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Abstract
Ultrasonic additive manufacturing (UAM) is a solid-state metal additive manufacturing process, with the combination of layer by
layer ultrasonic seam welding and CNC machining. Due to the friction and deformation at the bonding interface, the ultrasonic
softening effect and temperature generated, the microstructure of the substrate materials is evolving constantly. In this paper, in
order to better understand the bonding mechanisms, the good practice and the capability of UAM, and the influence of different
key process parameters on bonding quality, the microstructure evolution during UAM is reviewed in detail. Defects can be
generated at the UAMbonding interface, but by choosing the right material combination and the right process parameters, defects
can be reduced to minimum. Plastic deformation is very important for the bonding between layers during UAM, and plastic flow
is important for redistribution of oxide layer, forming of mechanical interlocks, filling micro-valleys on the mating surface, and
filling the gaps when embedding elements. UAMprocess can cause recrystallization and grain refinement at the welding interface
and the intimate bulk materials around, and it will also gradually change the texture from rolling texture to shear texture. In the
meantime, when further layers of materials are deposited on the top of the existing part, the microstructure will have some
accumulative change. In order to reduce the defects number and increase the strength, sometimes, heat treatment needs to be
carried out to the as-deposited parts, which will change the microstructure as well. Finally, the relevant research is summarised
and the perspectives of further research are recommended.

Keywords Ultrasonic additive manufacturing (UAM) . Ultrasonic consolidation (UC) . Microstructure evolution . Linear weld
density . Plastic flow . Recrystallization . Post-process heat treatment

1 Introduction

Ultrasonic additive manufacturing (UAM), previously ultra-
sonic consolidation (UC), is a solid-state metal additive
manufacturing process, in which ultrasonic seamwelding pro-
cess is used to build thin layer of metal foils layer by layer, and
by combining with computer numerical control (CNC) ma-
chining and additional elements embedding, a complex, hol-
low and smart structure can be built. UAM is therefore a
hybrid of additive and subtractive manufacturing process, as
shown in Fig. 1 [1]. CNC is used to machine the contour of the
part after certain layers of deposition, before further layers are
deposited and so on. UC process was invented and patented
by Dawn White [2]. UAM operates at temperatures much

lower than the melting temperatures of the substrate materials,
usually 0.3–0.5 Tm. There are many metal AM processes [3],
including sheet material based: UAM; powder bed–based:
selective laser melting (SLM) [4, 5] or powder bed fusion–
laser beam (PBF-LB), electron beam melting (EBM) [6];
binder jetting based: metal binder jetting and sintering [7];
blown powder–based: laser metal deposition (LMD) [8] or
direct energy deposition (DED) or Laser engineered net shap-
ing (LENS) [9]; and wire-based: wire + arc additive
manufacturing (WAAM) [10]. UAM has several advantages
over other AM technologies, such as ability to fabricate dis-
similar materials and embed elements, higher deposition rate
(against most of other AM processes, except wire + arc addi-
tive manufacturing), lower working temperatures and low re-
sidual stress and distortion.

UAM has been used to fabricate soft materials, such as Al
alloys [11, 12], harder materials, such as copper [13–15], nick-
el [16], steel [17, 18] and titanium [19–21], dissimilar mate-
rials, such as Al-Ti [21], Al-Cu [15], Al-steel [22], Al-NiTi
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[23, 24], Al-MetPreg (a fibre-reinforced aluminium) [25–27]
and Ni-steel [18] and metal matrix composite with embedded
elements, such as SiC fibres [28, 29], shape memory alloy
fibres [30], dielectric materials (used in printed circuit board)
[31], electronic circuitry [32], glass fibres and fibre optic sen-
sors [33–35] and carbon fibres [36].

During UAM process, due to the friction and high-
frequency shear deformation at the mating interface, the high
strain caused by plastic deformation, the ultrasonic softening
effect, temperature generated and subsequent heat treatment,
the microstructure of the materials, especially at the welding
interfaces, is evolving at different stages. Microstructure, in-
cluding defects, plastic flow, grain size, grain orientation and
distribution, material phases and texture, is very important for
UAM-fabricated parts, as to mechanical properties. Study of
the microstructure evolution at the bonding interface is critical
for the understanding of the ultrasonic bonding mechanism.
The microstructure of the UAM parts has been studied by
many researchers for different substrate materials and combi-
nations, but has not been systematically reviewed. There has
been several review papers on UAM [37, 38], but they did not
cover the microstructure evolution in detail. It is believed that
a review on the microstructure evolution will help to under-
stand the bonding mechanisms, the good practice, the capa-
bility and the influence of different process parameters on
build quality of UAM. In this paper, it will be reviewed from
the following four aspects: defects at the bonding interface,
plastic flow during UAM, microstructure and texture

evolution during UAM and influence of post-weld heat treat-
ment on microstructure.

2 Defects in ultrasonic additive manufactured
parts

It is generally believed that during UAM process, the applied
normal force/pressure will compress the foils and bring the
asperities on the mating surfaces into contact; the applied ul-
trasonic oscillation will initially shear the mating asperities
and later the bonded interface; the applied oscillation will also
break the oxide and contaminants on the surface and redistrib-
ute them in the materials around the interface to create some
clean mating interface; the bonding at the interface is generat-
ed by shear deformation, inter-diffusion and sometimes me-
chanical interlocking. Void formation at the weld interface is
attributed to surface asperities of the original foils and those on
the top of the foil just deposited resulting from compression
and shear deformation induced by the sonotrode [39–43].
Welding defects at the interface can also be from the unbroken
oxides at the original foil surface. Johnson [44] pointed out
that surface oxides existing at the welding interface were ex-
pected to have negative impact on the mechanical strength.
Because defects are areas not bonded and they are stress con-
centration locations for crack propagation, they need to be
eliminated or reduced as much as possible to increase the
strength of the UAM built parts. For UAM, to eliminate the

Fig. 1 The schematic diagram of
the UAM process [1]
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defects is very challenging, and the way to reduce the defects
is to introduce enough plastic deformation/flow to fill the
voids generated at the bonding interface and to break the ox-
ides into pieces as small as possible and then redistribute them
to the materials around the interface with suitable process
parameters.

At early stage of the development of ultrasonic consol-
idation (UC)/ultrasonic additive manufacturing (UAM),
mainly aluminium alloys, such as Al 3003 and Al 6061,
are used as the deposition material, because they are soft
and easier to be bonded together by ultrasonic welding
with a high linear weld density (LWD), which is defined
by the ratio of the bonded interface length to the total
interface length in a cross-section. However, with further
development, mainly the introduction of very high power
ultrasonic additive manufacturing (VHP UAM) machines
[45], due to the increased maximum power, applied normal
force and vibration amplitude, nowadays more harder ma-
terials can also be used for UAM, such as copper [13–15],
nickel [16], steel [17] and titanium [19–21]. Two condi-
tions are necessary for metallurgical bonding to occur: ox-
ide removal and asperity collapse (plastic deformation)
[46, 47]. For harder materials, to deform and collapse the
surface asperities are more difficult and need more energy.
Such that to achieve a high bonding density, high oscilla-
tion amplitude and/or high normal force will be required.

UAM is also capable of joining dissimilar or multiple ma-
terials, and it has been demonstrated in several researches [18,
21, 22, 26, 27, 48–52]. Obielodan [26] studied the feasibility
of joining multi-materials, including Al, Ni, Ti, Ta, stainless
steel, MetPreg, Ag, Mo and Cu, by UC, and the results
showed that all FCC materials and some other material com-
binations could be bonded well by UC with a good LWD. An
example is shown in Fig. 2, but for some other combinations,
an Al 1100 interlayer was required. Janaki Ram et al. [50] also
studied joining between Al 3003 H18 and different other

materials, including brass, Inconel 600, stainless steel 347,
stainless steel 304 mesh, MetPreg. It is generally believed that
it is easier to join a soft material to a harder material than to
join a harder material to itself. This is why a softer interlayer
can be used to improve the bonding between two harder ma-
terial layers, as demonstrated by Kuo et al. [18] using a Ni
interlayer to join 4130 steel layers and by Wolcott et al. [21]
using an Al 1100 interlayer to join commercially pure Ti
layers. This mechanism of using a soft interlayer to join hard
materials has also been used for ultrasonic spot welding [53,
54]. When a soft material and a harder material are bonded
together by UAM, they can be deposited directly layer by
layer, or they can be deposited indirectly: two layers (one
bilayer) are deposited together. As to the indirect deposition,
there are two different strategies for the bilayer: (1) soft layer
on the top of the harder layer and (2) the harder layer on the
top of the soft layer. It was proved that strategy 2 was better
than strategy 1 as to bonding density and joint quality. Janaki
Ram et al. [50] used strategy 1 and found out that a lot of
defects formed between the harder layer and the previously
as-deposited soft layer; however, Kuo et al. [18] and Wolcott
et al. [21] found out that by using strategy 2, good welding
density could be achieved at all interfaces. The influence of
two indirect deposition strategies on the bonding density and
joint quality can be explained below. It had been demonstrated
that during UAM process, when a soft material was in contact
with the sonotrode, the texture from the sonotrode would be
largely transferred to the surface of the soft material, which
made the surface rougher with peaks and valleys in micro-
scale, but when a hard material was in contact with the
sonotrode, much less texture would be transferred, leaving
hardly deformed and much smooth surface [42, 44].
Research also showed that when the sonotrode was in contact
with a soft material, during UAM process, the soft material
would be deformed and grain-refined, which would increase
its hardness [43]; however, when the sonotrode was in contact
with a hard material (if the power was not high enough), the
hard material would not have any significant deformation and
hardening [21]. It can be seen that for strategy 2, at the new/
previous deposition interface, it has unhardened soft material
on the top of the previous deposited smooth hardmaterial. The
soft material can be heavily deformed to have large area of
intimate contact with the hard material and to flow into the
surface micro-valleys of the hard material to eliminate voids.
As a result, a high bonding density and a good joint quality
will be achieved. However, for strategy 1, at the new/previous
deposition interface, it is the hard material on the top of the
roughened and hardened soft material from the previous de-
position. There are many micro- peaks and valleys on the
previous deposited surface, but the hard material cannot be
deformed enough at the power level applied to close the voids,
leaving defects at the interface. For better understanding of the
indirect deposition mechanism, further study is required.Fig. 2 Ta/Al 3003/Ta on Al 3003-H14 substrate [26]
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Two main bonding mechanisms are proposed for UC:
inter-diffusion and mechanical interlocking. Bonding occurs
by local grain boundarymigration, which allows diffusion and
atom interlocking across the contact between two clean sur-
faces [55].

It is generally believed that the increase of ultrasonic oscil-
lation amplitude, normal force and preheat temperature, and
the decrease of welding speed will increase the LWD and the
mechanical strength of the fabricated parts [12, 40, 56–58].
Janaki Ram et al. [40] systematically studied the influence of
process parameters of UC on the void formation at the
welding interface. They categorised the voids at the UAM
interfaces into three types: linear-type, parabola-like and
point-like. The parabola-like voids are normally generated
due to the existing of large micro-valleys on the rough surface
induced by the sonotrode during the previous deposition.
During the following deposition, if there is not enough mate-
rial flowed into the micro-valleys, then parabola-like voids
will be generated. The results showed that an increase of os-
cillation amplitude, normal force, process temperature, reduce
of welding speed and surface machining after ultrasonic de-
position can reduce the number of voids and increase LWD.
However, the influence of these factors needs to be limited to
the level that will result in material oxidation and/or fatigue-
related embrittlement. Janaki Ram et al. [40] demonstrated
that with the optimised process parameters, the LDW of Al
3003 H18 could reach as high as 98%. Additional heating
with heat plate can reduce the level of voids at the welding
interface, due to the increased process temperature and mate-
rial plasticity. Results from Kulakov and Rack [28] showed
that the normal load and the vibrational amplitude have a
significant influence on LWD, whilst the sonotrode rotational
velocity (welding speed) has only a marginal effect. Sriraman
et al. [59] presented that by using VHPUAM, the void level at
the interface of Al 6061 H18 and C11000 (also called Cu 110,
hard temper) parts can be greatly reduced, compared to the
parts built by conventional UAM.

General speaking, soft materials are more easy to be bond-
ed with less voids by UAM. Figure 3 shows the cross-sections
of Al parts made of multi-layers of Al 3003 with two different
heat treatments. It can be seen that the part made of the harder
grade, Al 3003 H18, had much more voids at the welding
interfaces than that made of the softer grade, Al 3003 O. In
order to reduce the numbers of voids during the welding of
harder materials, more energy will be required, with possible
higher pressure and oscillation amplitude.

Friction is very important for UAM. During UAM process,
in order to transfer the energy efficiently from the sonotrode to
the bonding interface, the sonotrode needs to grip the top foil
firmly with no or minimum slippage between them. For this
reason, the surface roughness and texture of the sonotrode are
very important, and it is a big factor that influences the LWD
and bonding quality. Study from Li and Soar [39] showed that
the surface roughness of the sonotrode was very important for
UAM. Figure 4 shows the cross-sections of samples when a
worn sonotrode (Ra, 3.44 μm) and an electric discharge ma-
chining (EDM) resurfaced sonotrode (Ra, 6.28 μm) were used.
The results showed that when the sonotrode was worn, the
surface roughness was low, and it would not be able to grip
the top foil well and pass the ultrasonic energy to the welding
interface efficiently. As a result, more defects were generated at
the welding interface, the LWD between each layer was poor,
and the bonding strength between each foils was weak.
Similarly, research from Wolcott et al. [41] showed that by
increasing the surface roughness of the sonotrode from 7 to
14 μm (Ra), the bonding strength at the foil interface could
be further increased. They demonstrated that a flattening pass
(using CNCmachining to smooth the roughened top surface of
the as-deposited foil) before further deposition can also improve
bond strength. However, sonotrode can also introduce
roughness/texture on the top surface of deposited foil. Friel
et al. [42] and Johnson [44] studied the influence of two
sonotrodes, one surface textured by laser etching (rougher and
uneven, Ra, 12.94 μm) and the other by EDM (smoother and

Fig. 3 Cross-section microstructures of Al alloy foils consolidated at 155.8 MPa pressure, 10.4 μm amplitude and 34.5 mm/s consolidation speed: a Al
3003 O, 8 layers and b Al 3003 H18, 10 layers [39]
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even, Ra, 5.9 μm), on top surface topography, bonding quality
and bonding strength. They found out the texture from the
sonotrodes could be nearly 100% transferred to the foil surface
when soft materials, such as Al 3003, were deposited; however,
when hard materials, such as Ti-6Al-4V, were deposited, much
less texture had been transferred. Their results showed that
when the laser-etched sonotrode was used to build Al 3003
foils, more voids generated at the welding interfaces in the built
parts, because the sonotrode was too rough and uneven. It is
believed that for UAM, suitable sonotrodewith the right surface
texture and roughness needs to be chosen: if the surface rough-
ness is too low, it will cause slippage between sonotrode and the
top foil and lose energy; if the surface roughness is too high, it
may introduce larger voids at the welding interfaces. Li and
Soar [39] believed that at lower oscillation amplitudes, increas-
ing the surface roughness had more negative effect, and at
higher oscillation amplitudes, it had more positive effect to
the welding strength. Because a higher roughness sonotrode
will make the top surface of the just-deposited foil rougher with
higher peaks and lower valleys inmicroscale, and in order to fill
the micro-valleys in the next deposition, a higher ultrasonic
energy with a higher oscillation amplitude will be required.

Janaki Ram et al. [40] have demonstrated that surface ma-
chining after foil deposition could reduce the surface rough-
ness and increase the LWD of Al 3003 H18 part greatly, but
no mechanical test data available to confirm the influence of
surface machining on the mechanical strength of the fabricat-
ed parts. However, it is not that the smaller the surface rough-
ness the better the bonding density will be. Johnson [44] stud-
ied the influence of surface texture on the top surface of the
bottom layer and the bottom surface of the top layer on the
microstructure at the interface. Around 20 μ was removed
from the top surface of the first deposited layer by machining;
then, four different surface textures, i.e., hand polish to 1 μ,
rolled by the sonotrode at 500 N normal force but without
ultrasonic oscillation, roughened with trenches about 3–5 μ
along the rolling direction and roughened with trenches about

3–5 μ perpendicular to the rolling direction, were generated
on the top surface of the machined bottom layer and the bot-
tom surface of the top layer before the new layer was depos-
ited on the top of the previous layer. The results showed that at
the areas with polished texture, the bond line was straight and
there was no obvious nano-grain refinement; at the areas with
rolled texture, the microstructure with nano-grain refinement
at the interface was similar with that for the deposition without
surface machining and engineered texture; at the areas with
trenches, there were also areas with nano-grain refinement and
areas with improved oxide layer breaking and redistribution.
Johnson’s results showed that a relative rough surface at the
welding interface was beneficial for good bonding, plastic
deformation and grain refinement. The importance of surface
roughness on interface grain refinement has been proved by
Pal and Stucker [60] through simulation.

Voids can also be generated at the interface due to the
uneven contact pressure from the sonotrode. Study of
Kulakov and Rack [57] showed that defects at the edge and
centre of the bonding interface were formed during ultrasonic
consolidation of Al 3003 H18. They believed that the forma-
tion of edge defects, as shown in Fig. 5, was attributed to the
non-uniform strain state across the foil width, whilst the cen-
tral defects were related to sonotrode-foil contact pressure
variations following the sonotrode pattern. Due to the uneven
contact pressure distribution at the bonding interface, more
voids were reported existing at the edge of the deposition than
those in the centre for Al 6061 H18 parts fabricated by VHP
UAM [59].

Since UAM is an additive layer manufacturing process
with layers fabricated side-to-side and layer by layer, voids
can also be affected by the building pattern or strategy.
Wolcott et al. [41] studied the influence of the stacking se-
quence of foil layers on the void level and joint strength of
ultrasonic consolidated Al 6061 H18 parts. They found that
the optimised layer stacking sequences should have a foil
edge-to-edge overlap greater than 0.0635 mm using a

Fig. 4 Cross-sections of samples made with the worn sonotrode (a ) and the EDM-resurfaced sonotrode (b) with weld speed at 34.5 mm/s, pressure at
155.8 MPa, and amplitude at 12.3 μm. Modified from [39]
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randomised stacking sequence. Obielodan and co-workers
[26, 61] demonstrated that for ultrasonic consolidated Al
3003 H18 parts, the optimum edge-to-edge overlap dis-
tance was 0.07 mm. Too much overlap may cause foil
popping up or poor bonding and too large gap (opposite
to overlapping) would leave large edge-to-edge gap de-
fects, as shown in Fig. 6. These gap defects would cause
reduced bonding area and act as locations for stress con-
centration, resulting reduced bonding strength. As to 50%
overlapping layer-to-layer stacking and random stacking,
no evidence could prove that one was better than the other.

3 Plastic flow during UAM

Due to the compression and cyclic shear plastic deformation,
plastic flow happens at the welding interface. The plastic flow
is very important for redistribution of oxide layer, forming of
mechanical interlocks, filling the voids at the interface and
embedding fibres and other elements.

There are different factors that can affect plastic flow at the
interface, including substrate strength and hardness, interface
surface roughness, UAM process parameters (especially

power), defects at interface, such as edge-to-edge gaps, and
objects to be embedded.

Friction is very important for ultrasonic metal welding,
which is used to break the oxide layer and introduce shear
deformation to generate cleanmetal-to-metal mating interface.
Using friction instead of molecule vibration is the main dif-
ference between ultrasonic metal welding and ultrasonic plas-
tic welding. Such that surface roughness is very important for
UAM and for the plastic flow during the process. If the surface
is too smooth, then there will be little friction, shear deforma-
tion and plastic flow at the welding interface, and sometimes,
the oxide layer at the interface will not be broken at all as
shown by Johnson [44].

Plastic flow is related to plastic deformation and material’s
flow stress, so when a softer material and a harder material are
joined together by UAM, there will be more plastic flow for
the softer materials. This is especially obvious when a fibre/
fibres or other objects are being embedded between them.
This has been shown by Yang et al. [16] and Johnson [44]
when SiC fibres were embedded between Cu and Al 3003
foils.

When fibres are being embedded between substrate mate-
rials, the materials will flow around the fibres to embed them,
due to the ultrasonic softening and the compression and shear
deformation, as shown in Fig. 7.

Normally, higher ultrasonic power will cause more plastic
flow, and when the power is high enough and a proper inter-
face existing, material flow turbulence can even be generated.
During UAM fibre or object embedding process, when the
applied ultrasonic power is not high enough, there will be no
sufficient plastic flow around the fibres or objects and voids
will be left around them, as shown by Johnson [44].

4 Microstructure and texture change
during UAM

It was generally believed that UAM process only affects the
microstructure and texture of the materials at the welding

Fig. 5 Representative images of edge defects in samples with different process parameters, a 500 N, 12 μ and 15.2 mm/s and b 1000 N, 19 μ and 76.2
mm/s [57]

Fig. 6 Typical edge-to-edge gap defects in an UAM part [26]
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interface, and normally, the microstructure of the bulk mate-
rial is intact after the UAM. However, study of Fujii et al. [62]
showed that VHP UAM could change the microstructure and
the texture of the materials in the bulk material as well. It is
possible that this difference is related to the ultrasonic power
level applied to the materials during the welding. When the
power is high enough to severely deform the bulk materials,
causing dynamic recrystallization and grain refinement, the
microstructure and texture of the bulk material will be
changed. When the power is only high enough to severely
deform the materials at the welding interface, then only the
microstructure and texture of the material at the welding in-
terface will be changed. This influence is different to that for
ultrasonic spot welding. For spot welding, due to small size of
the sonotrode and larger deformation, more bulk material mi-
crostructure will be affected depending on the process
parameters.

The mechanical strength of the bonded interface will not be
determined solely by the interface void content but also by the
overall microstructure of the materials at the interface, includ-
ing the grain size, oxide disbursement, distribution of the in-
termetallic phases and dislocation content within the grains
[56]. During UAM process, the materials to be deposited will
be softened due to the ultrasonic energy applied [63] and
plastically deformed. For a soft material, like Al 3003 O, the
material deformation can be very large and the foils obviously
become thinner (but elongated in the welding direction); how-
ever, for a hard material, such as Ti, this deformation is nor-
mally small.

Due to the cyclic shear deformation, recrystallization and
grain refinement, depending on the substrate materials and the
process parameters used, there could be a hardening or soften-
ing effect on the materials, especially around the interface, after
the UAMprocess.Work hardening has been reported by Li and
Soar [64] on theAl 3003O andAl 6061O substrates, when SiC
fibres and optical fibres were embedded by the UAM process.
They found that the work hardening and grain/sub-grain refine-
ment followed the Hall-Petch relationship. Sriraman et al. [14]

used very high power UAM (VHP UAM) to bond 150 μm
thick copper C11000 (hard temper) foil. Although the UAM
process made the foils thinner by about 5%, and the grain size
reduced from up to 25 μm to a more even and finer size of
between 0.3 and 10 μm, it was surprised to see that the average
hardness of the foil reduced from around 107 Hv to around 83
Hv. Sriraman et al. [14] believed that this softening effect was
caused by dynamic recovery and dynamic recrystallization
(DRX). It could be argued that the copper could be annealed
during the welding process and such that a reduced hardness.
However, the annealing temperature of copper is between 371
and 649oC, but based on the data published in [65], the maxi-
mum process temperature is only 440 K (167oC), which is not
high enough to anneal the material, so annealing was not the
cause of softening in this case. Sojiphan [66] studied the influ-
ence of process parameter of VHP UAM on the hardness of Al
3003H18 foil duringUAM fabrication. The results showed that
vibration amplitude has significant effect on softening of VHP-
UAMmicrostructure of VHP-UAM build. The bulk of samples
processed with 28 μm vibration amplitude had slightly lower
hardness (69 Hv) than the original foil (70.5 Hv), whereas the
bulk of samples processed with 38 μm vibration amplitude had
much lower hardness (54-57 Hv).

In order to understand why sometimes ultrasonic welding
has hardening effect and some other time softening effect, some
explanation is required. It is believed that this is related to the
material used, the temper of the material and the level of the
ultrasonic power used. For a material in annealed state, during
UAM, if the power is high enough, the material will be severely
deformed and dynamic-recrystallised with refined grains. In
this case, the material will be hardened after the deposition.
This hardening effect had been reported in [64]. For a material
in hard or partial hard temper, during UAM, if the power is high
enough, the material will be severe deformed and dynamic-
recrystallised. Dynamic recrystallization will consume the
strained grains to grow new strain-free grains, which will re-
duce the strength and hardness of the material. In this case, the
material could be softened due to dynamic recrystallization.

Fig. 7 Polarised optical images showing plastic flow of Al 3003 H18 during UAM SiC fibre embedding process
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This softening effect had been reported by Sriraman et al. [14]
on copper C11000 (hard temper), Sriraman et al. [59] on Al
6061 H18 and C11000 (hard temper) and Sojiphan [66] and
Sojiphan et al. [67] on Al 3003 H18. In order to have a high
ultrasonic power and more softening effect, Sojiphan [66]
pointed out that a high oscillation amplitude was much more
important than a high normal force. However, for a hard mate-
rial or a material in hard or partial hard temper, during an ultra-
sonicwelding, if the power is not high enough, then thematerial
will only be slightly work-hardened. In this case, the structure
and hardness of the material will not have significant change, as
reported in [64] on Al 3003 H18. We should not confuse the
ultrasonic irradiation softening effect, the ultrasonic hardening
effect and the ultrasonic softening effect. The ultrasonic irradi-
ation softening effect is caused by the acoustic heating and
ultrasonic dislocation activation when an ultrasonic irradiation
is on the material, as reported by Langenecker [63]; this soften-
ing effect will disappear immediately after the ultrasonic irradi-
ation is turned off. The ultrasonic hardening effect is caused by
the large plastic deformation introduced at the welding interface
and grain refinement. The ultrasonic softening effect is normal-
ly related to hard tempered material joined by high power ul-
trasonic welding systems and it is caused by severe plastic
deformation and dynamic recovery and dynamic
recrystallization.

Although UAM process sometimes causes work hardening
and sometimes causes softening, it always has a grain

refinement effect at the welding interface. Li and Soar [64]
studied the plastic flow and work hardening of Al alloy ma-
trices during UC/UAM fibre embedding process. They used
nano-indentation to study the influence of UC process on foil
hardness and used FIB SEM to analyse the gain and sub-grain
size. They found grain and sub-grain refinement at the
welding interface, especially at the areas close to the embed-
ded fibres, as shown in Fig. 8. Research from Johnson [44]
also reported the grain refinement around the welding inter-
face for Al 3003 O parts fabricated by ultrasonic consolida-
tion. Johnson et al. [68] demonstrated that the level of sub-
grain refinement in ultrasonically consolidated components
was seen to decrease as the distance from the weld interface
increased.

The grain refinement happens not only at the welding in-
terface but also at the sonotrode-foil interface, and it has been
proved that the influence of the interaction between the
sontrode and the foil on the grain refinement surpasses that
of the interaction between the foils at the welding interface.
Shimizu et al. [43] showed that the microstructure close to the
top surface of the as-deposited foil due to the interaction with
the sonotrode during the deposition could play a key role in
the welding of the subsequent foil and its microstructural evo-
lution at the interface. Figure 9 shows the IPF map and the
corresponding {111} pole figures of an as-deposited foil. The
results showed that the bulk material at the bottom of the
image had similar microstructure as the as-received Al 6061

Fig. 8 FIB images of the original
Al 3003 O foil and the Al 3003 O
matrix in SiC fibres embedded
samples in different regions: a
original foil, bwith right edge less
than 1 μm away from SiC fibre, c
with bottom edge less than 1 μm
away from SiC fibre and d with
top edge more than 55 μm away
from fibre [64]
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H18 foil and a typical rolling texture; however, at the area next
to the top surface of the foil, the grain size became smaller,
and the texture of the grains changed to a mixed of recrystal-
lization and shearing texture. It was believed that during UAM
process, because the interaction between the sonotrode and the
top surface of the foil, the top surface was heated and severely
deformed in compression and shear, and this stored energy led
to an early stage recrystallization and grain refinement at the
top surface of the as-deposited foil. This early recrystallization
and grain refinement is the first contribution to the microstruc-
ture and texture evolution at the welding interface. Grain re-
finement from the sonotrode had also been reported by Kuo
et al. [18] on the top of 4130 steel foil and by Johnson et al.
[68] on the top of Al 3003 O. Study from Dehoff and Babu
[56] showed that the interaction between the sonotrode and
the top surface of the foil during UAM process was very
important for the following UAM process from two aspects.
First, the sonotrode would produce/transfer some surface tex-
ture into the top surface of the foil, which would be very
important for the friction and shear plastic deformation during
the following deposition. Second, the sonotrode would cause
a large shear deformation on the top surface of the foil, leading
to early recrystallization and grain refinement.

When another layer of foil is deposited on the top of the
previous one, due to the friction at the foil-foil interface, pres-
sure and ultrasonic oscillation applied, the microstructure and
texture at the welding interface will evolve further. Figure 10
shows the IPFmap around an interface void and the associated
{111} pole figure of the bottom foil next to the top surface
around the void, of an Al 6061 H18 parts fabricated by VHP
UAM. Comparing the microstructure and the texture of the

material in the bottom foil next to the top surface around the
void to those of the material next to the top surface of the as-
deposited foil in Fig. 9, it can be seen that the grains became
smaller and the texture evolved as well. Shimizu et al. [43]
pointed out that the microstructure change during this stage is
different for the material at the bottom of the void and the
material at the bonding interface. For the material at the bot-
tom of the void, further recrystallization is only pushed by
additional heating from the UAM process; however, for the
material at the interface, further recrystallization is caused by
further compression and shear plastic deformation and
heating. A number of researches [43, 44, 62, 66] have showed
that at the welding interface, the microstructure and texture
change are mainly at the top surface of the bottom layer.
Although there is some change at the bottom surface of the
top layer, the thickness of this region is much smaller than that
at the top surface of the bottom layer. It is generally believed
that the plastic deformation induced by the sonotrode at the
top surface of the top foil is much deeper and more severe than
that at the foil-foil interface. Since the top surface of the last
deposited layer will be the top surface of the bottom layer
when a second layer is deposited on the top, due to the accu-
mulated effect of the early stage recrystallization and grain
refinement induced by the sonotrode as explained above, the
recrystallization and grain refinement zone on the top surface
of the bottom layer will be much thicker than that on the
bottom surface of the top layer. Similar results were presented
by Johnson [44]. His results demonstrated that nano-grains
formed by grain refinement mainly caused by sonotrode-foil
interaction, although a smaller amount of nano-grains formed
through foil-foil interaction.

Fig. 9 (left) IPF map around the
surface of top layer and (right)
corresponding {111} pole figures
of A the top-surface region and B
the bottom-surface region [43]
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When UAM is used to build a part with multi-layer of foils
built on the top of the others, the microstructure and texture at
the interfaces will have some general features like those de-
scribe above, and there will be some difference at different
interfaces due to the accumulative effect when more and more
foils are deposited on the top. Figure 11 shows a set of inverse
pole figure (IPF) maps in Al 3003 H18 fabricated by VHP
UAM (amplitude = 26 μm, normal load = 5.6 kN and speed =
35.6 mm/s). The data are obtained from different positions
within the step-like build. These locations are also schemati-
cally annotated in Fig. 11. The grain boundaries are shown by
black lines, and the grain orientations can be inferred from the
colour scale in the IPF. The approximate location of the inter-
face between aluminium foils is represented by the white-
coloured arrows. As seen in every map, there is a clear micro-
structural difference between the interface and bulk regions.
Many grains in the bulk region, which is far from the interface,
are elongated along the rolling plane of the original foil, and
fine grains are seen between the elongated grains. The length
of the major axis of the elongated grains is greater than 10μm,
and the size of fine grains is about 1 μm.On the other hand, all
grains close to the interface are fine and equiaxed. The micro-
structure can be divided into three regions (top region, inter-
face region and bottom region) and illustrated in Fig. 11e. The
interface or the bond regions are discriminated only based on
the grain structure between them and the bulk. The thickness
of the interface region is approximately 10 to 20 μm. These
equiaxed regions appear to be on the lower side of the (n + 1)th

and nth foil interface. This region corresponds to the top sur-
face of nth foil during the VHP UAM process. The average

grain size in the interface region was smaller than that in the
bulk region, whilst the maximum grain size in the interface
region, on the other hand, was much smaller than that in the
bulk region. The data revealed that the interfacial deformation
associated with ultrasonic oscillation led to finer average grain
size and homogeneous microstructure. It can also be seen that
the extent of recrystallized grains in the bottom bulk region
was greater than that of the top bulk region, and overall, the
degree of grain refinement in the lower bonding interface was
greater than that in the upper bonding interface. Similar results
had been confirmed in Al 6061 H18 parts by Shimizu et al.
[43].

With the increase of building height, it is believed that there
is some accumulative effect on the bottom layers deposited
first due to the cyclic heating effect during the following de-
position process. When studying the microstructure evolution
of VHP UAM–fabricated Al 3003 H18 parts, Fujii et al. [62]
showed that the recrystallized regions expanded and some
grain growth occurred in the interface region subjected to
accumulative effects, as shown in Fig. 11a and d.

With an increase in build height, the stiffness of the part
along the height direction will reduce, and the whole part will
have a higher bending deformation along the sonotrode vibra-
tion direction. As a result, the effective shear deformation at
the welding interface will be reduced, the driving force/stored
energy for recrystallization will be smaller, recrystallization
and gain refinement zone will be smaller and the degree of
grain refinement will be lower. This has been proved by the
research from Sojiphan [66], in which they confirmed that
with the same process parameters, the required power was

Fig. 10 a IPF map around an
interface void, b the associated
{111} pole figure of the bottom
foil next to the top surface around
the void. Modified from [43]
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lower when the build height was increased. It was also con-
firmed by Schick [69] by the reduced measured temperature
with the increase of build height. It was further confirmed by
Fujii et al. [62] from the IPF maps obtained at the different
regions, as shown in Fig. 11. The microstructural differences
between the first and second layers (Fig. 11a), as well as the
seventh and eighth layers (Fig. 11b), were analysed. Since
both interfaces experienced only one cycle of the VHP
UAM process, the accumulative effects on microstructure
were not expected, and if similar shear deformation occurred,
similar microstructures would be expected. However, from
Figs. 11a and b, it can be seen that with the increased building
height the degree of dynamic recrystallization and grain re-
finement reduced, with Fig. 11a showing a thicker recrystal-
lization and grain refinement zone. The stored energy for re-
crystallization and grain refinement is mainly from the shear
deformation at the interface, so this proved that with the in-
crease of build height, the extent of deformation (strains) at the
interfaces decreased.

As mentioned before, soft materials like Al are easy to be
bonded by UAM; for harder materials, such as Cu, Ni, steel
and Ti, more power is required, or there will be less plastic
deformation at the interface. Sriraman et al. [14] studied the

bonding characteristics during fabrication of Cu parts by VHP
UAM. The process parameters of 36 μm amplitude, 6.7 kN
normal force and 30 mm/s travel speed were used. Their re-
sults showed grain refinement at the welding interface, as
shown in Fig. 12, but it can also be seen that the grain refine-
ment was not even at the interface, with some areas, the grains
were much smaller. Yang et al. [16] studied the microstruc-
tures of Ni-Ni weld interface by UAM. Annealed 75 μm thick
Ni 201 alloy was used. The process parameters that they used
are as follows: oscillation amplitude, 16 μm; welding speed,
28 mm/s and normal force, 1.75 kN. Their results showed that
for normal well-bonded interface, the grains at the weld inter-
face did not have much difference with those in the bulk
material, as shown in Fig. 13a, which means no obvious grain
refinement at the interface. However, they also found out that
in some weld interface locations with voids, there were a thin
layer of very fine grains on the foil surfaces, as shown in Fig.
13b. Yang and co-workers could not explain this phenomena
at the time, but I believe that this could be caused by very large
plastic deformation: These local areas were bonded by ultra-
sonic welding during early stage of the welding and fine
grains grew at the bonding interface; however, they were torn
apart during later stage due to the large amount of plastic

Fig. 11 IPFmaps around the interface between the a first and second foils
of sample A, b seventh and eighth foils, c fourth and fifth foils and d first
and second foils of sample B in VHP-UAM Al 3003 alloy. In the

analysed area in each specimen, the sample coordinate system and the
colour correspondence scale are shown in the legend. e The definition of
the regions divided by the microstructure [62]
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deformation and local stress introduced by the high level of
ultrasonic oscillations and high degree of shear movement
between the top and the bottom foils.

When a soft material is bonded to a hard material, normal-
ly, the main plastic deformation and grain refinement happen
only on the soft material side. It is believed that the bond
formation in UAM of dissimilar material primarily relies on
severe shear deformation of the soft material at the interface.
Wolcott et al. [21] fabricated Al-Ti–interlayered material
using VHP UAM. Figure 14 shows the EBSD microstructure
of an as-built Ti–Al part. The results show significant defor-
mation in the aluminium layers at the titanium/aluminium
interfaces. The aluminium layers have a nominal thickness
of 127 μm before welding, which is reduced to around

70μm after the UAM process. By contrast, the titanium layers
are nominally 127 μm before welding and 125 μm after
welding. The layers lower in the build show more grain re-
finement and deformation than layers further up the build
(accumulated effect). Compared with the grain structure of
the titanium foil before welding, it appears that the microstruc-
ture in the titanium is unchanged during the welding process,
with all deformation and refinement occurring in the soft alu-
minium layers. Similar results were reported by Sridharan
et al. [19] when studied the microstructure and texture of Al-
Ti parts built by UAM. Their results showed that during the
ultrasonic welding process grain-refining and grain mis-
orientation happened on the Al 1100 layers, but not on the
Ti layers. Sridharan et al. [22] also reported when Al 6061 and
4130 steel were bonded together using UAM, grain refine-
ment only happened on the Al side, as shown in Fig. 15.

During UAM process, the texture of the material at the
welding interface gradually changes from rolling texture to
shear texture [62]. Figure 16 shows the {111} pole figures
of Al 3003 H18 parts fabricated by VHP UAM, which were
extracted using the data from the top, interface and bottom
regions, as shown in Fig. 11. It can be seen that a typical
rolling texture was observed in the top and bottom bulk re-
gions of every specimen, but at the welding interface, the
texture was mainly shear texture and recrystallization texture
[62]. Similar results were reported by the same group on Al
6061 H18 parts fabricated by VHP UAM [43].

Sojiphan [66] also studied the texture at the Al 3003 H18
bonding interface after VHP UAM process, based on EBSD
analysis and neutron diffraction. Similarly, they found the
texture at the bonding interface changed from rolling texture
to shear texture. They also demonstrated that larger oscillation
amplitude would introduce larger shear deformation and in-
crease the portion of shear texture. They proved that there was
an accumulative thermomechanical effect on the bulk of the

Fig. 12 a Inverse pole figures of the as-received C11000 Cu tape
and b an interface region of the C11000 Cu build sample [14]

Fig. 13 An inverse pole figures of
Ni-Ni UAM welding interface, a
a well-bonded interface (the line
across the centre of the image de-
fines the Ni–Ni weld interface.), b
an interface with a void [16]
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VHP UAM–fabricated parts, because the lower layers of the
build demonstrate higher fraction of shear texture, and lower
fraction of certain rolling texture components. This texture
change has also been reported for other material combinations
fabricated by UAM [15, 19, 55].

It is believed that the microstructure and texture change at
the UAM bonding interface happen at three different stages:
(1) due to the interaction between the sonotrode and the top
surface of the foil, such as heating, compression and shear
deformation, when it is first deposited and if the top layer is
not machined off before a following deposition; (2) due to the

interaction between the top and the bottom foils, such as
heating, compression, shear deformation and inter-diffusion,
when a second foil is deposited on the top and (3) due to the
following thermomechanical cycling, when further foils are
deposited on the top.

5 Influence of heat-treatment
on microstructures

Mechanical properties of the UAM-fabricated parts mainly
depend on the characteristics of the interface region be-
tween the layers; thus, achieving continuous and strong
interfacial bonding is necessary. However, currently, the
UAM process does not always result in robust and repeat-
able joining of metallic foils, especially for some hard ma-
terials. Because the UAM process operates at temperatures
below melting and the heat generated is quickly dissipated,
intermetallics are not generated at the interface [65]. It has
been reported that the bulk material properties of ultrason-
ically consolidated material tested in tension along the
building direction exhibit poor strength and ductility [70].
Post-process heat treatments can be performed to improve
bonding through controlled generation of intermetallics,
which constrain the bond area and increase mechanical
strength [52]. Post-process heat treatment can also relax
residual stress and promote inter-diffusion and controlled
intermetallics growth, which are beneficial for mechanical
strength as well.

Wolcott et al. [21] studied the influence of heat treatment
on the microstructures of the UAM-fabricated Al-Ti–
interlayered material. Heat treatment was performed in a con-
ventional induction furnace in an air atmosphere at 600oC for
1 h. After the heat treatment, the grain structure in the titanium
layers appears unchanged compared to the as-built samples,
whilst the aluminium layers show significant grain growth, as
shown in Fig. 17. In each of the aluminium layers, it appears
the heat treatment has caused preferential grain growth into

Fig. 14 Electron backscatter diffraction image of Ti–Al joint; arrows
indicate approximate location of material interfaces [21]

Fig. 15 a Inverse pole figure map
of the Al-6061 substrate. Note the
grain sizes; b inverse pole figure
map showing the interface. Note
the refinement of grains in the Al
interface; c grain boundary posi-
tions overlaid on a phase map
where green represents Al-6061
substrate and the red represents
the steel foil [22]
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only a few stress-free grains for each layer. It was believed that
this different grain growth was related to the plastic deforma-
tion during the deposition process. Al layers had large plastic
deformation during the deposition and stored high energy in
the grains, so during heat-treatment, they had more driving
force for recrystallization. On the other side, Ti layers had little

plastic deformation and stored little energy in the grains, and
such that low driving force for recrystallization during heat
treatment. The different melting temperatures between Al
and Ti was another reason for this grain growth difference.
The heat treatment temperature of 600 °C is very close to the
melting temperature of Al (around 660 °C) but very far away

Fig. 16 The {111} pole figures derived from each area of the maps in Fig. 11; left column shows top bulk region, middle column shows interface region
and right column shows bottom bulk region. The colour intensity scale is shown in the bottom right corner [62]

14 Int J Adv Manuf Technol (2021) 113:1–19



from the melting temperature of Ti (around 1668 °C). Grain
growth happened in the substrate Al 6061 material as well,
though not to the extent of the growth in Al 1100 layers.

Although excessive intermetallics at the joint interface is
detrimental for joint strength due to the generally brittle fea-
ture of intermetallics, a thin layer of intermetallics can increase
the interface bonding strength and joint strength between dis-
similar materials, just like brazing. The results from Wolcott
et al. [21] showed that heat-treatment increased the diffusion
zone between the Al and Ti layer from 1 to 5 μm. Due to this
structure change, the shear strength of the heat-treated samples
increased from 46.3 MPa of the as-built samples to 102.4
MPa. Also after the heat treatment, the push-pin strength in-
creased from 3.5 to 12.7 kN mm. The specimens before and
after heat treatment also showed different failure modes. Heat-
treated specimens failed through multiple layers, whilst as-
built samples failed mostly by delamination of a single layer.
Truog [52] studied the influence of heat treatment on the me-
chanical strength of Al-Cu parts fabricated by VHP UAM.
The heat treatment was done at 350 °C for 10 min. The results
showed that heat treatment could increase the push-pin joint
strength between 20 and 40%, and heat treatment also in-
creased the failure energy and maximum deformation. There
were three different Al-Cu intermetallics that grew at the in-
terface during the heat treatment, which was the key reason for
the joint strength increase. Kuo et al. [18] used post-weld heat

treatment to increase the strength of 4130 steel parts with Ni as
an interlayer fabricated by UAM. The heat treatment was con-
ducted at 1000 K for 1 to 10 h. The inter-diffusion zone be-
tween steel and Ni could grow up to 10μm, and the joint shear
maximum load was increased from 1.59 to 6.5 kN after 10-h
heat treatment.

Similarly, Obielodan [26] studied the influence of post-
process heat treatment on the shear strength of ultrasonically
consolidated commercially pure titanium and Al 3003 dual-
material systems. The post-process heat treatment was con-
ducted at 480 °C for 30, 60, 120, 180 and 270 min. The results
show that the strength of post-processed specimens increased
significantly over the as-consolidated ones. The best shear
strength increase happened after heat treatment for 30 min,
with the average strength increased from 38 to 73 MPa.
They believed that the improvement was a result of stress-
relieving of the strain hardened interface between the two
materials and some interactions of the substrate materials
across the interfacial boundaries at elevated temperatures.
The results also showed that heat treatment for an over-long
period, more than 30min, would cause excessive grain growth
and reduce the joint strength.

Wolcott et al. [41] also studied the influence of post-
process heat treatments on the bonding and mechanical prop-
erties of Al 6061 UAM builds. Two heat-treatments, anneal-
ing and T6, were conducted to the as-built parts. For annealing
(O): parts were heated to 413 °C for 2.5 h, cooled at 1 °C/min
until 280 °C and then air-cooled; for T6: parts were heated to
530 °C for 1 h to solutionise, then quenched in water and then
heated to 160 °C for 18 h. The results showed that the post-
process heat treatments (T6) increased the bond strength over
the as-built conditions, to an out-of-plane tensile strength
close to 90% of bulk material strength.

Study from Schick [69] showed that post-process heat treat-
ment of UAM built Al 3003 H18 parts at 343 °C for 2 hours
resulted in an increase in linear weld density from 62.7 to 80.6%
but a decrease in hardness from 75 to 62 Hv. Sojiphan [66]
studied the influence of heat treatment on the microstructure
and texture of UAM parts. Each sample was heated in the
Lindberg Blue Tube furnace in an argon atmosphere at 343 °C
for 2 hours, followed by furnace cooling to room temperature.
Their results showed that during heat treatment, all grains in the
VHPUAM–fabricatedAl 3003H18 parts grew, as shown in Fig.
18. However, the growth of grains in the bulk foils was much
larger than that of grains at the welding interfaces and the grain
growth in the bulk foils consumed some grains at the interfaces
as well. Sojiphan [66] also found that after heat treatment, the
rolling texture from the original Al 3003 H18 was reduced and
became much weaker; however, the shear textures produced
during theUAMprocess, at the interface region, were very stable
without decreasing in its volume fraction.

Apart from heat treatment, other post-process treat-
ments, such as spark plasma sintering (SPS) [17, 21] and

Fig. 17 Electron backscatter diffraction image of Ti–Al joint after heat
treatment; arrows indicate approximate location of material interfaces
[21]
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hot isostatic pressing (HIP) [17, 58], were also used and
proved to be effective to improve the mechanical proper-
ties of UAM built parts.

6 Summary and future perspectives

When UAM is used to build parts, due to the compression,
friction and shear deformation at the interface, the process
changes the microstructure and texture at the welding inter-
face and sometimes even in the bulk materials. There are dif-
ferent factors that affect the void level at the interface, the
microstructure and texture evolution, plastic flow and me-
chanical strength.

It is generally believed that increase of ultrasonic oscilla-
tion amplitude, normal force and preheat temperature, and
decrease of welding speed will increase the LWD and the
mechanical strength of the fabricated parts. However, these
parameters need to be limited to a level that will not cause
fatigue embrittlement. Certain level of surface roughness is
required on the welding interface to ensure a sound bonding.
For a high surface roughness, a high ultrasonic energy input is
required to ensure that there is enough plastic flow to fill the
micro-valleys on the surface to reduce the void level at the
interface. Softer materials are easier to be bonded by UAM,

and for harder materials, more power will be required to pro-
duce enough shear deformation and plastic flow at the inter-
face to increase the LWD. In order to reduce the void level
during UAM fabrication, a proper strategy on edge-to-edge
overlapping and layer-to-layer overlapping is required.

Due to the compression and cyclic shear plastic deforma-
tion, plastic flow happens at the welding interface. The plastic
flow is very important for redistribution of oxide layer,
forming of mechanical interlocks, filling the voids at the in-
terface and embedding fibres and other elements.

Generally speaking, UAM process will cause recrystalliza-
tion and grain refinement at the welding interface and the
intimate bulk materials around, and it will also gradually
change the texture from rolling texture to shear texture. The
interaction between the sonotrode and the top surface of a foil
when it is first deposited is very important for the following
deposition step. The sonotrode will compress the foil and
transfer some of its surface texture to the top surface of the
foil. In the meantime, the sonotrode will compress, shear and
heat the foil to produce a deep shear zone, resulting some early
stage recrystallization and grain refinement.When another foil
is deposited on the top, the roughened surface on the just-
deposited foil will help to increase the friction and shear de-
formation at the interface, which will cause further recrystal-
lization and grain refinement. The shear zone caused by the

Fig. 18 Inverse pole figure maps
of heat-treated Al 3003-H18
VHP-UAM samples across one
layer (TB-10-28-5340 means test
bed machine (TB) was used, total
10 layers were built and oscilla-
tion amplitude of 28 μ and normal
force of 5340 N were used) [66]
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foil-foil interaction is much shallower, when it is compared
with that caused by the sonotrode-foil interaction. Due to the
accumulated effect, at the welding interface, the recrystalliza-
tion and grain refinement zone is mainly at the bottom foil
side. When fibres or other objects are embedded into sub-
strates by UAM, level of the grain refinement will be much
higher around the fibres or the objects.

Due to the additive manufacturing nature, when more foils
are deposited on the top of already deposited layers, there will
be accumulative effect due to the thermomechanical cycling
applied. It has been observed that the recrystallized regions
expanded and some grain growth occurred. With the increase
in build height, the stiffness of the part along the height direc-
tion will reduce, and the whole part will have a higher bending
deformation along the sonotrode vibration direction. As a re-
sult, the effective shear deformation at the welding interface
will be reduced. With a reduced stored energy, the driving
force will be smaller and the recrystallization and grain refine-
ment zone will be smaller and the degree of grain refinement
will be lower.

When a soft material is bonded to a hard material by UAM,
the compression and shear deformation mainly happen at the
soft material side. Consequently, mainly, the grains on the soft
material side are refined and the microstructure of the material
on the hard material side does not have obvious change.

Some UAM built parts are not very strong due to the
existing of voids and weak bond at the interface, especially
for tensile strength along the building direction. This is espe-
cially true for hard substrate materials, such as Ni, steel and Ti,
so post-process heat treatment is required to increase the part
strength. Post-process heat treatment normally involves put-
ting the parts in a furnace with certain temperature for certain
time (substrate material related) and then cooling down to
room temperature, although other treatments, such as SPS
and HIP, can also be used. Heat treatment can relax residual
stress, promote inter-diffusion and intermetallics growth at the
interface, which in turn will increase the part strength. During
heat treatment, there will be grain growth and texture evolu-
tion. It has been found that the fraction of the rolling texture in
the bulk foils will be gradually reduced; however, the shear
texture produced during the UAM process is stable during the
heat treatment. For UAM build with dissimilar materials, dur-
ing heat treatment, grain growth only occurs on the compres-
sion and shear deformed soft material.

Based on the current research on UAM, the future re-
search should be focused on the following: (1) further
understanding of UAM mechanisms, including indirect
deposition mechanism and multi-layer deposition mecha-
nism; (2) further research to increase the bonding density
and joint quality of hard materials, such as steel, Ti alloys
and Ni alloys; (3) improve the joint quality and ability of
embedding active elements, such as fibre optical sensors,
printed circuit boards and other sensors and (4) simulation

of UAM in micro- and macro-scale for residual stress,
part strength and microstructure.
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