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Abstract: Ultrasonic additive manufacturing (UAM) is a process for three-dimensional printing of metal foil
stock that can produce near-net shape metallic parts. This work details the development of an energy-based tool
to identify relationships between input energy, stored energy in the interface microstructure, and the strength of
the weld interface in UAM. The stored energy in the grain boundaries of the crystallized grains in the interface
microstructure are estimated using the Read-Shockley relationship. The energy stored in the interface is found
to be positively correlated with the resulting weld strength. An energy flow diagram is developed to map the
flow of energy from the welder to the workpiece and quantify the key participating energies such as the energy
of plastic deformation, energy stored in the interface microstructure, energy required for asperity collapse, and
heat generation. A better understanding of the flow of energy in UAM can assist in optimizing the process to

maximize the portion of input energy from the welder that is used for bond formation.

Keywords: Ultrasonic Additive Manufacturing (UAM); Additive manufacturing; Process energy map; Electron

Backscatter Diffraction (EBSD); Microstructure Analysis

1. Introduction

Ultrasonic additive manufacturing (UAM) is a solid-state 3D printing process based on continuous
ultrasonic metal welding. The system can typically draw up to around 9 kW for welding and is capable
of welding a wide range of materials combinations: from soft metals like 3000 series aluminum [1],
higher strength materials such as 6000 series aluminum [2], steel [3,4], and titanium [5], and even
embed temperature-sensitive materials such as PVDF due to the low formation temperatures in UAM
[6]. The welding or additive stage of the process works by bringing a tool piece called the welder,
sonotrode, or horn into contact with a metallic foil under a controlled pressure. The sonotrode is
actuated at a nominal resonance frequency of 20 kHz connected using a waveguide to piezoelectric
transducers that work in a push-pull configuration [7,8]. The sonotrode scrubs the metallic foil against
pre-deposited metal foils or a baseplate metal beneath. Parameters controlled during welding include
normal force (weld force), amplitude setpoint of oscillation (weld amplitude), preheat temperature,
and speed of rolling (weld speed). Bond formation in UAM occurs as follows: the applied pressure
from the welder collapses the asperities of the two foils being welded; the applied ultrasonic vibrations
and the resulting severe plastic deformation assist in plastic flow of the foil material as well as the
dispersal of oxides and contaminants; this enables nascent metal contact and welding.

A detailed understanding of how the strength of UAM joints is affected by the different process
parameters and operating conditions is not well understood. The different energies involved and
their relative importance to the strength of the weld are also not well understood [9]. The energy
stored in the weld interface microstructure has been shown to quantified and the trends with process
parameters such as weld amplitude and weld speed studied in [10]. The energy of plastic deformation
is also found to be an key driver for bond formation and an analytical expression for the relationship
between weld strength and this energy was developed in [11].

On the other hand, the energy required to collapse asperities and enable nascent metal contact has
not been quantified in detail. In this work, an upper bound for this anergy is developed analytically.

© 2024 by the author(s). Distributed under a Creative Commons CC BY license.


https://orcid.org/0000-0001-7638-7369
https://orcid.org/0000-0003-1499-140X
https://orcid.org/0000-0003-4888-1903
https://doi.org/10.20944/preprints202410.0116.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 2 October 2024 d0i:10.20944/preprints202410.0116.v1

20f 10

The contribution of this energy to weld strength can help understand if pre-weld surface treatments
can improve the strength of welds in UAM. In other metal-metal joining processes such as adhesive
bonding, resistance welding, and roll bonding, physical or chemical preparation such as wire brushing
or chemical etching of the surface is crucial to obtain a good bond quality [12] while this is usually
not the case for UAM. The work in [13] shows that for the UAM of Al 3003 to copper, changing the
roughness of the copper foil from 0.17 to 1.17 um does not produce a statistically significant increase in
mechanical strength measured using a push-pin test and only a small increase in energy of failure for
samples with higher roughness. This work expands on this study by quantifying the contribution of
the energy required to collapse asperities and studying the impact of pre-weld foil surface roughness
on weld strength.

In summary, in this work, the different participating energies in UAM are quantified by devel-
oping an energy flow diagram, and their correlation to weld strength is investigated as well as their
relationship to process inputs such as the vibration amplitude of the welder or weld amplitude, traver-
sal speed of the rolling welder or weld speed, normal force applied or weld force, preheat applied to
the baseplate, and the baseplate geometry. The effect of baseplate geometry on the input electrical and
mechanical energies is detailed in [14]. The correlations between the strength of welded joints in UAM
to the different energies involved are also investigated to better understand the selection of process
inputs to optimize weld strength and also optimize the UAM process by reducing the sources of lost
energy such as losses in the welder and heat conduction to the welder.

2. Materials and Methods - Energy flow diagram

The relationship between the input energy and weld strength has been investigated in prior work
by [9] but detailed investigations of the participating energies and their effect on weld strength has
not been studied to deduce the impact of changing different process inputs. The discussion in this
manuscript applies to the welding of any metal combination using UAM but the data presented is for
the commonly welded aluminum alloy Al 6061-H18. The composition of the alloy can be obtained
from [15]. The thickness of the 25.4 mm (1 inch) wide foil feedstock is 152 um. The samples were
welded using a 9 kW UAM welder onto an Al 6061-T6 baseplate, and the nominal UAM process
conditions used were: 32 um weld amplitude, 5000 N weld force, and 84.67 mm/s (200 in/min) weld
speed. The participating energies in the UAM process listed in the energy flow diagram in Figure 2 are
listed below.

2.1. Welder Losses

The efficiency of the piezoelectric transducers that are part of the weld assembly are estimated
to be around 80 and 85% in the work of [16]. The energy E,j,ss per unit of weld length is lost as heat
in the transducer and wave guide components and quantifies the efficiency of the welder assembly
in transferring the input energy per unit length, E;), to the welded sample. This efficiency e can be
redefined from the expressions in [16] in terms of E;;, to be

15F,
2 S
e = -, 1)
Eip.|X|
Ewi
— 1 _ ZUOSS, 2
T )

ip

where |%| is the traversal speed of the welder or weld speed, ¢ is the welder vibration velocity, F; is the
shear force applied by the welder, and E;, is calculated as the ratio between the electrical power draw
into the transducers and the weld speed. The welder efficiency e defined in (2) is largely unaffected
by the normal force applied by the welder and is found to decrease slightly with increasing weld
amplitude in [16].
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2.2. Energy of Plastic Deformation

The energy of plastic deformation is a key driver of bond formation and bond strength in UAM.
The work of [11] details a simplified coupled thermal-mechanical model for UAM to estimate this
energy per unit length of the weld, E,;, to be

a
Epl = |a7|Fs (5welder| _/ Tl(v_xﬂl(ssliﬂx)wglx)' 3)
—a S
where |%| is the weld speed, and the values for contact half-width 4, shear force F;, welder vibration
velocity dyerqer, shear stress T(x), and slip velocity of the foil SSlip are estimated from the simplified
analytical model of foil deformation.
This energy is used to deform the foil material, which results in energy E;;; being stored in the
foil microstructure as dislocations and remaining is dissipated as heat [17]. It is also shown in [18]
that geometrically-necessary dislocations (GND) are the predominant type of dislocations in UAM
and they determine the sub-grain diameter of the resulting microstructure. The fraction of the energy
that is dissipated as heat is given by the Taylor—Quinney coefficient, is 8 and a typical value of 0.9 is
chosen for aluminum [19].

2.3. Frictional Energy Dissipation

The energy associated with frictional slip, Ey, is calculated in [11] using the coefficient of friction
U to be

a

Ef= ﬂ 10 (%) [8g1iy | (x)welx, @)
—a

where o(x) is the normal stress in the foil material. This energy contributes to the temperature increase
near the weld interface. Understanding this temperature rise is also critical to finding acceptable
process parameter ranges to embed temperature-sensitive components using UAM, as detailed in
[11] where a thermal FE model was validated with in-situ infrared measurements of the process
temperature.

2.4. Heat Generation

The heat generated Q in the UAM process is mainly from two sources - frictional slip and heat
generation from plastic deformation. This heat generation contributes to the increase in temperature
during the process. This increased temperature of the foil material can also affect the energy of plastic
deformation by lowering the local yield strength.

2.5. Energy for Asperity Collapse

UAM requires the contact of nascent metal surfaces for solid-state bonding to occur successfully,
which is enabled by asperity collapse and oxide layer removal [20,21]. The roughness of the surface
needs to be studied to investigate the energy required for the collapse of asperities. The surface
roughness profile of a surface can be characterized using different metrics [22]. The most common
statistical measures used are R, and Ry [23]. For a surface with profile z(x), these metrics are given by

Re = LEOIE gz, ©)

Ry = /LEWPE ©

[ dx

The surface of the UAM welder is typically textured to increase the grip between the weld foil and
the welder. The texture is produced using electric discharge machining (EDM) to create a roughened
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texture typically with an R, value between 11 and 14 pum [24]. This also imparts a rough texture on the
deposited foil.

A sample textured surface of a rough weld foil is shown in Figure 1. The data was collected using
a Bruker Contour GT-K optical profilometer. To calculate the energy required to collapse the asperities,
a simplified model of the asperities as cuboids is developed, with height z and thus their total volume
per unit length of weld foil can be estimated as the product of the width of the foil feedstock w and its
height z(x). In this case w is 25.4 mm (1 inch). The upper bound for the energy required to collapse the
asperity can be estimated using the failure energy of the bulk material and the volume of the asperities.
An upper bound for the average energy required for asperity collapse, E;s) can be estimated as follows:

1
Easp(x) = 5777l2(x)[w, )
1 1
Easp = invfavg(lz(x)I)w:Erf'yfRuw, (8)

where Ty is the shear stress at failure and 7 the shear strain at failure respectively for the foil feedstock
material. The shear stress at failure is about 140 MPa from the work [11], and for 6061 aluminum
alloy, the shear strain at failure has a maximum value of 0.6 depending on the strain rate from the
measurements in [25]. These values are used to estimate the upper bound for the energy required to
collapse the asperities.

Figure 1. 3-D surface profile of an as-welded UAM foil prepared using the following weld parameters:
28 um weld amplitude, 5000 N weld force, and 84.67 mm/s (200 in/min) weld speed.

The impact of the roughness of the foil surface on the shear strength of the resulting welded joint
or weld strength was investigated in [26]. The R, values were varied from 0.1 ym for a machined
surface to 7.5 ym for a roughened surface of the foil prepared using the welder in a process called
pretexturing. The energy required to collapse the asperities for the 25.4 mm (1 inch) wide foil of
Al 6061-H18 can be estimated for each case. The input energy in the different cases was observed to
be unaffected by the roughness changes. An upper bound for the energy for asperity collapse can
thus be estimated by (8) to be 8 ]/m for the samples with R, of 7.5 ym, which is about 0.06% of the
input electrical energy, and 0.1 J/m for the machined sample with an R, of 0.1 um. The corresponding
strength of the welded joints in shear are plotted in Figure 4.

2.6. Energy to Disperse Oxide Layer

The energy required to disperse the oxide layer was estimated in the work by [26] using by
imaging the oxide layer using transmission electron microscopy (TEM) and the fracture energy of
the oxide. It is shown in [27] that cycles of mechanical deformation imparted by the welder under


https://doi.org/10.20944/preprints202410.0116.v1

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 2 October 2024 d0i:10.20944/preprints202410.0116.v1

50f 10

pressure can lead to the cracking of the the aluminum oxide layer, which can then be dispersed to
enable nascent metal contact in the foil contact. The thickness of the oxide layer for Al 6061-H18 was
measured using TEM to be less than 20 nm, and the energy required to disperse the oxide layer per
unit length, E, .z, is estimated to be about 4.7 mJ/m as the ratio of the power required for oxide
dispersal, 0.4 mW, from [26] and the weld speed value of 84.67 mm/s (200 in/min).

2.7. Energy Stored in the Microstructure

The energy stored in the grain boundaries is estimated in the work [10] for samples prepared
using different vibration amplitudes from 23 to 32 pm. Although it only represents a small part
of the input energy from Figure 2, it is important to understand how aspects of the weld interface
microstructure such as degree of recrystallization and the volume of recrystallized grains around the
weld interface are affected by process parameters. The energy stored in grain boundaries can be used
as a metric to quantify these effects. Previous work on modifying the interface microstructure with
heat treatments on as-welded Al 6061 showed in [28] have shown improvements in fracture stress as a
result which are a direct effect of microstructural changes such as grain growth.

Changes to the microstructure of the post-weld sample from the UAM process can be quantified
using the process detailed in [10], where EBSD images are processed using the MTEX toolbox in
MATLARB to identify grain boundaries. The Read-Shockley relationship is then used to estimate the
energy stored in the grain structure. The expression is given as

-(1—Ing-), if6 <6y,

5= ZQGB~’YGB~{ on
o

9
1, 0 >0, ®)

where 6 is the angle of misorientation between a boundary pixel and its neighboring pixels, ygp is the
grain boundary energy density of aluminum (=0.324 J/ m? [29]), and Q¢p is the cross-section area.

3. Energy Mapping of UAM

The participating energies in the UAM process can be related using Figure 2 with the following
equation:
Eip = Euwloss + Emicro + Egisi + Easp + Emnicro + & +Eoxide- (10)
BEpi+Ef

The interface temperature, which is a result of the different sources of heat generation, is coupled
to the energy of plastic deformation through the reduction in yield strength of the foil material. The
degree of coupling will depend on the type of foil used and its flow stress relationships. The effect of
the different process inputs in Figure 2 on the strength of the welded part can thus be studied from an
energetic point of view using the framework developed.
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shows the conversion of energy from one form to another, starting from the input electrical energy

to the piezoelectric transducers, which is normalized to 100%. The values are estimated from data

collected for the welding of Al 6061-H18.

4. Weld Strength Measurements in Shear

UAM samples have a thin laminated construction with subsequent layers usually welded on
previous ones, and this provides a challenge for mechanical characterization. In previous work,
characterization has been limited to push pin testing [30] and peel testing [1], which provided a means
of comparing the interfacial strength of UAM builds, but they were not benchmarked against bulk
properties. A fixture was developed in [31] to characterize the absolute shear strength of a specific
weld interface in a UAM build used, shown in Figure 3(c). This method is used to quantify the bond
strength of UAM welds in comparison to the strength of the bulk foil material. A full-size shear sample
was constructed by welding 23 layers of Al 6061-H18 foil. The samples were fabricated by building up
the 23-layer sample, cutting coupons, and then machining them to size as shown in Figure 3(a) and

Figure 3(b).
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Al 6061-H18
welded sample

Al 6061-T6
baseplate

Shear coupons
cutout for testing

Shearing Plate

A16061-H18
21 layers

Foil 2 ¢
Foll T — e

Al 6061-T6
Baseplate

Shearing Plate

Figure 3. Steps for measuring the shear strength of a foil-foil interface in UAM: (a) 23-layers of Al 6061-
H18 welds welded onto a Al 6061-T6 baseplate; (b) Mechanical testing coupons prepared; (c) Shear
testing rig used with compression platens in an MTS load frame used to test the interface in shear.

The geometry of the samples was designed so that the samples would fail by shearing at the foil 1
— foil 2 interface as seen in Figure 3(c). The shear area during testing is a square cross-section with
side 0.195 mm. The shear stress was obtained by dividing the peak load by the shearing area of the
sample. The strength value is normalized by the bulk shear strength of the foil material. Three different
studies from the UAM of Al 6061-H18 using different process parameters are summarized in Figure 4
to analyze the correlation between the weld strength and (a) energy stored in the microstructure, (b)
energy required to collapse asperities, where the pre-weld surface roughness for foil-foil welding
between the first and second layer is varied, and (c) energy of plastic deformation, where weld
amplitude is varied.
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Figure 4. Normalized shear strength of UAM welds as a function of key participating energies in
the UAM of Al 6061-H18 foil: (a) energy stored in the microstructure, where samples in the study
were prepared by welding the foil using weld amplitudes of 23, 29, and 32-um and a weld force of
5000 N and a weld speed of 84.67 mm/s (200 in/min); (b) energy required to collapse asperities, where
samples in the study were prepared with different surface roughness profiles with R, values ranging
from 0.1 pm to 7.5 um and welded using a weld amplitude of 32 pm, a weld force of 5000 N, and a
weld speed of 84.67 mm/s (200 in/min); (c) energy of plastic deformation, where samples in the study
were prepared by welding the foil using weld amplitudes of 23, 26, 29, and 32-pm and weld force of
5000 N and a weld speed of 84.67 mm/s (200 in/min) were used.

5. Conclusions

A detailed energy flow diagram was developed for UAM to map the participating energies
involved from the input electrical energy from the transducers to the energy stored in recrystallized
grains in the resulting weld microstructure. Simplified analytical models were developed to estimate
the energy used to collapse asperities and to disperse the oxide layer. The energies of plastic deforma-
tion and heat generation are estimated using previously developed techniques in [11] with a simplified
coupled thermo-mechanical model of the process using analytical and FE modeling. The energy stored
in the microstructure is also quantified from EBSD analysis of the welded samples.

A shear testing rig was used to measure the strength of the weld interface for different process
parameters. The corresponding participating energies were estimated and correlated with the weld
strength in Figure 4. The energy of plastic deformation is found to have the strongest impact on the
weld strength. The UAM of a material is observed to have a threshold energy of plastic deformation
below which bonding fails, and higher energies result in an up to 50% bulk strength for the weld in
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Al 6061-H18. The energy stored in the microstructure is also found to strongly increase with higher
weld amplitude which is caused by the increase in the degree and volume of recrystallized grains in
the foil material. Increasing in the energy required to collapse asperities of the foil material was not
found to affect the weld strength significantly for the UAM of Al 6061-H18. This is expected to be
due to asperities collapsing when a sufficiently high normal force is applied and thus not significantly
reducing the energy available for bond formation.

The energy-based framework developed can be used to reduce the lost energies such as the heat
lost to the welder by lowering the conductivity of the welder and the welder losses at the transducer
by increasing the efficiency of the transducer assembly. This energy-based paradigm can also be used
to optimize the process and maximize the portion of input energy from the welder used for bond
formation.
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