3]. As typical
precipitation-strengthened materials, beta titanium alloys are strengthened by precipitating
alpha phases within the beta matrix [4]. However, during the fusion welding processes,
beta titanium alloys are unable to precipitate « phases due to the rapid cooling rate. This
results in a significant loss of strength [5-7]. Moreover, the presence of thick dendrites in
the weld significantly reduces joint elongation. Additionally, for all titanium alloys, it is
challenging to avoid porosity during welding due to Ti’s high chemical reactivity with C,
H, and O at elevated temperatures [8].

At present, more mature titanium alloy welding methods include laser beam welding
(LBW), electron beam welding (EBW), and tungsten inert-gas (TIG) welding [9]. Compared
with EBW and TIG, LBW has the advantages of a low vacuum requirement, small heat-
affected zone, small welding distortion, and stable quality after welding; thus, it has great
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potential in welding of titanium alloy. However, after LBW, the beta titanium alloy weld has
a coarse dendritic structure, and the reinforcing phase « phase melts back into the 3 phase
substrate, making precipitation difficult, leading to a decrease in strength and plasticity.
It is difficult to improve its properties by adjusting the welding process and appropriate
post-welding heat treatment, which limits further development and wide application of
beta titanium alloys in various fields [10].

Scholars have also made many attempts to address the problem of large columnar
crystals in welds. Current research focuses on refining the 3 grains and eliminating the 3
columnar crystals in the joints. Ahmad Lutfifi Anis et al. [11] introduced boron-modified
fillers into Ti-15V-3Cr-3Sn-3Al substable beta titanium alloy welds, resulting in significant
grain refinement. However, this led to embrittlement due to TiB aggregation at grain
boundaries, and further strengthening through heat treatment was not possible. Certainly,
improvement of the weld microstructure can also be achieved through post-weld treatment
techniques, such as ultrasonic impact [12], and heat treatment. However, these techniques
are applied after the molten pool has solidified, which makes them difficult to apply and
significantly limits the complexity of the workpiece.

Ultrasonic-assisted laser welding technology can solve this problem by improving the
solidification process of the weld, eliminating porosity, and refining dendritic crystals by
inducing a cavitation effect in the molten pool by ultrasonic vibrations [13-16]. However,
to introduce ultrasonic vibration to the molten pool, the ultrasonic vibrator must contact
the bottom of the weld so as to obtain enough energy to induce a cavitation effect. In the
titanium alloy welding process, in order to reduce the effects of C, O, and N on the joint, the
gas protection device is essential. The current ultrasonic auxiliary equipment is bulky and
the application position is fixed, which makes it difficult to apply the existing ultrasonic
equipment in titanium alloy welding. Therefore, this paper proposes multivibrator-assisted
laser welding of beta titanium alloys with the aim of verifying the effectiveness of multivi-
braor ultrasonic-assisted welding, refining the coarse dendritic crystals of beta titanium
alloy joints, and improving their properties.

2. Materials and Methods

In this study, a new type of high-strength beta titanium alloy Ti-3.5A1-5Mo-6V-3Cr-
25n-0.5Fe is selected. Much research has been carried out on the rolling and heat treatment
of this alloy, but this paper focuses on the welding performance of this alloy [17-19].
Two-phase zone hot-rolled beta titanium alloy sheets (150 mm x 80 mm X 4 mm) were
selected as the base material. The composition of the sheet is listed in Table 1, and the
microstructure of the base material is shown in Figure 1, consisting of 3 phase and short
bar-like secondary o phase.

Table 1. Chemical composition of the base material.

Element Ti Al Mo A% Cr Sn Fe
wt.% 79.40 3.78 5.26 5.79 2.64 2.51 0.61

The superposition of vibrations is inevitable when multiple vibration sources are
added to the same object. However, determining parameters such as vibration application
mode, application position, and amplitude can be challenging. To address this issue, we
selected the software COMSOL 6.1 for ultrasonic vibration field simulation in order to
verify the experiment’s feasibility and determine the experimental parameters. The multiple
vibrator ultrasonic imposition method mainly consists of two types: cross arrangement
and column arrangement. Based on the sizes of the welding plate and ultrasonic vibrator, a
single-sided four-vibrator arrangement was set up as shown in Figure 2. Each individual
vibrator had an amplitude of 6 um. By applying fixed constraints between the vibrators
and plate, we established that vibrations in the z-axis direction would transfer to the plate
with an amplitude of 6 pm. According to simulation results (Figure 2), it was observed that
by placing eight vibrators with an amplitude of 6 pm at the center of the array, maximum
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ultrasonic amplitude could reach up to 26 pm within a larger range (considering laser
welding process requirements and equipment width; minimum distance from both sides
of array was set to 100 mm). This implies that several low-amplitude ultrasonic vibrators
can be overlapped to create a larger range with higher amplitudes. Furthermore, the
central amplitude size is primarily influenced by the distance between the two arrays, as
depicted in Figure 2a Specifically, when the n between the sides of the vibrator array is set to
130 mm, the central amplitude measures only 8 um.

B phase s

a phase ==

Figure 1. Optical microstructure of the base material.
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Figure 2. Simulation results with COMSOL software: (a) column arrangement, distance between

two side vibrators of 130 mm; (b) column arrangement, distance between two side vibrators of 100
mm; (c) cross arrangement; (d) mesh sectioning.

Considering that amplitude is the primary factor influencing grain refinement, in
order to achieve equiaxed crystal microstructure, the simulation results suggest controlling
the amplitude size of the weld position by adjusting the distance between two columns of
vibrators. The vibration intensity of the weld molten pool surface was measured using a
laser doppler vibrometer. Ultrasonic-assisted welding experiments were conducted with
four different amplitude groups (0, 10 um, 20 pm, and 25 um). The experimental setup
comprised an ultrasonic system, a laser welding system, and a test platform. Direct melting
of the welding material was chosen for the experiment, the laser welding power was
2.4 KW, and the laser spot diameter was 0.5 mm. We designed an ultrasonic generator
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capable of producing longitudinal vibrations at a power of 160 W and an intrinsic frequency
of 28 kHz. The single oscillator amplitude can reach up to 6 um. The ultrasonic head was
positioned on top of the test plate and secured to the experimental platform through a
slotted hole, as shown in Figure 3.

back gas protection

Ultrasonic oscillator

positive pole negative pole

Figure 3. Schematic diagram of multi-vibrator ultrasonic-assisted welding.

To prevent oxidation of the beta titanium alloy during the welding process, the test
plate was subjected to acid washing using a mixture of hydrofluoric acid and nitric acid to
eliminate the surface oxide film. Additionally, before welding, the surface was meticulously
cleaned with acetone. During the welding process, high-purity argon (99.99%) was em-
ployed as a shielding gas to safeguard both sides of the joints. The ventilation volumes for
front and back protection were set to 15 L/min and 10 L/min respectively, while ensuring
that the residence time of shielding gas before and after welding remained consistent at 5 s.

The metallographic samples were prepared by etching with Kroll reagent for a du-
ration of 10 s. The microstructure was examined using an optical microscope (OM, Leica
DM4M, Leica Microsystems, Wetzlar, Germany) and a scanning electron microscope (SEM,
Japan-JEOL-JSM-IT500, JEOL, Tokyo, Japan). The phase composition was characterized
using X-ray diffraction analysis (XRD, Panalytical Aenris, DKSH, Ziirich, Switzerland),
scanning and analyzing angle range of 20-80°, scanning speed of 2° min~!. Electron
backscatter diffraction (EBSD) was employed to capture the morphology, and the resulting
EBSD data were processed using ATEX 4.1.1 software. Finally, room temperature tensile
tests were conducted on an electronic universal testing machine (ITW-INSTRON5969, In-
stron, Norwood, MA, USA), the tensile test was carried out at a speed of 2 mm min~!
three times. The schematic diagram of the tensile specimen is shown in Figure 4. These
steps and instrumentation were employed to comprehensively observe and evaluate the mi-
crostructure and mechanical properties of beta titanium alloys during the welding process,
aiming to gain insights into the impact of ultrasonic-assisted welding on joint properties.
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Figure 4. Schematic of samples used for tensile testing: (a) sampling location; (b) tensile specimen size.

3. Results and Discussion
3.1. Microstructure

Under the same corrosion conditions, the morphologies of laser-welded joints with
different ultrasonic amplitudes were revealed. Figure 5a shows the corrosion morphol-
ogy of the laser welded joint without ultrasonication, while Figure 5b,c show the high
magnification SEM images of the weld and the heat-affected zone near the base material.
According to Figure 5a, the weld exhibits a single 3 phase. The heat-affected zone is a
dual-phase structure of « phase and 3 phase, but unlike the o« phase in the base metal,
which presents a rod-like shape, a spherical « phase is observed in Figure 5c. This is due to
the fact that during the laser welding process, the « phase is dissolved in the 3 phase due
to the temperature in the molten pool being much higher than the transition temperature
point of the beta titanium alloy, which prevents it from precipitating out during rapid
cooling. Under the influence of heat radiation, the « phase inside the heat-affected zone
undergoes spheroidization.

Figure 5d,e,g demonstrate the laser-welded joints at ultrasonic amplitudes of 10 um,
20 um, and 25 pum, respectively. It can be seen that after adding ultrasonic vibration, the
top half of the welded joint gradually decreases while the bottom half gradually increases
at different ultrasonic amplitudes. This is due to the fact that when laser welding is
performed without ultrasonic vibration, the high-power laser causes the metal vapor to
be enriched in the plate, and it is difficult for the liquid metal to flow downwards due to
the pressure of the metal vapor, which results in the formation of a weld that is wide at
the top and narrow at the bottom. However, the addition of ultrasonic vibration enhances
the downward movement of the liquid metal by promoting forced convection within the
liquid metal [20,21].

Figure 5f shows the XRD pattern of the weld with and without ultrasonication, and
Figure 5h,i shows the high-magnification SEM map of the weld and the heat-affected zone near
the base material under a 25 pm ultrasonic amplitude. No o phase is detected in Figure 5h,
which is verified by the diffraction peaks of only 3 phase in the result of the weld XRD
under the ultrasonic vibration in Figure 5f, and the phase in the weld is still not a single
 phase. Near the heat-affected zone of the base material is a two-phase microstructure,
but the content of the & phase is significantly reduced, which is due to the application of
ultrasonic vibration to promote heat transfer, making the temperature gradient lower and the
temperature distribution more uniform; the temperature is also higher, so the width of the
heat-affected zone increases the « phase partially back to the melt.
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Figure 5. Morphology and analysis of laser welded joints under different ultrasonic amplitudes:
(a) topography of laser welded joints without ultrasonication; (b) microstructure of weld without
ultrasonication; (¢) microstructure of the heat-affected zone of the base material without ultrasonic
proximity; (d) ultrasonic amplitude of 10 pm; (e) ultrasonic amplitude of 20 um; (f) physical analysis of
M-ULW and LBW; (g) ultrasonic amplitude of 25 um; (h) microstructure of weld with ultrasonication;
and (i) microstructure of the heat-affected zone of the base material with ultrasonic proximity.

In addition, in Figure 5f, compared to the standard peak of the 3 phase, it can be seen
that the peak intensity of the 3-phase grain in the {200} plane without ultrasonication is
significantly higher than that of the standard peak of the 3 phase in the {200} plane, which
suggests that the 3-phase grain at the laser-welded weld without ultrasonication may have
a strong texture in the {200} plane.

3.2. B-Phase Orientation

In beta titanium alloys, after heat treatment, a Burgers relationship exists between the
3 phase and the o phase, while the grain orientation of the « phase modulates the material
properties by influencing the grain size and growth direction [2,22-24]. The texture strength
of the 3 phase before heat treatment significantly affects the orientation of the precipitated
o phase [25]. Based on the analysis of the XRD data in Figure 5f, it is possible that texture
forms in the {200} direction in laser welds without ultrasonic treatment. Therefore, we
analyzed the grain orientation and weaving of 3 grains in the weld separately. Figure 6a,b
show the orientation distribution function (ODF) plots of the LBW weld and the weld



Metals 2024, 14, 422

7 of 12

with the addition of M-ULW and their corresponding polar plots in the {200} direction. By
dividing the data analysis using the open source software ATEX, these plots show that the 3
grains in the weld are significantly weakened with the application of ultrasonic vibration in
the {200} direction and are more uniform and finer equiaxed. Weakening the texture in the
{200} direction helps to weaken the structural anisotropy in the weld, thereby improving
the mechanical properties of the material in all directions.

B 1200}

Figure 6. Weld orientation analysis: (a) inverse pole figure maps and the contoured pole figures
established along the z-axis direction of the 3 phase of the weld without ultrasonication; (b) inverse
pole figure maps and the contoured pole figures established along the z-axis direction of the 3 phase
of the weld with ultrasonication.

3.3. Effect of Ultrasonic Amplitude on the Grain Morphology of Joint B

Figure 7a—d demonstrate the superpositions of grain sizes of welds welded with
0-25 pm ultrasonic amplitudes under the same liner conditions as the ATEX treatment. The
red grain boundaries indicate small-angle grain boundaries with orientation differences
between 2° and 15°, while the black grain boundaries indicate large-angle grain boundaries
with orientation differences exceeding 15°. Figure 7e shows the average grain size and
its standard deviation at the joint and weld. In order to accurately describe the internal
grain condition inside the weld and to take into account the effects caused by different
ultrasonic amplitudes on the grain size of the joints, we observed the joints in Figure 7a,b
at a magnification of 40 times, while Figure 7c,d show a magnification of 30 times.
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Figure 7. Grain refinement results of joints at different ultrasonic amplitudes:(a) 0 pum; (b) 10 pm;
(c) 20 um; (d) 25 um; (e) grain size statistics and standard deviation at different amplitudes.

According to Figure 7, with the increase in ultrasonic amplitude, the decrease in
columnar crystals in the joint is obvious, and the equiaxed grains increase. Figure 7a
shows the laser welded joints when no ultrasonication is applied, and a columnar crystal
morphology is predominantly present in the weld. In Figure 7b, it is observed that when
the ultrasonic amplitude is 10 pum, the content of equiaxial crystals in the joint reaches
95%, and the weld has only a small amount of residual columnar crystal grains, which
are present close to the fusion line. It is worth noting that the distribution of equiaxial
crystals in the upper and lower parts of the weld is not uniform. When the ultrasonic
amplitude reaches 20 um, all the grains in the joint show an equiaxial structure, the grains
near the fusion line of the weld are larger and wrapped by small crystals on both sides,
and the grain sizes in the upper and lower parts of the weld are uniform, as shown in
Figure 7c. However, when the ultrasonic amplitude reaches 25 um, depression occurs in the
center of the joint, and many small-angle grain boundaries appear in the surrounding grain
boundaries. This is due to the fact that ultrasonic vibrations act on the dendrites formed
during the solidification of the molten pool, causing the refined dendrites to break up and
disperse within the weld along with the molten pool [26]. Ultrasonic vibration induces
the generation of a large number of gas bubbles within the melt pool, leading to a violent
collapse of the bubbles, which results in a localized excitation wave that is able to rapidly
crush nearby dendrites into smaller fragments within a few tens of milliseconds, which can
serve as embryonic particles for grain formation [27]. At the same time, a large number of
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bubbles bursting will produce high temperatures to raise the temperature of the molten
pool and the compensation flow; the temperature increases to help debris nucleation, and
the compensation flow will affect the flow of liquid metal in the molten pool so that the
bubbles are uniformly distributed in the weld seam, so that the weld seam within the grain
is refined and uniform. However, if the ultrasonic amplitude exceeds a certain limit, it will
destroy the molten pool metal filling type, resulting in welding defects.

In Figure 7e the statistics of the average grain size and standard deviation of joints at
different amplitudes are shown. As can be seen from the figure, along with the increase in
the ultrasonic amplitude, the average grain size and standard deviation of joints and welds
show a decreasing trend. It is worth noting that when the ultrasonic amplitude is 25 um,
compared with the average grain size of joints and welds with an ultrasonic amplitude
of 20 um, there is no significant change, and the standard deviation increases instead.
Additionally, we noticed that the number of large and small angular grain boundaries in
the weld increased significantly after the application of ultrasonic amplitude. This suggests
that the difference in the joints leading to Figure 3 is due to the increase in large and small
angles with ultrasonic amplitude.

3.4. Mechanical Properties and Analysis

The tensile performance curves of the base material, LBW joints, and M-ULW joints at
room temperature are shown in Figure 8. The strength and plasticity of beta titanium alloy
deteriorated substantially after laser welding, and the location of fracture was the weld;
additionally, the elongation rate changed from the original 19.5% to 6.9%, the base material
was selected from the rolled plate without heat treatment, and the strength decrease was
not obvious. After the application of ultrasonic-assisted welding, the location of fracture
was the weld edge and the connection with the heat-affected zone, and the elongation rate
improved to 12.4%, which was 1.8 times the elongation rate of the laser-welded joints. The
elongation increased to 12.4%, which is 1.8 times the elongation of laser welded joints, and
the strength increased to 907 MPa, which exceeds that of the base material.

B oo | ooro | oo [
| Bm 88619 19.5+0.7 LBW
LBW 84816 6.9+1.1 — \VULW
1000 4 m-uLw 90710 12.4+0.5

Stress (MPa)

Strain (%)
Figure 8. BM, LBW, M-ULW tensile curves and joint KAM plots: (a) LBW joints (b) M-ULW joints.
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Figure 8a shows the average orientation deviation (KAM) of LBW joints, and Figure 8b
shows the average orientation deviation (KAM) of M-ULW joints. The green area in the
figure is the higher density dislocation area because the base material is the hot rolled
state plate without heat treatment, so it contains a large number of dislocations, and
these dislocations in the plastic deformation process are conducive to the crystal slippage,
recrystallization mechanism, and enhance the plastic deformation ability of the material [28].
In the heat-affected zone, due to the welding temperature, absorption of internal defects
occur during dynamic recrystallization, so there is little dislocation. For LBW joints during
the welding process, after rapid warming, there is large welding stress inside the weld after
welding, the dislocation content is a small and the distribution of 3-grain-transformation
coarse columnar grains after welding is uneven, the lack of reinforcing phases in the
microstructure « leads to joint strength and plasticity deterioration. In addition, the laser
welding beta titanium alloy process causes a rapid temperature shift at the joint, which
may lead to a small amount of « phase not being dissolved in the 3 grain, and this residual
o phase, to a certain extent, will also lead to the deterioration of the plasticity.

Figure 9 shows the fracture toughness test fracture surfaces of two welds, LBW and
M-ULW, at different magnifications. From Figure 9a the LBW joint is shown as a tensile fracture
location schematic with the fracture location in the middle of the weld. Figure 9b shows the
tensile fracture location of M-ULW, and the fracture location is the edge of the weld and the
connection with the heat-affected zone. The LBW weld produces a large area of irregular
columnar grains, which is prone to stress concentration, and in the deformation process,
the deformation of the weld at various locations is not uniform, resulting in a reduction in
plasticity, which can be verified by the non-uniform toughness nests and cracks in the fracture
surface topography of the LBW fracture in Figure 9c. In the weld of M-ULW, the grains are
fine and uniform, and each grain deforms uniformly under load, as shown in Figure 9d; the
grains in the heat-affected zone grow up under the influence of high temperature, which is
different from the internal grain size of the weld, leading to the fracture location in the vicinity
of the connection between the heat-affected zone and the weld.

Figure 9. The fracture surfaces after fracture toughness testing pertaining to all welds at different
magnifications:(a) schematic diagram of LBW fracture location; (b) schematic diagram of M-ULW
fracture location; (c¢) LBW fracture surface morphology; (d) M-ULW fracture surface morphology.
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For M-ULW joints compared to LBW joints, the molten pool of high temperature
remains for a long time, internal defects are fewer, subject to the ultrasonic action of the
molten pool of the mechanical stresses generated when the weld contains a larger number of
dislocations, and uniformly distributed, and the fine grain reinforcement weaving strength
is reduced. Fine grain strengthening, weaving strength weakening effect, strength, and
plasticity are improved.

4. Conclusions

1.  Multiple vibrator ultrasonic assistance welding of beta titanium alloys at a laser power
of 2.4 kW and a spot diameter of 0.5 mm resulted in defect-free welded joints.

2. The introduction of ultrasonic vibration changed the temperature gradient in the
molten pool, but the resulting temperature change was not sufficient to change the
phase composition of the weld.

3. Thesignificant reduction of the weld width after the introduction of ultrasonic vibrations
is attributed to the fact that the introduction of ultrasonic vibrations promotes forced
convection in the molten pool. The difference between the surface of the weld and
the surface of the base metal is mainly due to the recrystallization of the 3 grain and
remelting of the « phase under the action of temperature, whereas the difference in the
surface at different amplitudes is due to the difference in the content of grain boundaries.

4. Based on the cavitation effect produced by ultrasonic vibration in the molten pool,
the average grain size of the 3 phase in the weld decreases with the increase of the
ultrasonic amplitude, but it is not a linear relationship, and uniformly distributed
fine grains are obtained at an amplitude of 20 um, and the grains in the weld are not
further refined when the amplitude is increased to 25 um.

5. After the introduction of ultrasonic vibration, the plasticity and strength of the joints
are improved, which is due to the strengthening effect caused by grain refinement,
and at the same time, the ultrasonic vibration causes the proliferation of dislocation in
the joints, and the weakening of structural anisotropy caused by the weakening of
weaving in the {200} direction, so that the joints in the tensile process obtain a better
resistance to deformation.

6. The improvement of joint performance makes the fracture location of the tensile
specimen change from the middle of the weld in the LBW joint to the vicinity of the
connection between the welded joint and the heat-affected zone.
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