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Abstract: Ultrasonic-assisted wire-arc additive manufacturing (WAAM) can refine microstructures,
enhancing performance and improving stress concentration and anisotropy. It has important applica-
tion prospects in aerospace, weaponry, energy, transportation, and other frontier fields. However,
the process parameters of ultrasonic treatment as an auxiliary technology in the WAAM process
still have an important impact on product performance indicators, such as the amplitude of the
ultrasonic tool, the distance between the points of action of the product, and the scanning speed.
The number of ultrasonic impacts influences the performance indexes. Therefore, these parameters
must be optimized. This paper describes the advantages and the defects of WAAM components, as
well as the principle and development status of ultrasonic treatment technology. Subsequently, this
paper also briefly describes how ultrasonic-assisted technology can refine the crystal and improve the
mechanical properties of WAAM components. Finally, we review the influence of process parameters
(such as ultrasonic amplitude, application direction, and impact times) on the product materials. In
this paper, a comprehensive optimization method for ultrasonic parameters is proposed to improve
the mechanical properties of WAAM components.

Keywords: metal additive manufacture; wire-and-arc additive manufacture; ultrasonic assistance;
mechanical properties; anisotropy; process parameters

1. Introduction

With the rapid development of aerospace, shipbuilding, automobile, and rapid man-
ufacturing of molds, modern equipment manufacturing has developed a lightweight,
complex structure, few parts, a poor service environment, and high-performance require-
ments, which result in higher requirements for the accuracy, cost, and manufacturing
cycle of such parts. However, it is difficult for traditional casting, forging, and machin-
ing methods to meet the manufacturing needs. Thus, there is an urgent need to adopt
advanced production technologies to overcome the limitations of traditional molding and
manufacturing methods [1-3]. With a high degree of freedom and flexible manufacturing,
additive manufacturing (AM) is suitable for the low-cost, small-batch production and
manufacture of complex structural and functional parts, especially in the direct forming of
metal parts [4]. AM technology involves computer-aided design (CAD). A digital model of
the component is discretized into points, lines, or surfaces. It then accumulates the material
layer-by-layer to form the 3D model, so that the forming process is highly flexible, and
the entire manufacture of mechanical parts or models with a complex structure can be
realized without any tools or molds. This layer-by-layer manufacturing feature increases
the free degree of design and manufacturing flexibility and can realize complex structure
customization and rapid manufacturing and shorten the manufacturing cycle. Compared
with traditional manufacturing methods, AM is a “bottom-up” material accumulation
manufacturing technology [5-9]. It has been widely recognized and adopted by advanced
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manufacturing powers worldwide and has gradually become a research hotspot world-
wide [10]. Per ISO/ASTM standards, AM divides the techniques used to create the layers
into seven categories, of which the first four on the list are suitable for metals.

Binder jetting;

Directed energy deposition;

Powder bed fusion;

Sheet lamination;

Material extrusion;

Material jetting;

Vat photo polymerization.

N U@

The directed energy deposition (DED) process is defined as the “additive manufactur-
ing process in which focused thermal energy is used to fuse materials by melting as they
are being deposited” per the ISO/ASTM 52900 standard [11,12]. According to the type of
heat source, DED technology can be divided into three categories: laser, electron beam,
and arc [13-17]. Over the past 20 years, the research has mainly centered on powder-based
metal-additive manufacturing that uses laser and electron beams as a source of heat, in
which complex structural parts are constantly prepared layer-by-layer through continuous
melting or sintering of metal powder. This process has been used in key components of
aerospace, defense, military, energy, and other high-tech areas. The additive-manufacturing
process of metal includes a complex physical metallurgical process, and the material melt-
ing, solidification, and cooling experienced during part forming are all carried out quickly.
The solidification process has the common characteristics of a high-temperature gradient,
high cooling rate, and local remelting of deposited materials induced by a complex thermal
cycle. However, because of the characteristics of its raw materials and heat sources, metal-
powder-based laser and electron-beam additive-manufacturing technology is limited to
specific structures or components and cannot be formed. Even if it could be formed, the
cost of raw materials and time would also be high, and the technology would have many
shortcomings, such as: (1) a slow forming rate for the laser heat source and the low laser
absorption rate of the aluminum alloy, (2) the vacuum furnace size for the electron-beam
heat source being limited to the component volume, and (3) the high cost of the integral
forming equipment of the laser heat source and electron-beam heat source [18-22].

As shown in Figure 1, DED technologies include processes with a wire feed and
processes with a powder feed. The ability to use yarn as a raw material instead of powder
reduces the price per kilogram, increases the efficiency of material utilization, reduces
the need for powder recycling systems, creates an environmentally friendly process, and
adds the possibility of easy material handling by the operator without health and safety
concerns [23]. The most typical example is WAAM. WAAM uses a low-cost arc as the heat
source and inert gas as protection; it can be processed in an open environment, and the size
of the component is not limited, so the arc-increasing technology has a low manufacturing
cost and high processing efficiency. The size of the processing components can be large, so
it is especially suitable for metal parts with large-scale complex sizes [24,25].

However, when examining the possibilities and limitations of these methods, it was
concluded that additive processes for metal fabrication have many challenges to overcome.
In terms of forming morphology, the arc fuse component has the characteristics of large
surface roughness and low dimensional accuracy. In the microstructure, the arc fuse com-
ponent has the characteristics of a rough structure, directed growth, and separation of the
composition. In terms of mechanical properties, the arc fuse component has the character-
istics of significant anisotropy and heterogeneity. There are many process parameters of
WAAM that greatly influence the above characteristics of the product [26-28]. To address
these problems, many universities and research institutions have initiated relevant research
and proposed various interlaminar strengthening processes and processing methods, such
as laser impact peening, mechanical hammering, interlayer rolling, ultrasonic impact, ul-
trasonic vibration, and micro-forging strengthening technologies [29]. These technologies
can effectively reduce the residual stress, thermal deformation, porosity, and surface rough-
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AM categories for metal

ness of the deposited parts. At the same time, the directed growth of the microstructure
caused by the temperature gradient of the metal parts is improved, and the coarse column
crystalline structure transforms into a fine equiaxed crystal structure. Then, the grain
refinement and homogenization of the microstructure distribution are obtained, which can
improve the microhardness and tensile properties of the parts and reduce the degree of
anisotropy [30-34]. The ultrasonic vibration interlayer-strengthening technology is based
on controlling the solidification process of the molten pool to refine the microstructure and
achieve the purpose of strengthening. The means of laser impact, mechanical hammering,
inter-laminar rolling, and micro-forging interlayer strengthening mainly rely on the plastic
deformation on the surface of the deposition layer, and the dislocation wall is formed after a
large number of dislocations are multiplied and then transformed into sub-grains to realize
grain refinement. In addition, plastic deformation greatly increases the deformation energy
storage in the treatment area. Promoting recrystallization under the comprehensive thermal
effect of the subsequent deposition layer can effectively change the internal structure of the
parts, weaken or even eliminate the anisotropy, and improve the overall properties. Among
these post-processing technologies, ultrasonic-assisted manufacturing is the mainstream
method for products at present. Ultrasonic-assisted manufacturing includes the technology
of ultrasonic impact and ultrasonic vibration. The treatment process and equipment are
relatively simple but can greatly improve the properties of the products, which has broad
research and application prospects in AM [35-42]. Wang et al. [43] reduced several prob-
lems (e.g., heterogeneous microstructures, internal cavities, and large porosity) that exist in
laser-engineered net-shaping (LENS)-fabricated IN718 parts. Ultrasonic vibration-assisted
(UV-A) LENS was developed based on the ultrasonic vibration’s actions in material melting
and solidification. This process is an effective manufacturing method in the fabrication of
IN718 parts.
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Figure 1. Classification of metal additive manufacturing, reproduced or adapted from [13], with
permission from Elsevier, 2021.
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At present, the research on ultrasonic-assisted additive manufacturing generally inves-
tigates the effect of ultrasonic vibration on the microstructure and mechanical properties
of additively manufactured parts under the conditions of a single parameter, and there
are a few studies on the effect of ultrasonic multi-parameter optimization. Based on this
situation, this paper briefly introduces the advantages of WAAM and the unavoidable
shortcomings of the WAAM workpiece, summarizes the development status and existing
problems of ultrasonic-assisted technology, and discusses the characteristics and advan-
tages of ultrasonic-assisted WAAM. Finally, the ultrasonic-assisted process parameters are
analyzed in detail. A comprehensive optimization method for ultrasonic parameters is
proposed to improve the mechanical properties of WAAM components, which can lay the
foundation for the application of wire—arc manufacturing components in the aerospace
field and forecast the development trend.

2. Introduction of Wire-Arc Additive Manufacturing

WAAM is an advanced material-increasing manufacturing technology [44] that uses
the arc as the heat source and the wire as the raw material. The melted wire is deposited
layer-by-layer under the control of the program. According to the established three-
dimensional digital model, the metal parts are gradually formed by line to the surface and
then to the body. Because it uses fewer materials for the manufacturing of components
than other AM techniques, WAAM has proven useful in terms of consumption, and
the equipment cost is comparatively low. In general terms, a comparison of the main
characteristics of AM technologies is shown in Table 1. A schematic diagram of WAAM is
shown in Figure 2.

Table 1. Comparison of main metal additive-manufacturing processes [45].

Factors

PBF LMD EBAM WAAM

Accuracy

Structural integrity
Productivity
Part size

Geometric complexity
Industrial application

Price of equipment
Raw material cost

High: £0.05-0.2 mm

Requires final
machining

Requires final

Mean: +0.2 mm ..
machining
High: vacuum

High: protected High: protected

chamber /protected atmosphere High: empty chamber Atmosphere
atmosphere
Low: ~0.1-0.2 kg/h Average: ~0.5-1 kg/h High: 3-11 kg/h High: ~10 kg/h
leltgﬁ k))(y E‘;A(I)grilzgo Large, limited by Large, limited by Large, limited by the
space tmax. machine range machine range range of the machine
x 500 mm)
High Media Low-medium Low-medium

Direct manufacture of Repair of parts, Repair of parts, Repair of parts,
complex parts coatings, direct coatings, direct coatings, direct
High High High Under
Very High High Under Under

2.1. Characteristics of Wire—Arc Additive Manufacturing

WAAM can be used to manufacture large components because of its high deposition
efficiency, low deposition cost, and high material utilization. The high flexibility of WAAM
equipment can realize the deposition of metal parts with different shapes [46]. Furthermore,
more traditional processes can be combined with the technology to solve the problems of
coarse microstructure and the low mechanical properties caused by the large heat input to
further improve the comprehensive mechanical properties of deposited materials.
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Figure 2. Schematic diagram of wire—arc additive-manufacturing principle.

(1) The material utilization and manufacturing efficiency

The high material utilization rate of WAAM is one of its most important benefits for
the aerospace industry. Martina et al. [47] formed a Ti-6Al-4V thin-walled wall by WAAM
and determined its process window. They found that the stacking width of the thin-walled
wall can reach 17.4 mm, the material utilization rate can reach 93%, and the deposition rate
can reach 1.8 kg/h.

(2) The size of the product

In the laser- and electron-beam additive-manufacturing technology, the forming size
of the product is limited by the forming chamber, powder bed, and electron-beam vacuum
chamber, which is a bottleneck in its development. WAAM does not require strict atmo-
sphere protection, and the size of the product and forming equipment is almost unlimited,
which effectively solves the forming size problems of laser and electron-beam additive
manufacturing [48].

(38) The composition and high compactness of the product

There are many defects in the forming process of laser-forming metal powder technol-
ogy, such as porosity and unfused components. WAAM has a long high-temperature arc
time and a large molten pool. Therefore, the components have uniform composition and
high compactness. Compared with ingot metallurgy, the mechanical properties and overall
quality of the component are better and have the characteristics of high toughness, high
heat treatment stability, and high thermal fatigue cracking resistance [49-51].

2.2. Defects in the WAAM

After years of development, the performance of the WAAM process has been sig-
nificantly improved. However, in the preparation process, the materials easily produce
defects such as micro-pores, micro-cracks, and deformation. The reasons may include
improper setting of welding parameters, low precision of the welding machine, unstable
wire transportation, welding heat accumulation, and the manufacturing environment. As
shown in Table 2 [52], there are many forms of processing: Gas Metal Arc Welding (GMAW),
Gas Tungsten Arc Welding (GTAW), Tungsten Inert-Gas (TIG), Cold Metal Transfer (CMT),
Direct Current Electrode Positive-GMAW(DCEP-GMAW), Double-electrode gas metal
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arc welding (DE-GMAW), Variable-polarity gas metal arc welding (VP-GMAW), CMT
pulse advanced (CMT-PADV), Pulsed plasma arc deposition (PPAD), Pulse metal inert
gas (PMIG).

Table 2. Defects in WAAM [52].

Defect Type
Material Welding Process . . . Substrate Surface
Porosity Crack Deformation Anisotropy Adherence Quality
TIG - - - Serious Good Good
. Plasma - - - Light Good Good
Ti-6AL-4V CMT - - - Serious Good Good
DCEP-GMAW - - - Light Medium Poor
HO8MnN2Si steel DE-GMAW Low - - Light Good Medium
Copper-coated steel GMAW - - - Light Good Medium
. CMT High - - Light Good Good
ER4043 aluminumalloy  yp oy pawy - - - Light Good Medium
. CMT High - - Light Good Good
AA2319 aluminumalloy oy 47 pApy - - - Light Good Good
5356 aluminum alloy VP-GMAW - Vv - Light Good Good
PPAD High N - Light Good Good
Inconel-625 GTAW h - ; Light Good Good
Inconel-718 GMAW High Vv v Light Good Good
AZ31 magnesium alloy PMIG - - - Serious Medium Medium
Nickel-aluminum- CMT - - - Light Good Good
copper
Steel-bronze bimetal GMAW - - - Light Good Good

Researchers have analyzed the microstructure and properties of WAAM products and
found that the mechanical properties were reduced. Taking pores and residual stress as
examples, the disadvantages of the materials caused by the defects in the WAAM process
are briefly described.

(1) Porosity

As one of the main defects in metal additive manufacturing, porosity defects seriously
affect the quality of manufacturing workpieces. Effective control and elimination of stomata
is the key technology for improving the quality of the product in AM. Kobayashi et al.
studied the cast alloy Al-Si-Mg [53], and they found that the porosity seriously affects the
degree of the error. Because of the reduction in the tensile bearing capacity of the pore zone,
the pore zone yields first, resulting in strain concentration near the pore and thus premature
fracture. The study result suggested that the elimination of pores in aluminum is crucial to
improving its mechanical properties. Yi et al. [54] welded 6061 aluminum alloy T-joints
using a double pulse MIG welding process. Then, the welded T-joints were post-weld
heat-treated. The microstructure of the weld with different aging temperatures and times
was studied by transmission electron microscopy and scanning electron microscopy. The
mechanical properties were tested by a hardness test and tensile test. They found that
the aluminum alloy easily produces pores and voids in the WAAM process because of
the high thermal expansion coefficient, high solidification shrinkage, and other welding
characteristics of aluminum alloy. The high melting point dense oxide film (alumina) is
easily formed on the alloy surface, and the molten metal is blocked in the molten pool,
which prevents the metal from being deposited.

In order to control pores, most scholars considered the cleanliness of raw materials
themselves, thereby reducing porosity at the source. If there is a degree of contamination,
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such as water, grease, or other hydrocarbons, on the surface of the wire or substrate, it is
difficult to remove, and these pollutants can be easily absorbed by the molten pool and
then produce pores after solidification.

(2) Residual stress and deformation

Because of the large heat input of arc fuse technology and the complex temperature-
field distribution of the workpiece, the deformation and residual stress produced by this
process are inevitable. In the WAAM of titanium alloys, Zhang et al. [55] found that the
existence of welding residual stress at the interface causes microscopic deformation of the
parts, including longitudinal and transverse thermal shrinkage, bending deformation, shear
deformation, and torsion deformation. Chi et al. [56] studied the microstructure of metals
manufactured by WAAM technology and found that there were many columnar grains
that created harmful residual tensile stress in the product. After heat treatment and laser
impact strengthening, serious plastic deformation occurred on the surface of the product.
The plastic deformation transformed the residual tensile stress into compressive stress,
which was beneficial to the product. Malcolm Dinovitzer et al. [57] used 304 stainless-steel
plates as the substrate for WAAM technology. They used the Taguchi method and analysis
of variance (ANOVA) to determine the travel speed, wire feed rate, current, and argon flow
rate. They found that increasing travel speed or decreasing current caused a decrease in
melt-through depth and an increase in roughness. Fernando Veiga et al. [58] applied WAAM
to Invar. They utilized and unified research material previously investigated in WAAM
technology and took a new approach based on the study of symmetrical phenomena that
guarantee the quality of the process. On the other hand, the monitoring of the symmetry of
the melting pool utilized thermography techniques. The geometry of the zero beads was
determined through the analysis of the coefficient of symmetry in the longitudinal and
transverse planes. The results indicated that residual stress and deformation are generated
in the process of WAAM.

3. The Current Status of Ultrasound-Assisted Development

Ultrasonic-assisted additive manufacturing mainly includes ultrasonic vibration tech-
nology and ultrasonic impact treatment (UIT). The two methods can be traced back to the
1960s, beginning with the research of Mukhanov et al. [59]. The researchers applied the
continuous output ultrasonic vibration produced by the ultrasonic transducer directly on
the surface of treated hard materials such as carbide alloy and rhinestone. A thin plastic
deformation layer was formed on the surface of the treated material, and the microstruc-
ture and the residual stress distribution of the deformation were changed. In the 1970s,
Statnikov formally proposed the UIT technology [60]. In recent years, ultrasonic assistance
as a post-processing technology has been widely studied.

3.1. Ultrasonic Vibration-Assisted Technology

The ultrasonic vibration system consists of an adjustable height frame, generator, trans-
ducer, and tool head. First, the ultrasonic generator converts ordinary alternating current
into ultrasonic-frequency alternating current, then the ultrasonic-frequency alternating
current is converted into mechanical vibration with the same frequency by the transducer.
The mechanical vibration then acts on the tool head through the horn; under the effect
of self-weight and external pressure, the tool head applies high-frequency vibration to
the corresponding working parts, such as the welding platform, weld, or corresponding
experimental parts, to improve the material performance [61].

When the high-power ultrasonic wave propagates in the liquid metal, the mechanical,
thermal, cavitation, and sound flow effects are produced by the high-frequency vibration,
which can refine the grain and homogenize and purify the structure, for example by
degassing, slag removal, and purification [62]. Some scholars have introduced ultrasonic
vibration technology into the AM process to improve the microstructure and reduce residual
stress. Cong et al. [63] studied a novel ultrasonic vibration-assisted laser-engineered net-
shaping (LENS) technology. They found that the introduction of ultrasonic vibration
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energy into the molten pool in the LENS process can reduce the voids and microcracks and
significantly refine the grains of the deposited samples. Chen et al. [64,65] studied the effect
of ultrasonic vibration on the laser cladding process. The results indicated that ultrasonic
vibration can reduce cracks, homogenize chemical composition, refine the microstructure,
and improve the properties of the cladding layer. Qin et al. [66] investigated the process
of ultrasound-assisted laser deposition of a titanium alloy. They suggested that the solid
crystal network formed by the staggered connection of primary dendrites is broken by
the ultrasonic cavitation and mechanical effect, and the grains are refined. At the same
time, the melt is supplemented during continuous crystallization, and the tensile stress
between dendrites is reduced. Wang [67,68] discussed the microstructure and properties
of IN718 deposited by ultrasonic vibration-assisted laser forming. The results indicated
that the surface roughness and residual stress of the parts were significantly improved
after ultrasonic vibration. The microstructure, tensile, and yield strength were remarkably
improved. Yashwan et al. [69] welded a 6061-T6 aluminum alloy to a 6082-T6 aluminum
alloy of a different thickness. The joint was prepared by an ultrasonic-assisted cold metal
transfer (U-CMT) welding process, and the mechanical properties and microstructure
of the joint were improved. The results revealed that the weld-bead dimensions were
increased with the aid of ultrasonic vibrations. The tensile strength and microhardness of
the welding joint were enhanced. Yuan of Harbin Engineering University [70] proposed a
manufacturing method for the metal additive by introducing ultrasonic vibration in the
laser-fuse additive process and studied the microstructure evolution of a titanium alloy in
this process with a high-power ultrasonic energy field. The ultrasonic vibration device in
this study adopted an innovative structural design, and the amplitude transformer and
ultrasonic probe were rigidly connected to maintain better wear resistance and toughness of
the device, as shown in Figure 3. The ultrasonic wave acts on the molten pool at ultrasonic
frequency (20 kHz), resulting in sound pressure and cavitation in the molten pool, which
effectively restrains the epitaxial growth trend of the primary B crystal of the titanium
alloy, refines the grain structure of the titanium alloy, and promotes the formation of the
equiaxed crystal. According to the above analysis, the introduction of ultrasonic vibration
energy improved the internal structure of the material, made the microstructure of the
deposition layer more uniform and the grain finer, and at the same time effectively reduced
the residual stress in the material.

3.2. Ultrasonic Impact Treatment Technology

In the UIT technology [71,72] electrical oscillation signals with high frequency in
the 15~40 kHz range are output by the ultrasonic generator and then transformed into a
high-frequency mechanical vibration by the transducer. The amplitude of the mechanical
vibration is amplified and transmitted to the vibrating tool head by the horn connected to
the transducer, which promotes the high-frequency impact movement of the impact needle
in the impact gun, and the projectile hits the part surface to strengthen it. Figure 4 contains
a schematic diagram of the UIT process.

The equipment used in this technology has the advantages of small size, easy operation,
and high energy density input, so it is widely used in the welding industry. The UIT process
can eliminate the residual tensile stress of welded joints, introduce beneficial compressive
stress, reduce the stress concentration on the surface of welded joints, and improve the
fatigue performance of welded joints [73,74]. Roy et al. [75] tested the fatigue resistance of
welded transverse stiffeners and cover plate details by UIT and determined the residual
stress distribution near the weld toe before and after treatment. The results indicated
that UIT can smooth the profile of the weld toe, improve its microstructure, and introduce
beneficial compressive residual stress in the weld area. Mordyuk et al. [76] studied the effect
of UIT on the forming process of AISI 321 stainless steel and found that the nanocrystalline
surface layer was formed after UIT. Yang et al. [77] studied the UIT-assisted WA AM-forming
Ti-6Al-4V alloy. The results revealed that most of the residual stress was eliminated, and
a refined bamboo-like microstructure was formed in the process; the grain size of this
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bamboo-like structure was much smaller than the coarse columnar grains. Cheng et al. [78]
investigated the influence of ultrasonic impact treatment on austenitic stainless-steel welds.
The residual stress test results showed that the residual compressive stress was produced in
the ultrasonic impact area at a depth of 1.5~1.7 mm and a width of 15 mm. The maximum
compressive stress of the treated materials exceeded the yield strength of the base metal.
Rao et al. [79] took Q345 steel as the research object to analyze the effect of ultrasonic impact
on weld residual stress. The stress measured by the hole-drilling technique was reduced
by 34~55% at the weld depth of 2~4 mm under ultrasonic impact conditions. Mordyuk
et al. [80] analyzed the microstructure changes of Zr-1%Nb alloy after ultrasonic vibration
treatment for 4 min. The results showed that an ultra-fine grain formed on the surface of
the Zr-1%Nb alloy, and the grain size was about 100 nm. In the abovementioned studies,
UIT technology was shown to significantly reduce the residual stress in the material and
improve the internal structure.

Figure 3. Set-up for LWAM assisted with ultrasonic vibration: (a) overall arrangement dia-
gram; (b) an ultrasonic vibration device, reproduced or adapted from [70], with permission from
Elsevier, 2021.
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Figure 4. Schematic diagram of the UIT process.

4. UIT-Assisted WAAM

There is a complex physical metallurgical process for the metal parts during the arc
fuse forming process. The as-cast microstructure is presented in the materials with the high
temperature of the welding heating source, resulting in a dendritic structure, coarse grains,
and so on. These problems significantly affect the mechanical properties, such as toughness,
strength, and fatigue properties, and cause the anisotropy of the material. To solve these
problems, UIT technology was introduced as a post-processing method to improve the
synthesized material properties [81].

Figure 5 shows a schematic diagram of UlT-assisted WAAM equipment. The ultrasonic
generator is connected to the welding head of the gas metal arc-adding manufacturing
(GMA-AM) equipment through the two fixtures. In the process of adding material, the
impact thimble is aligned and perpendicular to the deposition layer so that it impacts the
deposition surface by self-weight after the movement of the robot [82].

4.1. Ultrasonic-Assisted Elimination of Residual Stress

When the weld toe is subjected to ultrasonic impact treatment, the smooth transition
at the weld toe is realized, the stress concentration factor is reduced, and the residual tensile
stress is reduced or even eliminated, and it is possible to introduce residual compressive
stress. As a result, the mechanical properties such as the tension and fatigue of the weld
can be improved [83].

Cheng et al. [78] explored the internal stress of ultrasonic impact and shot peening by
neutron diffraction and X-ray diffraction and measured the residual stress under ultrasonic
impact conditions for the first time. They found that the compressive stress produced
by the two techniques was greater than the yield stress of the matrix material, and the
compressive stress caused by the ultrasonic impact was about 1.6 mm, while the depth of
the stress layer produced by shot peening was about 0.8 mm. Ye of the Armored Army
Engineering College and others studied the effect of ultrasonic impact on the residual
stress and fatigue performance of ultra-high-strength steel welded joints and tested the
solder joint and weld bead with an X-ray stress analyzer [84]. They found that the fatigue
strength of the welded state increased by 33.3% after ultrasonic impact treatment. Amir
Abdullah et al. [85] studied the effect of UIT on the residual stress of 304 stainless-steel
welded joints. UIT reduced the stress concentration factor at the weld and increased the
fatigue life of the components by 29%. Xiao used the method of real-time ultrasonic impact
to eliminate the residual stress of the sample and carried out an ANSYS simulation [86]. It
was found that the real-time ultrasonic impact on the back of the weld effectively improved
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the longitudinal residual stress, but the improvement of the transverse residual stress
was not obvious. The surfacing on a 10 mm-thick plate produced the stress of 39.36 MPa
transversely and 210 MPa longitudinally. After real-time UIT, the longitudinal residual
stress was eliminated by about 33.38%. When Gao used the ultrasonic impact to treat the
multi-layer welding of high-strength alloy steel [87], it was found that ultrasonic impact
could significantly improve the residual stress of multi-layer welding parts. The maximum
tensile stress after impact was about 28% lower than that during welding.

Wire feeder
Ultrasonic generator 3
Fixture 1 ~—»
Fiure2 =9 Welding head
Head body ’ I—
Pin(s) — Moving direction

—_—

Figure 5. Schematic diagram of joint equipment.

4.2. Ultrasound-Assisted Preparation of Nano-Layer on Metal Surface

Ultrasound-assisted additive manufacturing can help the metal surface to obtain
nano-layers, and nanomaterials have excellent mechanical and physical properties because
of their unique structure. Preparing a nano-layer on the metal surface can optimize the
comprehensive mechanical properties and service environment of the materials.

Shao et al. [88] studied the effect of different levels of ultrasonic power on the grain
refinement of the AZ80 alloy. Table 3 shows that ultrasonic impact can refine grains. From
0 to 600 W, the average grain size decreased from 387 to 147 pm. However, when the
power increased from 950 to 1400 W, the average grain size increased. The thermal effect of
ultrasound may be an important reason for this transformation.

Table 3. Effect of ultrasonic power on the grain size of the AZ80 [88].

Ultrasonic power/W

0 200 400 600 800 1000 1400

Average grain
size/pum

387 199 175 147 168 184 207

Wang et al. [89] studied the ultrasonic impact treatment of 4Si steel. Through ultrasonic
surface nano-processing, the working head exerts a certain degree of ultrasonic-frequency
mechanical vibration on the workpiece along the normal direction of the surface, and under
the conditions of a certain static pressure and feed speed, the working head transmits the
pressure and ultrasonic impact vibration to the surface of the machined machinery parts
in the rotating state, and the material produces elastic—plastic deformation by ultrasonic
punching. A nano-layer was obtained on the surface, and the average grain size was about
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50 nm. Hu of Qingdao University of Technology (Qingdao, China) and others emitted
ultrasonic vibration to the surface of the molten pool through an ultrasonic horn installed
on the side axis [90], thus exerting an influence on the laser cladding process. They found
that the ultrasonic flow accelerated the flow of the molten pool and suppressed the element
segregation. Xu et al. [91] of Jiangsu University introduced ultrasound to assist laser
cladding to prepare an iron-based coating by means of substrate vibration. They found that
the original columnar crystal in the coating was transformed into the fine equiaxed crystal,
and the hardness, elastic modulus, and wear resistance of the coating were improved.
Wen of Harbin Engineering University fabricated the AICrCoFeMn0.5Mo0.1 coating by
introducing ultrasound into the substrate vibration to assist laser cladding [92]. It was
found that the dilution rate of the coating increased with the increase in laser line energy.

4.3. Ultrasound-Assisted Improvement of Morphology

To improve the morphology of the weld-toe zone through the study of the titanium
alloy butt joint and cross joint after UIT, Yang and others [93] found that relative to the
transition radius of the weld-toe zone, there is no obvious change in weld height, width, or
inclination angle. The stress concentration factor decreases with the increase in the weld-toe
transition radius. After UIT, the stress concentration factor of the butt joint and cross joint
is reduced by 20% and 22%, respectively. Zhao of Tianjin University (Tianjin, China) and
others [94] studied the fatigue properties of TC4 welded joints and calculated the stress
concentration factor by ANSYS. They found that the stress concentration factor at the weld
toe was 4.1. After ultrasonic impact, the stress concentration factor decreased to 2.79. The
geometry of the weld toe was improved, and the stress concentration degree was improved
by about 47%.

4.4. Ultrasonic-Assisted Improvement of Fatigue Strength

Per Jahn Haagensen et al. [95] evaluated the ultrasonic impact on high-strength steel
and welded AA5083 aluminum plates and found that the ultrasonic impact can greatly
improve the fatigue prosperities of samples, in which the fatigue strength of an aluminum
alloy and high-strength steel increased by 93% and 121%, respectively. Based on the finite
element simulation of ductile damage of GTN, Yang et al. revealed the plastic damage
of AISI304 stainless steel caused by ultrasonic impact technology [96]. In their study,
they found that the damaged area of the ultrasonic impact process was annular, and the
indentation center was not affected. The main pores in the aluminum alloy WAAM process
are hydrogen pores, and hydrogen elements mainly come from the surface of the aluminum
substrate, welding wire, and protective gas atmosphere. The effects of ultrasonic frequency
on the porosity of the fabricated IN718 parts are shown in Figure 6 [43]. Compared with the
LENS process without ultrasonic vibration, UV-A LENS produced reduced pore number
and average pore size, as shown in Figure 6a—d. Figure 6e shows that the porosity value
first decreased after introducing ultrasonic vibration with a frequency of 25 kHz and then
increasing the ultrasonic frequency from 25 to 41 kHz.

4.5. Other Methods

He et al. [97] experimented with arc adding and ultrasonic impact to manufacture
titanium alloy parts, and the properties of the parts were optimized by ultrasonic impact.
The results indicated that the ultrasonic impact broke the microstructure of the sample from
columnar to fine equiaxed grains, and the isotropy of the material increased from 12.5%
to 1.5%. Xu et al. [98] studied the effect of ultrasonic vibration on the microstructure and
properties of the formed parts in the process of CMT addition to TC4 titanium alloy. The
results showed that compared with the parts without ultrasonic vibration, the grain size of
the parts formed by ultrasonic vibration was reduced, and the mechanical properties were
significantly improved. Chen and others [99] studied the effect of ultrasonic vibration on
the microstructure and tensile properties of aluminum bronze alloy made by arc addition.
The results indicated that under the ultrasonic impact conditions, the microstructure of the
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sample was refined, the tensile strength increased from 436.5 & 2.1 to 516.1 £ 0.5 MPa, and
the anisotropy was effectively restrained. Ding et al. [70] studied the effect of ultrasound on
the grain refinement of the Ti-6Al-4V alloy produced by laser fusing. The results showed
that the introduction of ultrasonic impact can effectively restrain the epitaxial growth of
the (3 crystal, weaken the texture strength of the (3 crystal, and refine the microstructure of
the formed parts. Figure 7a [100] shows the inverse pole figure (IPF) orientation map of the
austenite (face-centered cubic, FCC) phase along the building direction in the deposited
layer without UV. It indicates that the grain structure within a 1.0 mm distance from
the substrate has extremely irregular morphology, the columnar dendritic grains grow
epitaxially along the building direction, and many fine grains exist between the coarse
columnar dendritic grains. In contrast, the grain structure of the deposition layer with UV
is more uniform, and there are a few large amounts of coarse columnar dendrite grains in
the deposition layer (see Figure 7b).

(a) 0 kHz

(b) 25 kHz

(c) 33 kHz

(d) 41 kHz

€ 15

Porosity (%)

Ultrasonic frequency (kHz)

Figure 6. Effects of ultrasonic frequency on porosity: (a) 0; (b) 25; (c) 33; (d) 41 kHz; (e) effects of
ultrasonic frequency, reproduced or adapted from [43], with permission from Elsevier, 2020.
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Figure 7. Inverse pole figure (IPF) orientation maps depicting grain structures along the building
direction (z) for the austenitic phase in samples: (a) no additional ultrasonic vibration; (b) additional
ultrasonic vibration, reproduced or adapted from [100], with permission from Elsevier, 2021.

Through the comparison of Figure 7a,b, it can be seen that the grain structure of the
deposited parts is obviously refined after additional ultrasonic vibration.

5. Ultrasound-Assisted Process Parameters

In the process of ultrasonic-assisted WAAM, the amplitude of the ultrasonic tool, the
distance between the action points of the product, the scanning speed, and the number
of ultrasonic impacts have an important influence on the performance indexes. This
section further analyzes and discusses the mechanism of columnar-crystal and strip-band
formation and columnar-crystal transformation into the equiaxial crystal and the influence
of ultrasonic-assisted treatment process parameters.

5.1. Ultrasonic Amplitude

Ultrasonic amplitude is one of the main parameters of an ultrasonic device. It de-
termines the maximum amplitude of ultrasound acting on the sedimentary layer. After
the action spacing is fixed, the difference in the input ultrasonic amplitude also directly
determines the intensity of the ultrasonic energy field acting on the molten pool, which
determines the influence of ultrasound on the solidification process of the molten pool.

As shown in Figure 8, the surface of sample 1 without ultrasonic vibration is covered
with the metallic luster, its weld width is 5 mm, and reinforcement is 4.2 mm. Compared
with sample 1, the surface of sample 2 obviously loses the metallic luster and capillary
waves appear (it does not affect the formed appearance), its weld width is 5.7 mm, and the
reinforcement is 4 mm. A small number of tiny pores appear on the surface of sample 3,
and a larger number of pores gather on the surface at the arc-end point. Its weld width is
5.8 mm, and the reinforcement is 4 mm. The phenomenon of the accumulation of pores
at the shallow surface of the weld can be explained as follows: With the promotion of
the ultrasonic wave, the tiny bubbles escape upward. When the next layer of cladding
is carried out, the cladding metal melts the metal below the weld, and most of the pores
are eliminated, leaving only some pores farther away from the weld surface. It can be
concluded from samples 1, 2, and 3 that the ultrasonic vibration increases the weld width
and lowers the reinforcement.
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Figure 8. Effect of different ultrasonic amplitudes on weld: (a) sample 1; (b) sample 2; (c) sample 3;
(d) sample 4; (e) sample 5, reproduced or adapted from [81], with permission from MDPI, 2022.

As shown in Figure 8d,e, with the increase in ultrasonic amplitude, it can be seen
that the incompletely solidified weld cracks because of the excessive energy of ultrasonic
vibration. Thus, when the molten pool is not completely solidified, the weld cracks when
the tensile stress generated by ultrasonic vibration during the vibration period exceeds the
ultimate tensile strength that can be endured in this state.

In other words, in the process of WAAM assisted by ultrasonic vibration, when the
distance between the ultrasonic vibration and the molten pool is fixed, only when the input
ultrasonic amplitude reaches a certain threshold can it greatly influence the solidification
process of the molten pool [101] to meet the needs of microstructure refinement. Through a
comparison of the temperature gradient, cooling rate, and solidification rate with different
amplitudes, ultrasonic vibration was found to accelerate the flow in the molten pool with
the increase in ultrasonic amplitude, thus homogenizing the temperature field, reducing
the temperature gradient in the molten pool, and improving the solidification speed of the
molten pool [102].

5.2. Ultrasonic Frequency

Ultrasonic frequency is also one of the main parameters in ultrasonic device. The
microstructural properties (including grain sizes, phase composition, precipitated phase
morphology, bonding interface, and porosity) and mechanical properties (including mi-
crohardness, wear rate, and elastic modulus) of parts at different levels of ultrasonic
frequencies (0, 25, 33, and 41 kHz) were investigated.

As shown in Figure 9, the grains grew along the building direction with the columnar
shape without ultrasonic vibration, while the grains demonstrated uniform distribution
and equiaxed shapes with uniform grain boundaries.

However, as shown in Figure 6. The porosity value first decreased after introduc-
ing ultrasonic vibration with a frequency of 25 kHz and then increasing the ultrasonic
frequency from 25 to 41 kHz. As a result, it is easy to remove the material from the part
and then increase wear rate. The elastic modulus was decreased when ultrasonic fre-
quency was increased from 25 to 41 kHz. The change in porosity might play an important
role in the change in elastic modulus of the parts. In other words, ultrasonic frequency
has a great influence on the microstructural properties, and there is an optimal range of
ultrasonic frequency.
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Building direction

Figure 9. Effect of different ultrasonic frequencies on microstructures and grain sizes: (a) 0; (b) 25;
(c) 33; (d) 41 kHz, reproduced or adapted from [43], with permission from Elsevier, 2020.

5.3. Ultrasonic Impact Scanning Speed

The top of the sample without ultrasonic impact treatment showed flaky, large, and
skeletal columnar crystals, as shown in Figure 10a. By reducing the ultrasonic impact
scanning speed and breaking the dendrites, grain refinement was more obvious. When
the ultrasonic scanning speed was 6 mm/s, compared with the untreated top arc area, the
microstructure mainly developed columnar crystals; some grains were refined, and the
columnar crystals were large and not completely broken into sheets, as shown in Figure 10b.
When the scanning speed was 4 mm/s, some columnar crystals were interrupted, and
the grains were transformed into equiaxed grains, as shown in Figure 10c. When the
scanning speed was 2 mm/s, the degree of refinement further increased, as shown in
Figure 10d [103].

5.4. Ultrasonic Impact Times

Figure 11 shows the internal pores of a 2219 aluminum alloy manufactured by arc
additive manufacturing without ultrasonic impact treatment and with treatment applied
once, twice, and three times. The 2219 aluminum alloy without ultrasonic impact treatment
contained many micron pores. There were fewer pores in the samples treated by the
ultrasonic impact, the pores were extruded into an oval shape, and the tiny pores were
closed. The statistical data of porosity number, average diameter, porosity, and porosity
roundness (the ratio of the short axis to the long axis) of different UIT samples are shown
in Table 4. After one ultrasonic impact, the number of stomata in the sample decreased
by 13.2% compared with the non-ultrasonic impact treatment, and the average diameter
decreased by 17.1%. After two ultrasonic impacts, the number of pores in the sample
decreased by 20.4%, and the average diameter decreased by 13 um compared with the
non-ultrasonic impact treatment. After three ultrasonic impacts, the average pore diameter
decreased to less than 20 um, and the pore roundness was 0.66 [104].
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Figure 10. Microstructure of the arc area on the top of the additive sample with the different ultrasonic
peening scanning speeds: (a) no ultrasonic impact; (b) 6 mm/s; (c) 4 mm/s; (d) 2 mm/s, reproduced
or adapted from [81], with permission from MDPI, 2022.

Figure 11. Pores in the samples with the different interlayered ultrasonic peening times: (a) no
ultrasonic peening; (b) ultrasonic peening once; (c) ultrasonic peening twice; (d) ultrasonic peening
three times, reproduced or adapted from [105], with permission from Elsevier, 2022.
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Table 4. Pores of samples with the different interlayered ultrasonic peening times [81].
Index/Nu.mber of Ultrasonic None One Two Three
Peening Treatments
Number of stomata 986 856 785 679
Average diameter/pum 41 34 28 19

Porosity ratio/% 0.95 0.83 0.78 0.62

Porosity roundness 0.86 0.75 0.71 0.66

5.5. Action Direction of Ultrasonic Vibration

The tensile test results of the single-channel and multi-layer deposited parts are shown
in Figure 12. The tensile strength, yield strength, and elongation of the 2319 aluminum
alloy deposits assisted by ultrasonic vibration in the vertical direction were strengthened,
and the tensile strength, yield strength, and elongation were improved. Among them, the
tensile strength increased by about 8.61%, the yield strength increased by 3.44%, and the
elongation increased by about 40.51%. This was mainly due to the grain refinement caused
by additional ultrasonic vibration. However, when the yield strength of the 2319 aluminum
alloy deposits assisted by ultrasonic vibration in the horizontal direction was increased, the
elongation decreased significantly. The reason for this phenomenon may be that there are
many porosity defects in the horizontal drawing parts with additional ultrasonic vibration,

which leads to stress concentration in the process of tension, resulting in brittle fracture of
the drawing parts [106].
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Figure 12. Tensile test results of single-channel multilayer deposition samples: (a) horizontal direction;
(b) vertical direction.

6. Conclusions

The WAAM process has the advantages of high material utilization and deposition
efficiency, low production cost, and highly versatile equipment, so it has broad application
prospects in the rapid prototyping of large and complex light alloy components in the
aerospace field. However, because of the limitations of the high heat input, large residual
stress, relatively low forming accuracy, and surface roughness in the manufacturing process,

this process is still far from large-scale production and application. Other conclusions
drawn from this review are:

e  Ultrasonic assistance has been continuously combined with WAAM to consolidate
large-size continuous materials and rapid precision manufacturing ability, which can
effectively improve the microstructure and mechanical properties.

e  Ultrasonic-assisted process parameters (such as ultrasonic amplitude, application
direction, and impact times) have an intuitive effect on the product materials. In order
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to improve the mechanical properties of WAAM product components, each parameter
must be accurately set during the ultrasonic-assisted WAAM process.

7. Overlook

The comprehensive optimization system of ultrasonic-assisted process parameters is
not perfect. WAAM components have limitations such as large residual stress and low
forming accuracy, which make them unsuitable for large-scale production in the aerospace
field. In future research, in order to improve the ultrasonic-assisted process parameter
optimization system, it will be necessary to analyze the effects of process parameters
such as ultrasonic amplitude and the scanning speed on the average grain size of WAAM
components and establish an algorithm to optimize the parameters with process parameters
as factors. This is an important research direction to realize the further development of
arc-fuse additive-manufacturing accuracy and defect control.
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