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Abstract: Welding high-strength aluminium alloys is generally a delicate operation due to the
degradation of mechanical properties in the thermally affected zone (TAZ) and the presence of
porosities in the molten metal. Furthermore, aluminium alloys contain compounds that solidify
before the rest of the base alloy, therefore acting as stress concentration points that lead to the
phenomenon of hot cracking. This paper investigates the process of applying ultrasonic vibrations
to the molten pool aluminium alloy AA6082 to improve both its microstructure and mechanical
properties. We analysed conventional and ultrasonic-assisted laser welding processes to assess the
sonication effect in the ultrasonic band 20—40 kHz. Destructive and nondestructive tests were used
to compare ultrasonically processed samples to baseline samples. We achieved a 26% increase in
the tensile and weld yield strengths of laser welds in the aluminium plates via the power ultrasonic
irradiation of the welds under optimum ultrasonic variable values during welding. It is estimated that
the ultrasound intensity in the weld melt, using a maximum power of 160 W from a pair of 28 kHz
transducers, was 35.5 W/cm? as a spatial average and 142 W/cm? at the antinodes. Cavitation activity
was significant and sometimes a main contributor to the achieved improvements in weld quality.

Keywords: laser welding; aluminium alloys; cracks; power ultrasonic; porosities

1. Introduction

In laser beam welding, a pulsed laser beam is used to weld thin materials (with a
thickness of less than 1 mm), whereas a continuous beam is used to obtain deep welds. It is,
therefore, not necessary to chamfer the parts beforehand to widen access, as is commonly
done in conventional welding. In addition, the use of a lasers improves the stability of
the welding pool. This technique is often used to achieve significant production volumes
in the automotive and aerospace industries. For instance, the introduction of disk and
fibre lasers achieved laser power ceiling scales of up to 16 and 100 kW, respectively [1-4].
The main parameters arising in a conventional continuous laser welding process are laser
power, laser collimation (vertical position of the beam waist relative to the workpiece),
welding speed, the type of shielding and/or root gas, and the flow rate of the gas. These
parameters affect different aspects of the weld; for instance, an increase in laser power
will lead to an increase in the power density, whilst a variation in the welding speed will
increase or decrease the interaction time (i.e., the time the laser beam impinges on the
same area) [2]. First, laser welding depends on the light coupling effect between the laser
beam and workpiece, making the technology extremely reliant on the reflectivity of the
material to be welded. Secondly, the laser can provide a concentrated heat source. However,
materials with high thermal conductivity tend to partially disperse the heat and affect the
profile of the resulting weld, (i.e., shallow welds are formed). Materials such as aluminium
and its alloys pose additional challenges, as they have a strong tendency to form cracks due
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to several characteristics such as an extensive solidification range, a high thermal expansion
coefficient, and large solidification shrinkage.

To mitigate the aforementioned challenges, a new technique called oscillating laser
welding has recently been developed to improve the weldability of materials with novel
high-performance mechanical properties. However, the materials are difficult to weld. The
technique depends on the weaving of a narrow laser beam as it travels along the weld
joint [4]. There are also new studies on vibration-assisted laser welding. During this method,
weld objects are supported on a platform that is mechanically vibrated [5]. These studies
demonstrate that grain refinement can be achieved during the solidification of moulds
whilst using the mechanical vibration of the parts being welded. However, the solidification
of cast moulds occurs at a much slower rate when compared to welding processes such as
laser welding. The objective of recent studies has been to identify grain refinement at faster
cooling rates [6]. Concerning the studies on vibration-assisted laser welding, most of them
apply vibrations either in the infrasound band (<20 Hz) or the audible sound band (20 Hz
to 20 kHz). It is possible to implement the former in an industrial environment, but it is very
difficult to implement the latter due to its impact on the human auditory system and the
need for additional personal protective equipment (PPE) [3]. Recent studies have shown
that ultrasonic waves, i.e., waves of a frequency exceeding 20 kHz which are undetectable
by the human ear, applied during welding operations, including laser melting, limit the
growth of grain structures and lead to grain multiplication due to vibration impacts, shocks,
or fluid flows acting as new nuclei [7-14]. This phenomenon is called ultrasonic grain
refinement. Grain refinement is an essential tool used to improve material tensile and
yield strengths, as implied by the well-known Hall-Petch equation, relating yield strength
to mean grain size under assumed spherical grains, which is a good approximation for
well-refined grain structures.

Welding high-strength aluminium alloys is generally a delicate operation due to the
degradation of the mechanical properties in the thermally affected zone (TAZ) and the
presence of porosities in the molten metal. In the TAZ, tensile and yield strengths can be
reduced by up to 50% compared to nominal values, depending on the welded alloy and the
process used [8]. Furthermore, during the laser welding of aluminium 6XXX, the formation
and agglomeration of magnesium silicates (with a higher melting point than aluminium)
provoke weld cracking during the solidification process. The aluminium alloy AA6082 (Al
with 0.7-1.3% Si, 0.0-0.5% Fe, 0.0-0.1% Cu, 0.4-1.0% Mn, 0.6-1.2% Mg, and <0.15% of other
elements) is highly crack-sensitive because it contains around 1% of magnesium silicide
(MgySi) [9]. To temper these effects, slower speeds can be used in conjunction with lower
power, but this reduces one of laser welding’s major advantages—its speed [15-17]. As a
result, there are significant economic impacts (rejected welded materials and a loss of raw
material, energy, and time) which prevent laser welding from being used in highly-sensitive
applications such as those within aerospace [18-21].

The research reported in this paper focused on developing ultrasonic assistance for
laser welding, which operates alongside the laser welding head. The aim was to produce
high-power sonication waves to improve the weldability of crack-sensitive aluminium
alloys. This is a relatively new research field with few publications (referenced above). Our
work aimed to advance on this prior research by extensively investigating and quantifying
improvements to a key, comprehensive set of weld structure properties achieved when
using ultrasonic waves and benchmarked by conventional laser welded parts. This aim was
accomplished by manufacturing and testing a set of samples which were welded using dif-
ferent parameters (laser power, welding speed, ultrasonic power, and ultrasonic frequency).

2. Experimental Procedure

The experimental set-up is shown in Figure 1. Two ultrasound transmission trans-
ducers, centrally located on the two parallel plates to be welded on opposite sides of and
equidistant from the weld line, were used; i.e., the transducers did not move during our
experiments relative to the plates, and both were always stationary in the laboratory frame
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Laser head

of reference. This arrangement was chosen in order to maximise the scope of our research
as follows. As explained in detail in Section 3.7, this arrangement, which involved a set of
nodes and antinodes along the plate-weld line interfaces, led to quasi-standing waves in
the plate. Therefore, during a single pass of the laser along the weld line and using a single
power output setting of the transducers, by taking samples for microstructural analysis at
distributed locations along the weld line, one can collect data on the effect of ultrasound
intensity on the weld microstructure over a continuous intensity range from the antinode
level down to the nodal level. This is a fast and convenient method of collecting data to
discover the optimum values of ultrasonic variables for weld improvement. When the
optimum conditions are discovered, leading to prospects of a commercialised ultrasoni-
cally assisted laser welding system, the transducer(s) is located close to the weld line and
moved along the weld line synchronously, with the laser spot positioned such that the spot
experiences the same field intensity at all times.

(a)

Ultrasonic
transducers
-~

Y |

Figure 1. Experimental set-up for laser welding with ultrasound assistance: (a) schematics and
(b) physical set-up.

The laser beam source used for the experiments was a high-power solid-state disk
laser (TruDisk 6002) from Trumpf (Ditzingen, Germany), with a maximum power of 6 kW
and a set wavelength of 1030 nm. The fibre diameter was 400 um, coupled to a Kuka Kr16
6-axis robotic arm. The laser optic was a D70 Laser head also from Trumpf (Ditzingen,
Germany), with a 200 mm focal length of collimation and a lens with a focal length of
200 mm. The selected laser collimation was —2 mm; i.e., the laser beam waist was focused
2 mm below the surface of the plates to be welded. The laser parameters were modified
directly on the laser source console whilst the Kuka robotic arm controlled the linear
welding speed. As shown in Figure 1b, to protect the bulk of the parent metal plates from
excessive heating, two metal strips were rested on top of the plates on either side of the
weld line and laser spot.

In the present study, a bespoke ultrasonic generator was developed to drive com-
mercially available, high-power ultrasonic transducers (Piezoelectric Ultrasonic Cleaning
Transducer (PZT-4) of Beijing Ultrasonic Co. Ltd., Beijing, China, with a diameter of approx-
imately 7.5 cm at selected processing parameters, i.e., power and frequency. The system can
output sine, square, sweep, barker code, and custom imported wave types. The material
chosen for the welding trials was AA6082-T651 in the shape of flat plates. The plates all had
a length and a width equal to 300 and 150 mm, respectively. However, their thicknesses
varied throughout the trials, as one objective of this study was to identify the effect of
the ultrasonic waves on different material thicknesses. The chosen thicknesses were 1.5,
2, and 4 mm. Every set of trials had constant laser settings to minimise the effect of the
laser parameters on the experiments. The tests were segregated by the thickness of the
aluminium plates being welded, and each plate received designated laser settings.
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2.1. Laser Welding Set-Up

The laser power was kept constant for each plate thickness; for the 1.5 and 2 mm
plates, 2 kW was used, and 3 kW was used for the 4 mm plates. The main reason for this
variance was to assure that a full penetration weld occurred during the trials.

Two values of laser travel speed were used, 0.025 and 0.040 m/sec, for every set
of trials. This weld speed range was deemed to be within the no-hot-cracking window
specified [9], and it is the range generally used when autogenously welding 6082-grade
aluminium. The beam waist position was kept fixed for every trial at —2 mm. The chosen
shielding gas was argon (99.99%), with a flow rate of 14 L/min.

Throughout the experiments, 28 kHz-100 W (68 mm diameter) and 40 kHz-60 W (48 mm
diameter) transducers (a pair of each) were used at 50% and 80% of the maximum power.

2.2. Sample Preparation

Surface Quality: Using an Optimax Evo Cam II, several pictures were taken and
compared with the top surface of the trial plates.

Weld Geometry: To evaluate the weld geometry, every trial plate was sectioned
(transversal cut) at the same locations (75, 150, and 225 mm) using an industrial metal saw
(MetCut 300) and hot-mounted using a black epoxy resin and an automatic mounting press
(OmegaPress EVO). Subsequently, the samples were polished on a metallurgical polisher
(OmegaPol Twin 200 mm) using different wet/dry sandpapers (grit sizes: 240, 320, 400,
600, 800, 1000, and 1200) and water-cooled. The colouring of the weld zone was achieved
by immersion in Keller’s reagent (190 mL of H,O, 5 mL of HNO3, 3 mL of HCL, and 2 mL
of HF) for 5 min. Finally, the macroanalyses were obtained by reflected light microscopy
using a video microscope (Optimax Live Camera).

Grain Structure: Keller’s reagent, used to evaluate the weld geometry, is not ideal for
grain analysis. With this in mind, the samples were repolished using different wet/dry
sandpapers (1200, 2000, and 2500 grit) and finalised with a diamond suspension emulsion
(particle size of 3 um). The chosen etching method was Barker's reagent with electrolytically
anodised samples (25 V and 0.1 A for 60 s) examined under polarised light. Finally, the
microanalyses were obtained by reflected light microscopy using a video microscope
(Optimax Live Camera).

Scanning electron microscopy was used to produce images by scanning the surface
of a sample with a focused beam of electrons. The addition of an EDX system (an energy
dispersive X-ray analysis system) coupled with the SEM allowed for the identification of
the elemental composition of the samples (and inclusions). The machine used was a Zeiss
Supra 35VP with EDS, at the Experimental Techniques Centre (ETC) of Brunel University,
London, with magnifications of up to 10,000 x. The software used was the TEAM™ EDS
Analysis System.

Tensile Strength: Transverse weld specimens were prepared following BS EN ISO
4136 and sent to an independent UKAS accredited laboratory for analysis.

3. Results and Discussion
3.1. Plasma Cloud

The first noticeable improvement when the ultrasonic wave was used during laser
welding was the visible reduction of the plasma cloud, as shown in Figure 2. This was
noted in every ultrasonic-assisted trial compared to the baseline (laser welding without
ultrasound). The ultrasonic waves helped to balance and stabilise the keyhole, which
minimises the pressure build-up and stops material ejections. The plasma cloud is then
reduced due to lower pressure build-up.
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Figure 2. Plasma cloud captured by the monitoring camera during the welding process: (a) with no

ultrasound used and (b) when ultrasound was used.

3.2. Aspect Ratio

The effect of the ultrasonic waves led to different weld aspect ratios (i.e., the ratio of
surface weld width to root), as summarised in the various images captured in Figure 3,
and reported in Table 1. It is worth noting that, with the thinner plates (1.5 and 2 mm), the
use of the 40 kHz transducers led to smaller aspect ratios, whilst on thicker plates (4 mm),
the converse was observed. The wave penetration decreases along the axis of the plate
thickness with increasing frequency because both wave absorption and scattering in the
weld melt increase with frequency. Thus, to achieve complete coverage of the weld joint,
the frequency must be reduced commensurately with increasing plate thickness.

Based on the observation of the microscopy images shown in Figure 3a—f, at a plate
thickness of 1.5 mm, the straightness of the weld profiles improved; i.e., the aspect ratio
was smaller when ultrasound was used at a given laser power and welding speed. The
weld profile became 43% straighter when the 40 kHz transducer was used. With the plates
that were 4 mm thick or thinner (Figure 3g—k), the use of ultrasound at 28 kHz decreased
the aspect ratio even further by 62%. However, 40 kHz ultrasound led to a reduction of
only 14% when compared to the baseline. Compared with the thinner plates, the 28 kHz
transducer achieved smaller aspect ratios on the thicker plates.

It is important to note that the effect of ultrasonic assistance was higher with the
thinner plates (1.5 and 2 mm). We used two fixed transducers, and the wave was stronger
at the parts closest to the transducers and tended to be attenuated in the parts of the weld
joint that were farther from the transducers. Whilst there were still noticeable improvements
in weldability and surface quality, the weld profile (Keller’s etchant) in the baseline trials
(without ultrasound, see Figure 3a,d,g,j) was nearly identical to the ultrasonic-assisted laser
welding. Despite a noticeable benefit derived from the use of ultrasound assistance, it was
also noted that, to be more effective, the ultrasonic contribution should be modulated to
the size of the workpiece to be welded. For instance, whilst 40 kHz ultrasound improved
weld profiles on the thinner plates (1.5-2 mm), the opposite was observed on thicker plates
(4 mm), where the use of 28 kHz ultrasound generated more minor variations in the surface
and root width.
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Figure 3. Aspect ratios of welds achieved at different configurations (T: plate thickness, WS: weld-
ing speed): (a—c) T = 1.5 mm, WS = 40 mm/s; (a) no ultrasound; (b) 2 x 40 kHz-30 W trans-
ducers; (c) 2 x 40 kHz-50 W transducers. (d—f) T = 1.5 mm, WS = 25 m/s; (d) no ultrasound;
(e) 2 x 40 kHz-30 W transducers; (f) 2 x 40 kHz-50 W transducers. (g-i): T =4 mm, WS = 40 mm/s;
(g) no ultrasound; (h) 2 x 40 kHz-50 W transducers; (i) 2 x 28 kHz-80 W transducers. (j-1) T = 4 mm,
WS =25 mm/s; (j) no ultrasound; (k) 2 x 40 kHz-50 W transducers; (1) 2 x 28 kHz-80 W transducers.

Table 1. Average difference between weld width and root width in mm with different set-ups.

Thickness Baseline 28 kHz 40 kHz
1.5 mm 0.375 0.340 0.215
4 mm 0.965 0.365 0.830

3.3. Surface Quality

Examination of the surface quality of the welds confirmed the overall effectiveness of
using ultrasonic power during the welding process. In Figure 4a,b, concerning baseline
samples, microcracks that are likely to be a crack initiation zone can be easily identified
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and spotted across the weld line. However, in Figure 4c,d, when ultrasound was used, the
weld line completely disappeared, and an improvement in grain arrangement was noted.

Figure 4. Examination of the surface of the welds achieved without ultrasound at (a) 25 mm/s
and (b) 40 mm/s and with ultrasound at (c) 28 kHz, 80 W, and 25 mm/s and (d) 40 kHz, 50 W,

and 40 mm/s. The arrows point to the central line of the weld (noticeable only in nonultrasound
samples (a,b)).

3.4. Micro-Structure Analysis

As shown in Figure 5a, no agglomerations were noted in the SEM analysis without
sonication. Linear intermetallic formations can be seen over the entire sample. These
are more likely to act as crack initiators when compared to the spherical nature of the
intermetallic structures seen in the second sample shown in Figure 5b, where ultrasound
was used. In that case, no agglomerations were observed throughout the SEM analysis,
and intermetallic formations were smaller and appeared mostly in the shape of spheres.
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Figure 5. SEM analysis of cross sections of welds (2 mm thick plates) achieved at 25 mm/s

(a) without ultrasound and (b) with ultrasound at 40 kHz and 50 W (spherical nature of the
intermetallic structures).
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3.5. Grain Structure Analysis

The reflected light microscopy images of the samples produced with and without
ultrasound are shown in Figure 6. Without ultrasound, dendritic growth is evident (i.e.,
a tree-like structure in Figure 6a) in several locations throughout the weld zone. An un-
evenly distributed grain structure can also be seen. When ultrasound was used (Figure 6b),
no agglomerations were noted in the analysis. The grain structure appears evenly dis-
tributed. However, a higher concentration of grains can be seen in the zones where different
solidification fronts meet.

TTTT

Figure 6. Reflected light microscopy images (<200 magnification) of cross sections of welds (2 mm

thick plates) achieved at 40 mm/s (a) without ultrasound (arrows indicating some dendrites) and
(b) with ultrasound at 40 kHz and 50 W (arrows indicating some solidification fronts).

Without ultrasound, the number of grains per area appeared higher than that obtained
with ultrasound. It was also possible to identify dendritic growths and an increased
concentration of grains around these growths. In the trials with ultrasound, the grain
structure appeared to be more homogenised and evenly distributed, and it was also possible
to identify a boundary with different grain sizes (solidification front).

3.6. Tensile Tests

Tensile tests were carried out on 1.5 mm thick samples, only with smaller aspect ratios,
and superior surface quality was achieved at this thickness. The samples were prepared at
laser scan speeds of 25 and 40 mm/s. Accordingly, the results were segregated into two
groups. The sonication was conducted with transducers of 28 kHz (at 50 W and 80 W) and
40 kHz (at 30 W and 50 W). Baseline trials without sonication were also subjected to tensile
tests to assess the sonication effect when compared to conventional laser beam welding.

Figure 7 shows the load vs. extension and the ultimate tensile strength of the welds at
40 mm/s, and Figure 8 shows the test results at 25 mm/s.

(@
Load vs. Extension (Welding Speed :40

mm/s)

5.00
4.00
3.00
2.00
1.00
0.00

Load (kN)

0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5

Extension (mm)

= = =380W/28kHz eeeeees 50\W/28kHz Baseline (No Ultrasounds)

Figure 7. Cont.
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Load vs. Extension (Welding Speed:40 mm/s)
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Figure 7. Load vs. extension (a) at 28 kHz, 40 mm/s, and (b) at 40 kHz, 40 mm/s. (c) Ultimate tensile
strength at 40 mm/s.
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Figure 8. Cont.
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I 187.32 184.63

80W/28kHz 50W/28kHz Baseline (No 50W/40kHz 30W/40kHz
Ultrasounds)

Figure 8. Load vs. extension (a) 28 kHz, 25 mm/s, (b) 40 kHz, 25 mm/s, and (c) ultimate tensile
strength at 25 mm/s.

It can also be seen in Figure 8 that, when ultrasound was used, we achieved an average
increase of 10% in both ultimate tensile strength and the load required for failure. The
maximum values were achieved at a frequency of 28 kHz. An interpretation of this result is
suggested in Section 3.7, where we estimate the ultrasound intensity in the melt in relation
to cavitation thresholds.

Despite the inevitable decrease in local strength due to the fusion process, in a trial
with a power of 80 W, a frequency of 28 kHz, and a welding speed of 25 mm/s, the ultimate
tensile strength was 25% higher than the baseline trial. This increase could be explained by
the homogenisation of the molten pool and the consequent reduction in crack initiation
zones (e.g., dendritic growths).
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3.7. Discussion of the Mechanisms Involved in the Weldment Changes Induced by Ultrasound

Here, we review the possible ultrasonic mechanisms that may have been the cause of
the improvements we observed in the structure of the laser welds formed in the presence
of power ultrasound.

The strongest mechanism of ultrasonic action on fluid phase materials, especially grain
refinement, is cavitation. In cavitation, enormous local forces, large enough to rupture
chemical bonds and raise local temperatures up to 10,000 K, acting on solid particulates in
a melt, are generated by collapsing bubbles. These forces are many orders of magnitude
greater than the secondary ultrasound radiation forces between the nearest neighbouring
melt particulates, generated by ultrasound scattered by the particulates and the primary
ultrasound radiation beam forces acting directly on the melt particulates. These forces
(also called Bjerknes forces) combine to help keep the particles apart and hence reduce
the tendency towards agglomeration and porosity formation and promote the spatial
uniformity of particle distribution; however, the process is prolonged due to the low level
of these forces. Thus, they can be effective in metal melts that exist for a long time, e.g., in a
furnace or when continuously heated by a laser. However, it is unlikely that they would be
very effective in laser spot welding, where the molten period at any point along the weld
line lasts for only around a second.

Only cavitation forces are strong enough to break up the large and agglomerated
grains in melts into smaller structures, and such structures will usually appear accidentally
during melt cooling. The times for bubble growth and subsequent collapse to release
cavitation forces are ~1 ms and 150 ps, respectively, so these forces can be effective in weld
melts produced by rapidly moving laser spots.

The cavitation threshold intensity for aluminium melts has been published in the liter-
ature as 100 W/cm? [17]. It was not possible to determine whether cavitation forces were
present in our experiments via the direct visual observation of bubbles in the melt because
the melt was opaque, and our visual examination of the weld surfaces showed no surface
emergence of bubbles. Thus, the likelihood of cavitation presence requires a calculation of
the ultrasound power entering the melt. In order to accurately determine whether or not
cavitation could have been present, we would need to compute the ultrasonic field in the
entire weld-plate structure. This field is complex, consisting of quasi-standing waves, and
requires modelling for an accurate prediction of the intensity levels achieved in the weld
melt for a given transducer output power, which we will perform in future work. However,
a rough calculation of this intensity can be readily performed as follows.

Knowing that the compressional wave velocity in the aluminium plates is 6000 m/s [18],
the wavelengths would be 21.4 cm and 15 cm at 28 and 40 kHz, respectively, which are
larger than the cross section of the transducer interface. Therefore, the radiation from
the transducers will be omnidirectional. The absorption in the plates outside the melt
region will be negligible at such long wavelengths and low frequencies. Therefore, multiple
reflections at the plate boundaries, combined with negligible absorption losses, ensure
that most of the power leaving the transducers will cross the plate-weld melt interfaces,
although there will be some losses due to the leakage into the surrounding experimental
apparatus and even directly into the air. For simplicity, we will neglect the latter.

Thus, with the highest power used, 80% of the power of two 100 W transducers
(160 W) will cross the weld line—plate interface. The area of the interface for the 1.5 mm
thick and 30 cm long plates used for the tensile testing experiments was, therefore, 4.5 cm?.
In addition, the spatially averaged intensity was 160 W /4.5 cm? = 35.5 W/cm?. Assuming
a compressional wave velocity in the weld melt of 2000 m/s, the wavelength in the melt at
28 kHz was around 7 cm. Therefore, a set of around 6 antinodes and nodes would have
been present along the 30 cm long weld line. At the antinodes, the wave intensity would
be four times the average, i.e., 142 W/ cm?. Therefore, we conclude that the cavitation
threshold was well exceeded at the antinodes and cavitation, thus making a significant or
even dominant contribution to the ultrasonically improved ultimate tensile strength of the
welds. We noted in Section 3.6 that the same improvement in ultimate tensile strength arose
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when transducer power outputs were reduced from 80 W to 50 W. For two 50 W transducers,
the intensity in the melt at the antinodes would have been 89 W/ cm?, according to our
calculation in Section 3.7, which is very close to the published cavitation threshold of
100 W /cm? referenced earlier in this subsection. One simple possible explanation is that far
exceeding the threshold does not significantly increase bubble growth and collapse activity.

In a future publication, we will apply the Hall-Petch equation to our yield strength
and grain size data to confirm that yield strength improvement stems from ultrasonic grain
refinement in our welding process.

3.8. Other Possible Effects of Ultrasound on Weld Melts

High-power ultrasonic waves are known to disperse alloying compounds, such as
magnesium silicide, towards the weld boundary, thereby minimising the risk of cooling
residual stresses, leading to the hot cracking phenomenon. Additionally, ultrasonic waves
improve weld quality by reducing overall imperfections due to porosities and oxide forma-
tion. It is possible that high-power ultrasound forces could mitigate the negative effect of
Marangoni flow. Marangoni forces arise from surface tension gradients and can adversely
affect weld strength by introducing spatial variations in the microstructure. Ultrasound
could agitate the flow of the liquid melt at different solidification phases. This would result
in an even heat distribution.

4. Conclusions

Our mechanical analysis and tensile testing identified the parameters that led to an
average increase in the ultimate tensile strength of 10%. The best trial of the study improved
the ultimate tensile strength by 25% compared to the baseline, where no ultrasound was
used. The weld profile became straighter when ultrasound was used, with the difference
between weld width and root width being reduced by 14-62%, depending on the set of
parameters used.

The use of high-intensity ultrasound effectively disrupted the epitaxial growth of the
dendrites, refined the grain structure, reduced the plasma cloud, and transformed the shape
of the intermetallic compounds from linear to spherical. It also improved weld stabilisation
and decreased the spatter levels, which are critical to weld quality and weld strength.

The resistance to crack propagation—crack initiation due to grain refinement and
disruption of the epitaxial growth of dendrites is linked to the increase in ultimate tensile
strength and the load required for failure. A noticeable improvement was observed during
the trials using high-intensity ultrasound.

Future work should seek to broaden the range of values of the sonication parameters
(frequency and power) and the topological ranges of different test pieces (thickness, shape,
curvature, etc.) in order to determine the optimum values, i.e., those that maximise weld
improvement for a prescribed cost/energy expenditure. We will also conduct a more
quantitative analysis of the present data using the Hall-Petch equation, relating equiaxed
grain size to yield strength and related models. Finally, the radiation field in the plates
and across the weld melt-plate interfaces will be modelled to confirm that cavitation was
a significant contributor to weld quality improvement in the experiments reported here.
Such a model will reveal the locations of the nodes and antinodes in the weld melt line
such that, by comparing microstructure samples cut from both node and antinode regions,
cavitation effects on weld quality improvement can be directly revealed.
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