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HIGHLIGHTS

« An innovative ultrasonically assisted
wire arc additive manufacturing
process was first developed for the
fabrication of AA7075 metal matrix
nanocomposite.

« The ultrasonic probe is directly
immersed in the local deposition
pool, greatly increasing the energy
efficiency compared with existing
methods.

« Synergistic effects of ultrasound and
nanoparticles modified the
solidification process and refined the
microstructure, which enhance
mechanical properties.

« Acoustic streaming and cavitation
effects induced by ultrasound in the
molten pool reduce clustering of
nanoparticles.
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GRAPHICAL ABSTRACT

ABSTRACT

This study focused on a newly developed ultrasonically assisted (UA) wire arc additive manufacturing
(WAAM) process for metal matrix nanocomposite of AA7075 with TiB, nanoparticles. The ultrasonic
probe was directly dipped into the local molten pool and traveled behind the arc during deposition.
Comprehensive experimental studies were performed and the UA-WAAM sample showed superiorities
over conventional WAAM ones in multiple perspectives including a lower number of porosities, refined
solidification structure, and less agglomerated nanoparticle distribution under the same deposition
parameters. These improved microstructure features led to enhanced mechanical properties of the UA-
WAAM samples, as reflected in the tensile tests and hardness measurement results. The benefits of
nanoparticles in the formation of equiaxed grain structures and strength contribution was further lever-
aged by UA based on their better dispersion. The ultrasonic effects on WAAM process can be mainly
attributed to the two nonlinear physical phenomena: acoustic cavitation and streaming induced by
power ultrasound in molten metal.
© 2022 The Authors. Published by Elsevier Ltd. This is an open access article under the CCBY license (http://
creativecommons.org/licenses/by/4.0/).
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1. Introduction

Emphasis on energy and environmental sustainability requires
new structural materials with both lightweight and excellent
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mechanical performance. Metal matrix nanocomposites (MMNCs),
which are based on metal reinforced with nano-sized ceramic par-
ticles, provide combined high strength-to-weight ratio and ductil-
ity, as well as improved performance at high temperatures. These
attractive features of MMNCs make them a promising group of
structural materials in the automotive and aircraft industries [1].
The manufacturing processes of MMNCs can be classified into gen-
eral two groups of in-situ and ex-situ methods. Ceramic nanopar-
ticles are generated via internal reactions in in-situ processes [2,3],
while ex-situ methods involve externally adding nanoparticles fol-
lowed by enforced dispersion. Agglomeration of nanoparticles is
one of the main challenges in the fabrication of MMNCs [4]. More-
over, MMNCs fabricated from these methods are limited to prod-
ucts with regular shapes, which require following machining to
achieve the required final component geometry. Considering the
nanoparticles in the MMNCs directly increase the machining diffi-
culties [5], advanced manufacturing processes that can achieve
near-net-shape MMNC products and uniform dispersion of parti-
cles are highly desirable.

Compared with traditional manufacturing processes, additive
manufacturing (AM) is uniquely advantageous in rapid prototyping
of freeform geometries with higher efficiency and lower cost.
Novel light-weight structures, for example, lattice structures that
can highly contribute to the weight reduction, can be fabricated
by AM processes at a much lower cost compared with conventional
processes [6]. Wire arc additive manufacturing (WAAM), catego-
rized as direct energy deposition AM process, provides advantages
of higher deposition rates, better energy efficiencies, and lower
cost compared with powder-based processes [7]. However, WAAM
shares the demerits of as-cast microstructure nature: porosities,
residual stress, segregation, and solidification cracking along the
building direction [8-10]. Inter-pass rolling has been proved to
be effective in porosities improvement, grain refinement, and
residual stress reduction [11,12]. However, inter-pass cold working
also requires a longer processing time and higher fabrication costs.

Metal matrix in MMNC usually selects materials with high
specific strength, such as aluminum and magnesium alloys.
AA7075 aluminum is commonly used in the aerospace industry
with its distinguished strength and fracture toughness. As precipi-
tation hardened aluminum alloy, AA7075 is sensitive to solidifica-
tion cracking and porosities during melting involved processes, like
casting, fusion welding, and additive manufacturing. Stopyra et al.
[13] studied the effect of process parameters on the porosity and
hot cracking behavior of AA7075 alloy with laser powder bed
fusion process. They ascribed the poor processibility of AA7075
to its extended solidification range. Nanoparticles have been added
into the aluminum melts and promote improved castability and
weldability. It is reported that the hot tearing in cast A206 alloy
can be markedly reduced with an addition of 1 wt% Al,03 nanopar-
ticles [14]. A novel AA7075 MMNC with the addition of TiC
nanoparticles that can remarkably improve the weldability of
AA7075 was developed. Instead of typical columnar dendrites,
refined equiaxed grains were achieved by the addition of TiC
nanoparticles [15]. The nano-treated AA7075 welding wires were
further employed in laser-based wire additive manufacturing and
successfully removed solidification cracking [16].

The combined objectives to mitigate the nanoparticle agglom-
eration in MMNCs and overcome the limitations with WAAM of
AA7075 intrigued the motivation of applying ultrasonic vibration
during the WAAM process of AA7075-based MMNCs. High-
intensity ultrasound with a frequency of 20 kHz or above has been
utilized in ameliorating various molten metal processes for grain
refinement and porosities degassing [17]. Besides, ultrasonic
energy has been shown to effectively disperse nanoparticles during
ex-situ fabrication of MMNC [4]. These benefits are contributed by
directly immersing the ultrasonic probe into the molten pool and
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are mainly based on two physical phenomena induced by ultra-
sonic: acoustic cavitation and acoustic streaming effects.

Studies have been performed to employ ultrasonic vibrations to
improve additive manufacturing and show promising results. Chen
et al. configured the ultrasonic probe next to the WAAM building
wall and the vibration was applied perpendicularly to the substrate
metal, which indirectly transmitted the high-frequency vibration
to the molten pool. Fine cellular microstructure and improved ten-
sile properties were observed [18]. Besides, an ultrasonic-assisted
laser powder deposition process was studied, where the ultrasonic
energy was implemented from the bottom substrate. Full transi-
tion from columnar to equiaxed grains was achieved with UA for
both Ti-6Al-4V and Inconel 625 alloys [19]. UA micro-forging tech-
nique was applied to the top deposited layer with an offset behind
the molten pool during laser and wire additive manufacturing pro-
cess of Ti alloy and refined solidification structure was also
obtained [20,21]. Despite the promising results, these configura-
tions lead to varying vibration amplitudes at different deposition
heights. Besides, since the entire structure needs to be vibrated
to transmit energy to the local melt pool, the achievable build
height is limited by the output power of the UA transducer. More-
over, the ultrasonic energy can also be attenuated along the prop-
agation path. A novel approach during single pass welding of
magnesium alloy applied a direct UA probe insertion into the weld
pool and showed more effective grain refinement [22]. However,
how the direct immersion of the UA probe affects the WAAM pro-
cess and nanoparticle dispersion has not been cleared yet.

This study focused on a new approach of applying ultrasonic
energy during WAAM of AA7075 MMNC, where the probe was
directly immersed into the local deposition pool. Based on the
newly developed UA-WAAM system, ultrasonic effects on the
MMNC mechanical properties and microstructure characteristics
at different length scales were comprehensively analyzed.

2. Method
2.1. Materials

A TiB, nanoparticle enhanced AA7075 weld wire (AA7075 NT,
MetaLi LLC) with a diameter of 1.2 mm was employed in the
new proposed UA-WAAM process. An AA6061 aluminum plate
with a thickness of 19 mm was applied as the substrate.

2.2. Ultrasonic assisted (UA)-WAAM experimental system

Fig. 1 shows the schematic of the developed UA-WAAM system,
which is based on a Gas Tungsten Arc Welding (GTAW) facility. A
non-consumable 1.5% lanthanated tungsten electrode was
employed to initiate and maintain the welding arc. The filler metal
was fed in front of the arc while the UA probe traveled behind the
arc. The UA probe was installed at the end of the UA horn, which
was mounted on the welding torch to provide synchronous travel.
The location depth of the UA probe was adjusted by the pneumatic
cylinder on the UA booster.

2.3. UA-WAAM process

Table 1 summarized the parameters of the UA-WAAM process.
A total of 20 layers were deposited onto the substrate with a
decreasing heat input at higher layers. The travel speed was
1.5 mm/s with a total travel time of 1 min in each layer. An average
height deposition rate of 0.9 mm/pass was maintained throughout
the process.

An AC current power supply was employed to balance surface
waviness and penetration at the workpiece. During GTAW AC
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Fig. 1. Schematic illustration of the UA-WAAM system.

cycles of aluminum, the electrode negative polarity (EN) generates
a higher amount of heat at the workpiece while electrode positive
polarity (EP) assists the workpiece surface cleaning and produces
more fusion area [23]. In this study, a 45% EP was assigned to
achieve an acceptable building height for each layer without com-
promising deposition qualities. Heat input was decreased by 10%
for every 3 ~ 5 passes to avoid excessive penetration and collapse
of the newly deposited layer. To maintain a stable arc length, the
voltage remained constant while the current was deducted by
10%. Argon shielding gas was applied at a flow rate of 9.5 L/min
throughout the entire building process.

The UA probe was inserted after the 10th pass considering the
instability induced by probe insertion, which might skew the
geometry of the first few layers and introduce undesired difficul-
ties in following depositions. The tip of the UA probe was vibrating
at a frequency of 19.90 kHz with an amplitude of 14.6 pm. During
the process, the UA probe was brought to a depth of 1 mm below
the melt surface and was kept at a constant distance of 2.5 mm
behind the arc center. The UA probe was inserted upon the molten
pool formation and retracted after 30 secs, which was in the mid-
dle of the deposition length. Accordingly, samples fabricated with
UA and without UA (no-UA) were obtained in the same building
wall at different segments, which provided more representative
comparisons under the same process parameters.

2.4. Thermal imaging of the UA-WAAM process

Temperature distribution during the UA-WAAM was captured
through a non-contact infrared (IR) camera (FLIR A6751sc) at a
frame rate of 30 Hz. Each frame had a resolution of 640 x 512
and a temperature range of 200-2000°C. The temperature distribu-
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tion of one single pass with a UA probe inserted and retracted was
observed from the top side view.

2.5. Mechanical characterization

Vickers micro-hardness analysis was performed on the polished
cross-section of both UA and no-UA samples at 100 g of load on a
100 x 100 pm distanced indent grid. Micro-tensile samples with a
gauge length of 1.5 mm and gauge width of 0.3 mm were extracted
on the top and middle region of the built wall. Fig. 2 shows the
cross-section of build via UA-WAAM and indicates the locations
of micro-tensile test sample extractions. The samples were pre-
pared with wire electrical discharge machining (Fancuc 180is-
WB EDM), at a cutting speed of 0.10 mmy/s. The extracted micro-
tensile samples were further ground before testing to remove the
EDM quenching effect on the sample surface. Tensile tests at a
strain rate of 0.06/s were performed on a customized micro-
tensile testing system adapted from Kang et al. [24]. At least five
specimens were tested at each location.

2.6. Microstructure analysis of cross-section of UA-WAAM builds

All samples were prepared according to standard metallurgical
procedures. Scanning electron microscope (SEM) equipped with
Energy-dispersive X-ray spectroscopy (EDS) detector was
employed to analyze the dispersion and distribution of the TiB,
nanoparticles and secondary phases. EDS mapping and line scan-
ning were performed with a counting rate of 50k counts/sec.
Besides, electron backscattered diffraction (EBSD) scanning was
also performed at representative regions to observe the
microstructure-property relationship. EBSD scanned regions were
shown in Fig. 2.

3. Results
3.1. WAAM building geometry and porosity

Overview of the cross-sections of the last 10 layers of the build
wall with and without UA was compared in Fig. 2. Within this
deposition volume of interest, the built wall was further divided
into the top, middle, and no-UA substrate regions, as shown in
Fig. 2. In the top region, the maximum width of the no-UA sample
was 10.51 mm whereas that of the UA sample was smaller at
8.88 mm. The total building height of the no-UA wall was
16.86 mm. With the ultrasonic vibration applied after the 10th
pass, the total building height increased to 19.88 mm. This indi-
cated that UA restrained the lateral spreading of the deposited lay-
ers, which contributed to the building height. On the other hand, a
steeple-roof feature was observed on the top surface of the UA
sample. This was related to the intermolecular adhesive forces
between the ultrasonic probe and melt. The adhesive force further
propagated along the surface of the melt and prevented it from
falling towards the sides of the bead.

Porosity distribution in UA and no-UA samples were compared
in Fig. 2. With superimposed UA, the porosity area fraction was
measured as 0.8% compared to 1.3% of the no-UA sample in the

Table 1

Parameters of UA-WAAM Process.
Pass No. Current (A) Voltage (V) Wire Feeding Speed (mm/s) EP % UA Status
1 380 12 6.35 45 OFF
2-4 340 12 7.62 45 OFF
5-10 300 12 7.62 45 OFF
11-15 270 12 9.10 45 ON
15-20 240 12 11.22 45 ON
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Fig. 2. Overview of transverse cross-section of the last 10 layers of the deposited wall: (a) no-UA and (b) UA segment. Dashed lines indicate the boundaries between the top
and middle region. Blue boxes indicate the EBSD scanned regions. Geometry and extraction location of micro tensile test samples were marked with the solid lines in (a). The
thickness of the tensile sample was 0.3 mm. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

top region. In the middle region, the porosity area fraction was
about 5.0% in both no-UA and UA samples.

3.2. Effect of UA on the weld pool size and heat dissipation

Fig. 3 (a) and (b) show the top side view of the temperature dis-
tribution before and after the UA probe insertion into the melt
pool. A heat-dissipating path via the UA probe was observed in
Fig. 3 (b), where the UA probe in the melt pool acted as a heat sink.
Accordingly, the melt pool temperature was slightly reduced,
which increased the molten metal viscosity and reduced the fluid-
ity. This can be another factor contributing to the higher height-to-
width deposition ratio in the UA sample. Furthermore, as shown in
Fig. 3, the penetration was reduced after the UA probe was dipped
in the deposition pool. The additional heat dissipation and differ-
ence in melt pool size further reduced the reheating effect on pre-
viously deposited layers when the UA probe was inserted.

UA probe

Electrode!

Deposited Layers

3.3. Effect of UA and nanoparticles on grain structure

Inversed pole figure (IPF) maps in Fig. 4 (a) and (c) show the
grain size and grain morphology in UA and no-UA samples. In con-
trast to the typical columnar or cellular microstructure in conven-
tional fusion welds of aluminum alloys, highly equiaxed grain
structures were observed in both UA and no-UA samples. This is
consistent with the results in previous works and can be ascribed
to the addition of nanoparticles [15]. The grains size is generally
larger in the lower layers than the top layers, which is a result of
grain growth due to the repeated thermal cycles from following
depositions.

Generally, the microstructure was more refined in the UA con-
dition compared with the conventional condition in all scanned
regions. Quantification analysis results of grain size distribution
were provided in Fig. 5. In region 1, the UA sample showed an aver-
age grain size of 21.6 + 7.8 um while that for the no-UA sample was
23.7 £ 8.8 um. In lower layers region 2, the average grain size was
22.8 + 7.5 um in the UA sample whereas a slightly coarser average
of 25.7 + 9.3 pum was observed in no-UA samples. Moving further
lower to region 3, the UA sample had a similar average size of

Temperature°C
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Fig. 3. Top side view of the temperature distribution during UA-WAAM process when (a) UA probe was retracted and (b) UA probe was inserted.
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Fig. 4. Inversed Pole Figure (IPF) maps of (ax) no-UA and (cx) UA segments, Kernel Average Misorientation (KAM) maps of (bx) no-UA and (dx) UA segments.
The x corresponds to the EBSD scanned region designated in Fig. 2. White spots in both IPF and KAM maps indicate a scanned point with confidence index (CI) values lower

than 0.15.

24.8 + 9.3 pum while significant grain growth was found in the no-
UA sample with an average of 35.2 + 12.1 pm. The UA sample
showed a consistent grain structure throughout the deposited lay-
ers without obvious grain growth while a much coarser grain
structure was observed in the lower region (region 3) in the no-
UA sample.

3.4. Effect of UA on dispersion of nanoparticles

Backscattered electron (BSE) SEM images around region 2 (see
Fig. 2) of the deposited wall are shown in Fig. 6 (a) and (b). It
can be observed that majority of the secondary phases in both
no-UA and UA samples were preferentially located along the grain
boundaries. Higher magnified views of the secondary phases were
provided in Fig. 6 (c) and (d) respectively, which corresponded to
two types. Large agglomerates were found in the no-UA sample
while for the UA sample only serrated-shaped precipitates were
found. To analyze their chemical composition, EDS analysis was
performed. Fig. 6 (e) and (f) show the EDS line-scan elemental pro-
files of aluminum (Al), zinc (Zn), magnesium (Mg), silicon (Si), tita-
nium (Ti), and iron (Fe) across the secondary phases.
Corresponding positions and paths of the EDS line-scans were
marked by arrows in Fig. 6 (c) and (d). In the UA sample in Fig. 6
(f), the elemental profile from EDS line-scan analysis showed
enrichments in Mg and Zn, indicating the presence of MgyZn,
phases. It was previously reported to be MgZn, in AA7075 alloy
treated with TiC nanoparticles [15]. The elemental profile of Ti
revealed the presence of TiB, nanoparticle clusters, accumulating
around the Mg,Zny phases. This distribution can be related to the
lattice mismatch between TiB, nanoparticles and Mg,Zn, phase,
which provides a more coherent interface and is similar to the dis-
tribution mechanism of MgZn, and TiC [15]. The presence of these
large lamellar eutectic Mg,Zn, compounds decorated with TiB,
nanoparticles is in accordance with the previous studies of
nanoparticles enhanced AA7075 weld wire [16]. In the no-UA sam-
ple in Fig. 6 (e), the particle was highly enriched in Ti compared
with Mg and Zn elements, indicating the severe agglomeration of
TiB, nanoparticles. Fe signal was also detected at a noticeable level

overlapped with Mg signal, suggesting the presence of Mg,Fe,
precipitates.

To further reveal the compositions of the large aggregated clus-
ters observed in the no-UA sample at a triple junction of grain
boundaries in Fig. 6 (c), EDS element mapping was performed
and presented in Fig. 7. A strong signal of Ti was detected in most
of the clustered area, representing large TiB, nanoparticle agglom-
erates with the size of around 20 pm. Signals of Mg and Zn were
detected at regions in between the TiB, clusters. A slight segrega-
tion of Si was also observed at the matrix/cluster boundaries.
Therefore, the aggregated secondary phases in Fig. 6 (c) mainly
consist of TiB, nanoparticles. TiB, aggregated with a large size in
this range were only observed in the no-UA condition. This is dis-
tinctly different from the UA sample, where generally the nanopar-
ticles are decorating the secondary precipitates, e.g. Mg,Zny, in the
AA7075 matrix instead of being self-clustered into agglomerates.

Besides, white spots represent scanned points with low confi-
dence index (CI) values, which means the diffraction patterns in
these points have a low fit with the standard Kikuchi pattern of
surrounding orientations. This is different from low-quality sample
preparation, which results in a uniform distribution of low CI
throughout the whole area. In the condition of the current study,
grain boundaries, secondary phases, and local strains can con-
tribute to these difficulties in indexing. Local strains induce the lat-
tice distortion and cause misfits of Kikuchi patterns in certain
points [26]. Thus, the UA sample presented a higher level of local
strains and a consistent distribution of local strains in the three
scanned regions compared with the no-UA one.

3.5. Effect of UA on grain orientation distribution

EBSD analysis also provided information of local misorientation
as shown in Fig. 4 (c) and (d). The Kernel average misorientation
(KAM) maps represent the average local misorientation of adjacent
pixels. Higher KAM values indicate larger local misorientation
angle and higher geometrically necessary dislocation (GND) den-
sity, as expressed in the following equation [25]:
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Fig. 5. Statistical analysis of grain size distribution in region 1 in (a) no-UA sample and (d) UA sample, region 2 in (b) no-UA sample and (e) UA sample, and region 3 in (c) no-
UA sample and (f) UA sample. Region numbers correspond to the region designation in Fig. 2.

KAM
P~k
Where p is the GNDs density, « is a constant, b is the magnitude
of the Burgers vector and R is the Kernel size. Compared with the
no-UA sample, the UA one showed a higher level of KAM distribu-
tion in Fig. 4 (d). In lower regions (regions 2 and 3), a decreasing of
KAM levels in both no-UA and UA were observed. Different from
slightly decreasing KAM values in the UA sample, the no-UA sam-
ple showed a more notable drop when moving to lower regions.

3.6. Effect of UA on mechanical properties

Fig. 8 (a) and (b) shows the hardness line scanning paths and
mapping regions in no-UA and UA samples of the last 10 layers.
Fig. 8 (¢) and (d) compare the micro-hardness line distribution

between no-UA and UA samples. Starting from the top surface of
the build, the hardness increased and reached the maximum value
in the middle region, then slightly decreased only in the no-UA
sample. Grey windows indicate the top and middle region corre-
sponding to the sample-extraction locations of micro-tensile tests.
Local hardness of top and middle regions was calculated and pre-
sented in the grey window. An average hardness of 111.2 + 4.4 in
the top region and 138.1 + 9.6 in the middle region were calculated
in the no-UA sample, while the UA sample shows a higher average
hardness of 119.0 + 5.1 in the top region and 145.5 £ 7.8 in the mid-
dle region. The higher hardness in the middle region can be attrib-
uted to the artificial aging of the precipitates in the AA7075 metal
matrix due to the repeated thermal cycles during top layer deposi-
tions. Fig. 8 (e) and (f) show the hardness mapping results, the UA
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Mg

Si

Fig. 7. EDS mapping of the large clusters in no-UA sample. The secondary electron image shows the morphology of the cluster.

sample exhibits a more homogeneous and harder structure than
the no-UA one, which is compatible with the line scanning results.

Fig. 9 compared the micro-tensile test results of the samples
extracted from the top and middle region of UA and no-UA samples
and the specific orientations are shown in Fig. 2. Defects-induced
variations exist among individual micro-tensile samples consider-
ing their small sizes. In the top region, both tensile strength and
elongation of the UA samples were higher than no-UA samples.
Averaged tensile strength of about 296.38 + 14.08 MPa and elonga-
tion of 11.35 + 3.4 % were achieved in the UA condition, whereas
those for no-UA samples were 203.2 + 32.275 MPa and 8.2 + 0.22
%. Both UA and no-UA samples extracted from the middle region
showed higher strength than those extracted from the top region,
being consistent with the hardness results. UA samples presented a
tensile strength of 311.8 £ 23.07 MPa and an elongation of 9.3 + 2.3
% whereas those for no-UA samples were 296.2 + 51.84 MPa and
7.2 + 045 %, respectively. It can be noticed that the average
strength of UA samples is similar to the no-UA ones whereas the
ductility is slightly higher.

4. Discussions

Since the UA-WAAM system utilized the ultrasonic probe
directly immersed in the local molten pool during the deposition
process, the small volume of melt enabled efficient ultrasonic
energy propagation to induce acoustic cavitation and streaming
effects, which accordingly modified the solidification behavior in
various perspectives. The improved microstructure finally led to
enhanced mechanical properties.

4.1. Porosity reduction

Ultrasonic degassing has been widely applied in casting indus-
tries of aluminum alloys to remove porosities. During the UA-
WAAM of the aluminum nanocomposite in this study, it is note-
worthy that both the ultrasonic energy and nanoparticles are
involved in the degassing process. Nonmetallic particles, which
in this material system are mainly TiB, nanoparticles and other
inclusions, serve as hydrogen concentrators and cavitation nuclei
and decrease the cavitation threshold. The concentration of non-
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Fig. 8. Hardness line scan path and hardness mapping region in (a) no-UA sample and (b) UA sample. Hardness line scanning results on the (c) no-UA sample and (d) UA
sample with local average hardness in the top and middle region presented. Hardness maps of the top and middle region in (e) no-UA sample and (f) UA sample.

metallic nuclei critically influences cavitation development. Under
the sinusoidal acoustic pressure field from UA, the cavitation bub-
bles initiate at non-wettable particles in the melt and transform
into gaseous bubbles [27]. UA-induced cavitation pulsation directs
hydrogen diffusion into the gaseous bubbles via rectified diffusion
and enhances the bubble expansion. A certain fraction of these
bubbles collapse in the high-pressure cycle and produce shock
waves, whereas the remaining ones survive and continue to grow
to a critical size and float to the surface of the melt. Hence, the
hydrogen dissolved in the melt is released into the environment.
The threshold vibration amplitude of ultrasonic cavitation in the
aluminum melt was experimentally measured to be 10-11 um
via direct chill casting [28]. With the presence of nanoparticles,
the cavitation threshold should be further smaller. The applied

ultrasonic vibration amplitude in this UA-WAAM process is around
14.6um, which exceeds the threshold value. Additionally, ultra-
sonic intensity can be calculated through the following equation
[29] :

= % pc(2nfA)?

where p is the density of aluminum melt which is about
2375 kg.m~3 at 660 °C, c is the sound traveling speed in the alu-
minum melt which is about 1300 m.s~!, f is the ultrasonic fre-
quency, and A is the ultrasonic vibration amplitude. The
estimated ultrasonic intensity of the current UA-WAAM setup is
495 W.cm 2, which greatly exceeds the reported threshold inten-
sity of around 80 W/cm? [30] in molten aluminum, hence that of
the molten aluminum contains nanoparticles.
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4.2. Ultrasonic-assisted dispersion of nanoparticles

Ultrasonic vibration has been one of the popular approaches in
ex situ MMNCs fabrications as it can effectively enhance the dis-
persion of nanoparticles and their wettability with the metal
matrix. During the collapse phase of cavitation bubbles, spots with
transient high temperature and pressure are produced. These
implosive impacts break up the agglomerated nanoparticles.
Besides, cavitation can desorb the gaseous phases on the particle
surface, thus further improving the wettability characteristics. This
promotes effective bonding between TiB, nanoparticles and the
matrix during solidification. Another phenomenon that can possi-
bly contribute to nanoparticles distribution is the ultrasonic capil-
lary effect, which describes the greatly increased penetration of
liquid into a capillary or a gap under the applied acoustic field
[31]. During the solidification, two adjacent dendrites undergo
competing growth and form a capillary in between. Nanoparticles
on the solidification front tend to be ejected into this capillary and
form clusters. Ultrasonic capillary effect enhances the penetrating
motion of the molten metal into the capillary, which together with
the hydrodynamic flows caused by acoustic streaming transports
the nanoparticles into the bulk liquid melt and improves the
dispersions.

In the UA-WAAM setup in this study, the configuration of the
ultrasonic probe in the local deposition pool resembles that of
the ultrasonically assisted MMNC fabrication system [4]. Accord-
ingly, nanoparticles can be better dispersed with improved wetta-
bility based on similar mechanisms. As shown in Figs. 6 and 7, the
aggregated TiB, clusters at the grain boundaries in no-UA samples
were eliminated with UA.

4.3. Effect of UA and nanoparticles on microstructure

Ultrasonic vibration, nanoparticles, and their interactions con-
tributed to the microstructure refinement in this UA-WAAM pro-
cess. The mechanism of ultrasonic grain refinement is mainly
related to the acoustic cavitation and acoustic streaming phenom-
ena, which facilitate dendrite fragmentation and provide addi-
tional heterogeneous nucleation sites. Acoustic cavitation bubbles
experience a series of stages of initiation, growth, pulsating, and
collapse [32]. The intense pressure after bubble collapse induces
strong convective flow near the solidification front and the melt
flows from liquid zone to mushy zone, which remelts the dendrite
roots. According to the high-speed imaging of deep-etched crystals
under ultrasonic processing in distilled water [33], acoustic cavita-
tion can fragment dendrites through three main mechanisms: fati-

gue failure from the cyclic pressure of the pulsating bubbles, fast
fracture as well as normal bending fracture under the pressure
arising from the collapse of the bubbles. Wang et al. [34] per-
formed in situ synchrotron X-radiography to directly observe frag-
mentation of primary intermetallic during ultrasonic melt
processing of Al-35 %Cu alloys in real-time. It was observed that
the acoustic streaming also contributed to the dendrite fragmenta-
tion by mechanically swaying dendrites as well as transporting hot
liquid to remelt dendrite roots. The detached fragmented dendrites
also act as effective heterogeneous nuclei for subsequent growth of
equiaxed dendrites. The effect of ultrasonic vibration on the grain
refinement of an Mg alloy was studied and a proposed mechanism
emphasized that acoustic streaming improved the extraction of
latent heat and lowered the temperature gradient around the
Solid/Liquid (S/L) surface [35]. Therefore, the degree of supercool-
ing was increased and led to the development of refined equiaxed
grains.

Effects of nanoparticles in refining solidification structure were
discussed [15,36]: the nanoparticles weakened the diffusion of
solutes and hence enhanced the constitutional supercooling
around the region in front of the solid-liquid interface. As a result,
the epitaxial growth of columnar dendrites is decelerated. Besides,
nanoparticles can serve as heterogeneous nuclei as TiC nanoparti-
cles were found in the center of grains [37]. Thus, instead of large
columnar grains, the growth of equiaxed grains predominate. Fur-
thermore, improved wetting of nanoparticles in the melt activates
them to be more effective sites for heterogeneous nucleation [29].
In the UA-WAAM process in this study, since a better dispersion
and enhanced wettability of nanoparticles was achieved, contribu-
tions of nanoparticles in grain refinement were more significant in
the UA sample. Furthermore, as nanoparticles also act as heteroge-
neous nuclei for secondary precipitates, a more uniform distribu-
tion of nanoparticles can accordingly lead to refined secondary
phases.

During additive manufacturing, the as-deposited layers will
experience remelting and reheating thermal cycles, which leads
to a procedure of re-solidification, recovery, grain growth, and arti-
ficial aging. UA enhances the more homogeneous dispersion of
nanoparticles in the grain interior rather than agglomerating along
the grain boundaries. These well-dispersed nanoparticles serve as
effective obstacles to dislocation and grain boundary movement
[38], which reduces the recovery and grain growth kinetics during
the following thermal cycles and result in consistent higher KAM
values in the grain structure as shown in Fig. 4 (d). While more
aggregated nanoparticles at grain boundaries in no-UA sample pro-
vide limited enhancing effect and allow grain growth during the
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thermal history, as shown in Fig. 4 (a). Moreover, the introduced
UA probe in the molten pool acts as a heat dissipation sink and
reduces penetration as shown in Fig. 3, which also mitigates the
reheating effects.

4.4. Mechanical properties and strengthening mechanisms

The UA sample extracted from both top and middle regions
showed enhanced mechanical properties than the no-UA one,
which can be attributed to the multiple microstructural features
improved with ultrasonic assistance. The main strengthening
mechanisms of MMNCs include grain refinement, increased dislo-
cation density, the load-bearing effect, and Orowan strengthening
[3]. Both TiB, nanoparticles and UA contribute to the grain refine-
ment during the solidification in this UA-WAAM process. Strength
contribution from refined grains is based on the Hall-Petch rela-
tionship. The difference in the thermal expansion coefficient and
elastic modulus between matrix and nanoparticles can induce a
high amount of GNDs during the thermal cycles of WAAM deposi-
tion process. Thus, the higher KAM level as observed in the EBSD
results in Fig. 4 contributes to strengthening in the UA sample
[39]. The load-bearing effect focuses on the transfer of tensile
stress from the metal matrix to the nanoparticle reinforcements
which closely depends on their interfacial bonding condition
affected by the dispersion, average size, and wettability of TiB,
nanoparticles. Microstructure characterization of the UA-WAAM
sample shows that UA promotes better dispersion of nanoparticles,
which contrasts with the aggregated nanoparticles at grain bound-
aries in the no-UA samples that intensify the stress concentration
and deteriorate mechanical properties. Besides, implosive impacts
from the collapse of acoustic cavitation bubbles and flow induced
by acoustic streaming can improve the wettability of nanoparticles
in the aluminum matrix. The UA enhanced cohesion between
matrix and nanoparticles effectively improves the load-bearing
reinforcement. Orowan strengthening describes the interactions
of particles with dislocations, where the fine particles act as pin-
ning spots for dislocations, which increases the yield strength. On
the other hand, when the particle size is larger than 5 pm, Orowan
strengthening plays a limited secondary role [40], which can be the
situation for this UA-WAAM built since the nanoparticles are gen-
erally in the micro-meter scale and interparticle spacing is large. In
sum, synergistic effects of UA, TiB, nanoparticles, and their interac-
tions contribute to the better mechanical properties of the UA-
WAAM samples.

During the building process, layers at different heights are sub-
ject to different thermal histories. Layers deposited at the lower
height experienced a longer reheating time (middle region in this
case). Based on the hardness distribution, the layers possibly went
through a grain growth-aging-over aging procedure, which led to a
hardness drop in lower layers in the no-UA sample, as shown in
Fig. 8 (c). This type of hardness distribution was not observed in
the UA sample, which was possibly related to the heat dissipation
from the immersed UA probe that reduces reheating effect and
retarded grain growth by better dispersion of nanoparticles. Since
the top region is subject to the least amount of reheating, which
can be treated as an ‘as-weld’ microstructure without aging, the
hardness of the top region is smaller than the middle region. This
hypothesis corresponds to the aging response of 7075 alloy [41].
The UA enhancement of the tensile strength and hardness is more
significant in the top layers than in the lower layers. This can be
considered from two perspectives. First, in the top region, well-
dispersed nanoparticles can promote the formation of secondary
precipitates in the AA7075 matrix and accelerate the aging kinetics
based on the dislocation structures surrounding the nanoparticles,
which is similar to the mechanisms of the aging effect of carbon
nanotubes (CNT)s on AA7075 [42]. Second, in the middle layers,
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a larger area fraction of porosity can be the limiting factor in deter-
mining the tensile strength, which can impair the multiple
enhancements provided by ultrasonic treatment.

5. Conclusion

Ultrasonic benefits on wire arc additive manufacturing of metal
matrix nanocomposite were experimentally studied based on a
novel UA-WAAM system, where the ultrasonic probe was directly
dipped into the molten pool and traveled behind the arc. This study
focused on the AA7075 metal matrix with TiB, nanoparticles. The
main conclusions are the following:

e The feasibility and effectiveness of the UA-WAAM system were
demonstrated, which increased the ultrasonic energy efficiency
in improving WAAM processes and allowed the building of
complex geometries on a large scale without the output power
limitations of ultrasonic transducers.
In situ ultrasonic vibration during WAAM was proved to be cap-
able of reducing the porosity, refining solidification structure,
and therefore led to a more uniform dispersion of TiB, nanopar-
ticles. These improved microstructure features can be attribu-
ted to the acoustic cavitation and streaming flow induced by
power ultrasound.

e UA-WAAM samples showed improved mechanical properties in
both tensile tests and micro-hardness tests compared with reg-
ular WAAM samples. Strength contributions of TiB, nanoparti-
cles to the metal matrix were leveraged by UA, as it played a
key role in breaking the particle agglomerate and improving
the particle wettability.
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