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Ultrasonic additive manufacturing (UAM) is a solid-state technology for joining similar and dissimilar
metal foils near room temperature by scrubbing them together with ultrasonic vibrations under pressure.
Structural dynamics of the welding assembly and work piece influence how energy is transferred during
the process and ultimately, part quality. To understand the effect of structural dynamics during UAM, a
linear time-invariant model is proposed to relate the inputs of shear force and electric current to resultant
welder velocity and voltage. Measured frequency response and operating performance of the welder
under no load is used to identify model parameters. Using this model and in-situ measurements, shear
force and welder efficiency are estimated to be near 2000 N and 80% when welding Al 6061-H18 weld
foil, respectively. Shear force and welder efficiency have never been estimated before in UAM. The influ-
ence of processing conditions, i.e., welder amplitude, normal force, and weld speed, on shear force and
welder efficiency are investigated. Welder velocity was found to strongly influence the shear force mag-
nitude and efficiency while normal force and weld speed showed little to no influence. The proposed
model is used to describe high frequency harmonic content in the velocity response of the welder during
welding operations and coupling of the UAM build with the welder.

� 2016 Elsevier B.V. All rights reserved.
1. Introduction

Ultrasonic additive manufacturing (UAM) or ultrasonic consoli-
dation is a continuous solid-state additive manufacturing process
where thin foils of similar or dissimilar metals are ultrasonically
welded together in a layer by layer process to form gapless, 3D
metal parts [1,2]. The process begins by bringing a tool piece called
the sonotrode or horn into contact with a metallic foil under a con-
trolled pressure or normal load. The foil is then joined to the pre-
deposited metal beneath via high power ultrasonic vibrations.
The circular design of the sonotrode allows it to rotate at a pre-
scribed linear speed simultaneous to welding foil. Periodic CNC
machining is utilized intermittent of welding to create complex
internal features, machine cavities for embedding objects into
the structure, and for net shaping welded components. The process
has been improved upon by actuating the sonotrode with two high
power piezoelectric transducers [3]. This dual actuation increases
the delivered weld power from 1 kW in first generation systems
to 9 kW. The increase in weld power greatly improves bond quality
and enables the joining of stronger and stiffer materials. The sono-
trode and high power piezoelectric transducer(s) are designed to
resonate longitudinally near 20 kHz. A schematic of the UAM pro-
cess is shown in Fig. 1 and a commercial 9 kW UAM system is
shown in Fig. 2.

The key mechanisms for ultrasonic metal welding include oxide
fracture under pressure and plastic deformation of surface asperi-
ties through shear [4–6]. Oxide dispersal allows nascent metal sur-
faces to come into contact and form metallic bonds while surface
asperity deformation promotes dynamic recrystallization of the
interface microstructure [7–10]. The result is a narrow weld region
on the order of 10–20 lm in size and bulk temperatures far below
metallic melting temperatures [11]. Consequently, dissimilar met-
als can be welded together with minimal intermetallic formation
[12–16], metallurgical changes are minimized and highly localized
to the interface region, and temperature sensitive metals or com-
ponents can be combined or built into metal structures [17–21].

The aim of this paper is to describe UAM system dynamics and
power conversion within the welder using a linear time-invariant
(LTI) model which explicitly specifies welder shear force and elec-
tric current as system inputs. The outputs of the model are welder
velocity and electric voltage. The model describes the conversion
and transfer of electrical to mechanical power within the welder.
The model does not directly describe energy transferred to the
weld, although it can be used as part of a broader modeling frame-
work to quantify the complete flow of energy through the welder
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Fig. 2. Commercial 9 kW UAM system, Fabrisonic SonicLayer 4000. Reprinted with permission [22].

Fig. 1. Schematic representation of a 9 kW ultrasonic additive manufacturing welder (left) and the subtractive CNC stage found in UAM systems (right).
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into the workpiece. This matter is discussed in Section 6. Conven-
tional LTI models for ultrasonic systems lump the influence of
shear force or load into the motional feedback of the entire system
for control purposes [23], i.e., Van Dyke system representation
[24]. Because the focus of the paper is to describe the system
dynamics of the welder, i.e., sonotrode and transducers, it is
required to explicitly express shear force as a system input. This
alternative LTI model can be used for improved control strategies
and energy transfer analysis for the UAM process.

The paper begins by describing how the process is currently
controlled and how this control strategy relates to UAM welder
performance. Then, the welder is described in terms of impedance
relations in order to formulate the proposed system level LTI
model. Experimental frequency response functions (FRFs) and
operating performance of the welding assembly are then measured
to verify that the system follows LTI behavior and to identify model
parameters. Using the model combined with in-situ measure-
ments, shear force and welder efficiency are estimated for standard
Al 6061 welding procedures. The influence of process variables, i.e.,
amplitude, down force, and speed, on shear force and efficiency is
then studied. Lastly, the high frequency velocity response of the
welder and how the welder couples with the UAM part are inves-
tigated with the use of the LTI model.
2. UAM control background

UAM has been utilized for nearly a decade, yet the process uses
legacy control strategies designed for ultrasonic metal welding of
single metal joints. In UAM, many joints are made and the build
geometry changes throughout component construction. Conse-
quently, unwanted resonances can occur [25,26] and the amount
of deformation at the weld interface effectively imparted by the
welder decreases as the build becomes more compliant with added
layers [27,28]. Due to less deformation occurring at the weld inter-
face and because deformation is a leading mechanism for bonding,
the bond quality degrades with additional layers. A control strat-
egy unique to UAM is needed to avoid or minimize undesired
structural dynamics and to maintain weld quality throughout com-
ponent construction. Such a control strategy can be developed with
a reliable system level model of the UAM process.

Fig. 3 demonstrates how the control dynamics of the UAM pro-
cess change when welding vs. actuating the sonotrode without
load, i.e., with no welding. In particular, the peak velocity of the
scrubbing motion decreases 10% (Fig. 3(a)), the frequency of the
welder increases 75 Hz (Fig. 3(b)), and the electric power draw of
the piezoelectric transducers increases an order of magnitude,
see Fig. 3(c). A customized ultrasonic generator for the UAM pro-
cess is responsible for the control dynamics observed in Fig. 3.
The generator uses two closed loop controllers which work simul-
taneously. The first controller uses a phase lock loop (PLL) algo-
rithm to track system resonance during welding by minimizing
the phase angle between the applied voltage and current [29,30].
System resonance can change when welding due to added mass,
stiffness, and heat generation from the load [30–32]. This PLL algo-
rithm is the reason for the upward frequency shift in Fig. 3(b), and
this shift occurs due to the UAM build stiffening the system during
welding.

The second controller works to maintain welder amplitude as
the part is built, which under open loop conditions would result
in a decrease in amplitude. Welder amplitude in UAM is main-
tained by controlling voltage to be constant. Voltage is controlled
by varying the current to maintain a set-point value for a given
amplitude setting [33]. Further detail on voltage control will be
discussed in Section 4. Ultrasonic systems can be controlled using
electric current in a similar manner [23,30].
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Fig. 3. UAM system dynamics and control when not welding, i.e., exciting welder in air without load, and welding Al 6061 foil: (a) peak sonotrode or welder velocity; (b)
excitation frequency; (c) average electric power draw from one of the ultrasonic transducers. Data was collected using the welding process variables of 32.5 lm peak-peak
prescribed welder vibration, a down force of 5000 N, and a rolling speed of 5 m/min (200 in./min). Data was sampled at 50 kHz and processed with a block size of 8192 points,
welder vibration was measured with a non-contact laser vibrometer, welder frequency was obtained using a short time windowed FFT, and power draw was sampled directly
from the ultrasonic generator.
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In order to accurately track the resonance of the system for both
the PLL algorithm and amplitude control, the mechanical motion of
the welder needs to be measured. The most common way of mea-
suring mechanical motion is with the use of motional feedback
methods. Motional feedback works by adding a reactive element
in series or in parallel with the transducer to balance out its elec-
trical impedance or admittance [23,30–32]. For piezoelectric sys-
tems, this reactive element is an inductor. By balancing out the
electrical impedance of the transducer, the motional impedance
of the transducer can be indirectly measured with applied current
and voltage to the transducer. There are many different circuits uti-
lized to implement motional feedback control techniques [23,32].
The ultrasonic generator used on UAM systems utilizes such a
motional feedback method for resonance tracking and amplitude
control. Because amplitude is not measured directly in UAM, a
decrease in vibration can occur if the reactive inductance element
does not sufficiently isolate the motional impedance of the trans-
ducer or if significant compliance exists in the sonotrode, see
Fig. 3(a). This decrease in welder velocity and its relation to
motional feedback and sonotrode compliance will be discussed in
more detail later. Lastly, because voltage is controlled to be con-
stant by increasing electric current during welding, the average
electric power draw increases substantially to maintain welder
motion, see Fig. 3(c).
3. Time-invariant linear model of UAM process

To describe the system dynamics of the welder for all frequen-
cies (x), the following LTI system model with voltage-force as
across variables and velocity-current as flow variables for the sys-
tem can be written,

iðjxÞ
_dðjxÞ

� �
¼ HeðjxÞ HmeðjxÞ

HemðjxÞ HmðjxÞ

� �
VðjxÞ
FsðjxÞ

� �
; ð1Þ

where He is the FRF between applied voltage (V) and electric current
(i), Hme is the FRF between opposing shear force during welding (Fs)
and current, Hem is the FRF between applied voltage and velocity of
the sonotrode ( _d), and Hm is the FRF between shear force and veloc-
ity. Due to the system being piezoelectric, the system follows the
law of reciprocity [24,34]. As a result, Hme and Hem are nearly equal
in magnitude and phase. Force as the across variable and velocity as
the flow variable is proposed initially due to piezoelectric systems
conventionally using this form [23,24,34], and because the system
is feasible to characterize in this form. An equivalent LTI model of
the system using velocity as the across variable and force as the
flow variable will be presented at the end of this section because
the motional feedback controller utilizes this relationship. The
equivalent form is derived using the principle of duality [34]. Either
formulation can be used to describe the system behavior because
the system behaves in a steady manner during welding operations,
as evidenced by the stable welding traces in Fig. 3. The system exhi-
bits a small amount of variation when welding because the PLL
algorithm moves the voltage excitation frequency. This small fre-
quency shift in the PLL controller may originate from variations in
the UAM build compliance and shear force character during weld-
ing. The influence of UAM build stiffness on frequency and FRF mag-
nitude will be discussed in more detail in Section 8.

To understand the relationship between system physics and the
FRF terms, equivalent circuit analysis can be used to derive closed
form FRF expressions near resonance. To model the electro-
mechanical coupling of the piezoelectric transducers, an ideal
transformer can be utilized [24,35]. A schematic of the welding
assembly along with its corresponding equivalent circuits are
shown in Fig. 4. The equivalent circuit analysis is conducted
assuming that the welding assembly is geometrically symmetric
in shape and properties and that the two transducers operate out
of phase, i.e., push-pull configuration. The system can be assumed
to be geometrically symmetric because the sonotrode is precision
machined, and the two transducers used to drive the sonotrode
exhibit near identical response [36]. Because the system is geomet-
rically symmetric and the transducers are operated out of phase,
the transducers can be lumped together as a single transducer
driving the sonotrode. The out of phase actuation of the welder
is shown in Fig. 4(a) with opposing voltage directions. The sono-
trode in Fig. 4(b) is modeled as a black box 2-port electrical net-
work because (i) the transducers actuate the sonotrode at a
different location than the shear force, and (ii) the design influence
of the sonotrode on system performance is not considered in this
paper. Because sonotrode design is not an aspect of this paper,
Fig. 4(b) can be simplified by lumping the transducer and sono-
trode dynamics together, see Fig. 4(c). These two devices can be
lumped together because both the transducers and sonotrode are
designed to resonate at the driving frequency of 20 kHz. The equiv-
alent circuit in Fig. 4(c) is the Mason circuit representation for
piezoelectric devices [24].

System FRFs can be derived from the equivalent circuit shown
in Fig. 4(c) by shorting out one input at a time and relating system
outputs [24],

He ¼ i
V
¼ jxCt þ U2

t

jxMt þ Dt þ Kt
jx

; ð2Þ



(a) (b)
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Fig. 4. UAM weld assembly analysis: (a) schematic of assembly with components, voltages, forces, and degrees of freedom detailed; (b) equivalent circuit of weld assembly
with transducers and sonotrode modeled separately; (c) simplified equivalent circuit of weld assembly by lumping the transducers and sonotrode dynamics together.
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Hem ¼
_d
V
¼ Ut

jxMt þ Dt þ Kt
jx

; ð3Þ

Hm ¼
_d
Fs

¼ 1
jxMt þ Dt þ Kt

jx

: ð4Þ

where Ct is the capacitance of the transducers, Ut is the electro-
mechanical transformer coefficient or turns ratio of the system,
Mt is the effective mass of the system, Kt is the effective stiffness
of the system, and Dt is the effective damping of the system.

Using the principle of duality, the equivalent circuit in Fig. 4(c)
can be redrawn using velocity as the across variable and shear
force as the flow variable, see Fig. 5. This system form is called
the mechanical mobility equivalent circuit of the system [34],
and the welder utilizes it for control purposes. As mentioned ear-
lier, motional feedback or purely electric signal feedback is utilized
by the ultrasonic generator to maintain welder amplitude or veloc-
ity during welding. Motional feedback works by inserting an exter-
nal inductor in series with the capacitive element of the
transducer, see Fig. 5(a). If the impedance of the inductor is chosen
to be equal to the capacitor impedance at resonance, the electrical
impedance of the transducer is balanced out or removed from the
circuit, see Fig. 5(b). By removing the capacitance of the transducer
near resonance, the motional impedance of the transducer can be
isolated for control purposes, hence the name motional feedback.
Welder velocity is directly related to applied voltage too and can
be used for amplitude control purposes.

An equivalent LTI model using current and shear force as inputs
and velocity and voltage as outputs can then be written,

VðjxÞ
_dðjxÞ

� �
¼ H�

eðjxÞ H�
meðjxÞ

H�
emðjxÞ H�

mðjxÞ

� �
iðjxÞ
FsðjxÞ

� �
; ð5Þ
(a)

Fig. 5. Equivalent circuit for welder operation: (a) mobility form of system with added in
without electrical influences from transducer, i.e., motional feedback form.
where H�
e is the FRF between electric current and voltage (V), H�

me is
the FRF between shear force and voltage, H�

em is the FRF between
electric current and welder velocity, and H�

m is the FRF between
shear force and velocity. H�

me and H�
em are equal in magnitude and

phase like the other LTI model of the welder. These FRFs can written
in terms of lumped system parameters and assuming that the elec-
trical impedance of the system is suppressed,

H�
e ¼

V
i
¼ W2

t

jxMt þ Dt þ Kt
jx

; ð6Þ

H�
em ¼

_d
i
¼ Wt

jxMt þ Dt þ Kt
jx

; ð7Þ

H�
m ¼

_d
Fs

¼ 1
jxMt þ Dt þ Kt

jx

: ð8Þ

where Wt is the electro-mechanical transformer coefficient of this
equivalent form. The other lumped parameters are assumed to
not be dependent on the particular equivalent circuit form because
they influence the system resonance and system resonance is nearly
identical between the two forms. The shear force and applied elec-
trical current in (5) are out of phase at the 20 kHz driving frequency
(xo) because shear force opposes welder vibration directly. This out
of phase shear force can be expressed with a minus sign,

_dðjxoÞ ¼ HemðjxoÞiðjxoÞ � HmðjxoÞFsðjxoÞ: ð9Þ
Similarly for voltage,

VðjxoÞ ¼ HeðjxoÞiðjxoÞ � HmeðjxoÞFsðjxoÞ: ð10Þ
Harmonic excitation is assumed in relations (9) and (10) to

describe system dynamics at resonance. These relations will be
used later in Section 5 of the paper to calculate welder shear force.
(b)

ductance to ‘zero out’ transducer capacitance; (b) simplified mobility form of system
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Evidence supporting these relations will be presented in Section 7.
Prior to using the model to estimate shear force and welder effi-
ciency, it is of interest to show that the presented lumped system
models are valid and can be used to describe UAM dynamics. Ver-
ification and identification of model parameters is carried out in
the next section utilizing experimental FRF measurements and
characterization techniques, respectively.
4. Welder characterization

4.1. Frequency response function measurements

To describe welder boundary conditions for FRF estimation, the
welder was characterized inside the UAM machine, see Fig. 6. To
apply a controlled voltage and measure electric current across
the piezoelectric transducers, an AE Techron LVC 5050 was uti-
lized. A Polytec PSV-400 Doppler laser vibrometer was used to
measure sonotrode motion in a non-contact manner. The ability
to measure welder vibration in a non-contact way is important
because any added mass and geometry will adversely influence
the tuned resonance behavior of the system. A high frequency
modal hammer (PCB 086C30) was used to input a known force
impulse into the sonotrode. A modal hammer was utilized because
mass loading on the structure would be minimized compared to
piezo reaction mass excitation. Lastly, a Data Physics QUATTRO
Dynamic Signal Analyzer was used to estimate FRFs. The equip-
ment used to characterize the welder is shown in Fig. 6 while a
characterization schematic is shown in Fig. 7.

To measure He and Hem, one transducer was used to excite the
system while the other was put into an open circuit condition. This
characterization approach is valid because the system is symmet-
ric, which makes the test conditions equivalent to driving the sys-
tem with two transducers. Also, the open circuit condition is
required to allow energy storage over the capacitor and to prohibit
current flow out of the passive transducer. Because the resonance
of the welder is lightly damped, swept sine excitation was utilized
around the 20 kHz resonance. Frequency spacing during the sweep
was 0.5 Hz and measurements were taken until a minimum ordi-
nary coherence value of 0.99 was reached for the frequencies of
concern. To measure Hm, both transducers were short circuited
with low resistance stranded wire while the modal hammer was
used to excite the sonotrode. The transducers were short circuited
so that energy would not be stored within the capacitive element
of the transducers. FRF estimation utilized 10 hammer impacts
for averaging and an exponential processing window to minimize
Fig. 6. Approach and equipment used to measure experimental FRF measurements of
operating boundary conditions.
leakage error. Frequency resolution during Hm estimation was near
2.4 Hz, so measuring the peak FRF value was difficult.

Empirical FRFs are compared in Fig. 8(a) while the measure-
ment of Hm for both transducers shorted, one transducer shorted,
and no transducers shorted (open) is shown in Fig. 8(b). The FRF
with the largest magnitude is He, followed by Hem, and then Hm

in Fig. 8(a). It is shown in Fig. 8(b) that the magnitude of Hm is sim-
ilar for each electrical boundary condition, but the resonant fre-
quency changes. This resonant frequency dependence on the
electrical boundary condition is typical for piezoelectric devices
because the piezoelectric crystal stiffness is different for an open
and short circuit condition [37]. Consequently, the resonant fre-
quency of Hm does not coincide with Hem during testing. When
the capacitive element is shorted, it is analogous to making the sys-
tem less stiff, which causes a downward frequency shift. On the
other hand, if the capacitive element is put into an open circuit
state, the capacitance stiffens the system and causes an upward
frequency shift. During welder operation, the electrical boundary
conditions for the transducer are not shorted nor left open. Instead,
it is a mixture of the two boundary conditions, which coincides
with the Hem resonance. Consequently, for comparison purposes
in Fig. 8(a), Hm is manually moved to coincide with Hem.

The Mason circuit model of the welder is compared to experi-
mental FRFs in Fig. 9. The Mason circuit model was found using
the measured FRF forms discussed earlier and with procedures
given for an ideal Mason circuit [24]. The He FRF was used to esti-
mate the system capacitance, mass, stiffness, and damping. The
electro-mechanical transformer coefficient is found via the ratio
of the mobility loop diameters of Hem and He. As shown in the Fig-
ure, the model and experiment demonstrate good correlation in
magnitude with some error in phase. Phase error is believed to
originate in the linear amplifier used to make the voltage and cur-
rent measurements because 20 kHz is near the operating limit of
the device. Consequently, phase error on the order of 15 degrees
is possible [38]. Lumped model parameters for the Mason circuit
are listed in Table 1.
4.2. Welder operation measurements

Because the measured system FRFs agree well with a lumped
parameter model, it can be inferred that the mechanical mobility
representation of the welder shown in Fig. 5 is also valid. To char-
acterize this mechanical mobility representation of the welder,
velocity, voltage, and average electric power measurements were
made on the welder while it was operating without load. These
weld assembly. Characterization was done inside the UAM machine to emulate
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Fig. 7. Conditions for assembly FRF measurements: (a) He and Hem measurements by driving one transducer and leaving the other open; (b) Hm measurement by shorting
both transducers with a low resistance stranded wire.
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Fig. 9. Welder FRF comparison between measurement and system level model.
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three variables were evaluated at different amplitude settings
of the ultrasonic generator. To measure welder velocity, the
noncontact laser vibrometer was utilized. A Tektronix P6015A
voltage probe was used with an Agilent 54622A oscilloscope to
measure RMS voltage and P-P voltage of the welder. Power was
measured by using the analog output channel on the ultrasonic
generator.

To obtain accurate estimates for system voltage and power, the
welder was driven with one transducer while the other was left in
the open circuit condition. By driving the system with one



Table 1
Lumped parameter values for Mason circuit model of welder.

Model variable Value

Ct (nF) 203.21
Mt (kg) 1.98

Kt (GN/m) 30.49
Dt (Ns/m) 82.05
Ut (N/V) 1.54
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transducer, the ultrasonic generator doubles the applied current to
achieve the same voltage and welder velocity outputs [36].
Because current doubles and the voltage is constant, the power
also doubles. Peak welder velocity and average electric power draw
for the amplitude levels of 40%, 50%, 60%, 70%, and 80% are shown
in Fig. 10(a) while peak voltage is shown in Fig. 10(b). It was found
that the measured applied voltage was very similar to a sine wave,

so the voltage in Fig. 14(b) was scaled by the RMS coefficient 1ffiffi
2

p
� �

for a sine wave. As shown in Fig. 10(a), peak welder velocity
changes linearly with amplitude setting while average weld power
changes in a quadratic manner. Peak welder velocity is expected to
change in a linear manner with applied voltage when no shear
force is present, see (5). Likewise, voltage also changes linearly
with the amplitude setting when there is no shear force present.
Power, on the other hand is expected to change quadratically
because it is a function of current squared when shear force is
not present.

As a result of the voltage and velocity changing linearly together
in Fig. 10, the coupling constant for the mechanical mobility repre-
sentation of the welder (Wt) can be found by fitting a line between
the two variables. As shown in (6)–(8),Wt is scaled by the mechan-
ical admittance (H�

m) to estimate H�
em. As a result, applied peak cur-

rent can be estimated by using Wt ; H�
m, and measured peak welder

velocity. Estimated peak current can then be used with measured
RMS voltage to calculate average electric power, Pe;avg . Average
electric power is defined as the multiplication of RMS voltage,
RMS current, and the cosine of the phase angle (h) between voltage
and current,

Pe;avg ¼ VRMSiRMS cos h: ð11Þ
The H�

e transfer function theoretically does not have a resonance
and an anti-resonance in UAM because motional feedback is used.
Instead, the function will behave more like a single degree of free-
dom model and have a phase angle of zero at resonance, see (6).
Thus, the phase angle between applied current and voltage can
be assumed to be zero in (11). Using this phase angle simplifica-
tion, the average electric power can be estimated and compared
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Fig. 10. Operation of welder operating under no load, i.e., not welding: (a) comparison o
setting; (b) applied voltage as a function of amplitude setting.
to the measurement, see Fig. 11. The estimated power is higher
than the measurement. To remedy this mismatch, the peak magni-
tude value of H�

m was adjusted by increasing it 12%. As a result of
the peak value of H�

m being difficult to accurately measure during
characterization, increasing its value is likely more accurate as
well. With this adjustment to H�

m, the power estimate shows closer
agreement with the measured value. The calculated constants uti-
lized for this power calibration are listed in Table 2.

In addition to estimating power, the excitation frequency of the
welder was compared to FRF measurements. This excitation fre-
quency was found using the measured welder velocity signal and
FFT algorithm within Matlab. The excitation frequency as a func-
tion of amplitude setting is shown in Table 3. It was found that
the excitation frequency of the system was identical or very near
the resonance of the system during FRF characterization. The small
variation in excitation frequency is believed to originate in the fre-
quency resolution of the processing block size to calculate the
frequency.
5. Shear force estimates and welder efficiency

The welder calibration results in Fig. 11 were calculated assum-
ing that welder current, voltage, and velocity signals were single
frequency (xo), i.e., sine waveforms. It was also assumed that the
phase angle between the applied current and voltage is zero due
to the PLL algorithm. Using these assumptions, (11) can be simpli-
fied to the following,

Pe;avg ¼ 1
2
Vi: ð12Þ

Eq. (12) is a reasonable simplification for average electric power
draw considering that the 1st harmonic of the weld velocity is an
order of magnitude greater than all other higher order harmonics
(see Figs. 17 and 21 in Section 7). Because applied voltage to the
piezoelectric transducers is controlled to be constant for a given
amplitude set-point value, the ratio of average electric power
between two welding layers or states can be equated to the ratio
of weld currents,

P2

P1
¼ i2

i1
; ð13Þ

where P2 and P1 are the average electric power for welding states 2
and 1, respectively. Likewise, i2 and i1 are the applied peak electric
current values for welding states 2 and 1. Using estimated current
from the model and measured average electric power for not weld-
ing (state 1), applied current during welding can be estimated if
average electric power draw is measured (state 2). With this
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Fig. 11. Calibration of mechanical mobility model to average electric power.

Table 3
Frequency of welder velocity as a function of amplitude level. Frequency found via
windowed FFT with frequency resolution near 3 Hz. The median frequency of
19.757 kHz agrees well with FRF measurements. A Hamming processing window was
utilized to minimize leakage when estimating frequency.

Amplitude setting (%) Frequency (kHz)

40 19.760
50 19.757
60 19.757
70 19.754
80 19.754

Table 2
Coefficients used to validate mechanical mobility representation.

Model variable Value

Wt (V⁄s/m) 515.3
Peak H�

m (m/s/N) 0.010
Adjusted peak H�

m (m/s/N) 0.0112
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estimate for applied current at the excitation frequency, welder
shear force can then be estimated using the LTI model, assuming
operation at resonance (9) and (10), and using measured peak
welder velocity,

Fs ¼ H�
emi� _d
H�

m
: ð14Þ

To illustrate the use of (14), the states of not welding and weld-
ing can be compared, see Fig. 12. Along with estimated shear force
between the two states, the measured average electric power,
measured peak welder velocity, and calculated excitation fre-
quency are also shown in the figure. In-situ measurements were
sampled at 50 kHz (25 kHz Nyquist) with a National Instruments
DAQ module. Consequently, content in Fig. 12 is from the excita-
tion signal (near 20 kHz) and contains no higher order harmonic
content. The average electric weld power increases an order of
magnitude, the welder excitation frequency increases 75 Hz, the
peak welder velocity decreases 10%, and shear force is near
1750 N during welding. Shear force during ultrasonic spot welding
has been measured previously [39], and found to be near 1800 N
for the same aluminum alloy with a similar sonotrode contact area.

The shear force of the welder exhibits similar behavior to the
average electric power in Fig. 12 since (13) is used to estimate
applied current to the welder. The reported average electric power
in the figure was measured from a single piezoelectric transducer
and doubled in value because power draw is near symmetric
between the two transducers on the sonotrode.

With the use of estimated peak shear force, measured peak
welder velocity, and measured average electric power draw,
welder efficiency (e) can then be calculated,

e ¼ Pm;avg

Pe;avg
¼

1
2
_dFs

Pe;avg
: ð15Þ

Welder efficiency is calculated using the ratio of average
mechanical power (Pm;avg) and average electric power (Pe;avg). This
efficiency calculation was carried out with the assumption that the
majority of the applied electrical energy is concentrated near the
excitation frequency as well. Efficiency comparisons between the
states of not welding and welding are shown in Table 4. The effi-
ciency is not exactly zero when not welding because there is a
small residual shear force from the calculation (14). Nonetheless,
the estimated welding efficiency is near estimates for ultrasonic
metal welding systems [6] and below that of UAM piezoelectric
transducers [40], which is greater than 90%. This estimate is sensi-
ble considering efficiency cannot be greater than the ultrasonic
transducers themselves. Losses in the system which decrease effi-
ciency are bushings, bolted joints, material damping within the
waveguide, and friction in the spring diaphragm ball bearing. Addi-
tionally, some error in the efficiency and shear force measurement
may be attributed to higher order harmonics not being considered
in the calculation. The effect of higher order harmonics is discussed
in Section 7.

6. Influence of UAM processing conditions on shear force and
efficiency

In addition to comparing the shear force and efficiency esti-
mates between the states of not welding and welding, the influ-
ence of UAM processing conditions on these estimates can be
evaluated. The influence of welder amplitude or velocity on system
dynamics is shown in Fig. 13 while the efficiency for the amplitude
levels of 40%, 50%, and 60% are listed in Table 5. These measure-
ments were made while all other processing variables were held
constant and at the same number of UAM weld layers. This same
procedure was done when evaluating normal force and speed.

As shown in Fig. 13, the average electric power draw increases
with amplitude level, the peak welder velocity increases monoton-
ically with amplitude setting, the excitation frequency decreases
with higher amplitude levels, and shear force increases with higher
amplitude levels. Power draw and shear force increases with
amplitude level because enhanced motion increases both elastic
and plastic deformation of the system. This increase in deformation
leads to a corresponding increase in effort from the welder. The
efficiency decreases with larger welder amplitude levels because
plastic deformation and some slip is present during UAM. The rela-
tionship is made more clear by evaluating the closed form relation
of efficiency in terms of welder motion and shear force,

e ¼ 1�
_d

_dþ H�
mFs

: ð16Þ

If the shear force and welder motion are not linearly related, the
efficiency can show some variation. Since metal plasticity and slip
are present in UAM, it is suspected that their non-linearity is the
reason for the efficiency variation in Table 5.

The next UAM processing variable to be evaluated is the normal
or down force. Results for the normal force levels of 4000, 5000,
and 6000 N are shown in Fig. 14 and Table 6. These different nor-
mal force levels do not strongly influence UAM system dynamics
from one level to the next because it has been shown that frictional
slip does not strongly influence UAM at these force levels [11,22].
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Fig. 12. Estimate of welder shear force from in-situ velocity and power measurements. Welder excitation frequency is also compared to illustrate system stiffening when
welding.

Table 4
Welder efficiency comparison between the states of not welding and welding. A small
efficiency is calculated for the state of not welding due to a small residual shear force
being present from the calculation of shear force (14).

No welding Welding

Mean 4.31 83.66
Std. dev. 0.50 0.44
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Negligible magnitude difference is observed between the average
electric power draw and peak shear force for the different force
levels. Peak welder velocity decreases near 1.5% between each
force level and excitation frequency decreases in an exponential
manner with normal force level. An explanation of this observed
trend can be described by evaluating the inductor impedance (Lt)
used in the motional impedance control strategy [23],
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Fig. 13. Comparison of system dynamics as a function of amplitude level. Other UAM pr
5000 N, linear weld speed was 5 m/min (200 in./min), and welds were made at room te
Lt ¼ 1
x2Ct

: ð17Þ

If the inductance used to cancel out the electrical impedance of
the transducer is fixed during welding, velocity will not be held
constant because excitation frequency changes. Down force may
influence the coupling of the welder to the build, which then ulti-
mately influences the excitation frequency of the welder. This
welder amplitude influence would then make the system less effi-
cient since energy is being stored in the capacitor. This reasoning is
supported by the decrease in efficiency in Table 6.

The last UAM processing variable to evaluate is linear weld
speed or how quickly the sonotrode rolls along the surface of the
UAM build during construction. Results for the speed levels of
3.75 (150), 5.00 (200), and 6.25 m/min (250 in./min) are shown
in Fig. 15 and Table 7. These weld speed levels have little to no
influence on welder performance or efficiency. This observation
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Table 5
Welder efficiency comparison between different amplitude settings.

40% 50% 60%

Mean 92.4 86.2 83.7
Std. dev. 0.53 0.43 0.47
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corroborates other 9 kW UAM experimentation [22] and energy
transfer models [28] because slower weld speeds ðVtÞ were found
to linearly improve bond quality. In other words, the imparted
energy to the weld interface ðEwelderÞ, and ultimately bond quality,
is linear with speed because imparted mechanical power ðPmechÞ
is not a function of welder speed within the investigated speed
range,

Ewelder ¼ x
Vt

Pmech; ð18Þ

where x is the linear travel distance of the welder.
7. Welder velocity response during UAM

The following sections discuss the influence of shear force and
build compliance on welder velocity response during UAM. The
first section discusses why welder shear force influences harmonic
content in the velocity spectrum of the welder. The second section
examines the effect of UAM build compliance on the nominal exci-
tation frequency and the harmonic content magnitude.

7.1. Effect of shear force

As discussed in Section 2, the ultrasonic generator utilizes a
phase lock loop algorithm combined with motional feedback to
maintain a prescribed welder vibration magnitude and to track
system resonance shifts during UAM. The relationship between
build stiffness and excitation frequency shifts were discussed in
detail while the control framework for constant amplitude control
at the nominal excitation frequency was explained. It was not
explained that additional frequency content exists in the velocity
response during welding, see Fig. 16. Specifically, the lateral scrub-
bing velocity response of the welder increases at all frequencies
and exhibits content at harmonic locations of the excitation
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Fig. 14. Comparison of system dynamics as a function of normal force. Other UAM proc
amplitude was 60% (32.5 lm), linear weld speed was 5 m/min (200 in./min), and welds
frequency. This harmonic content has been observed prior in
UAM [29] and in ultrasonic spot welding [41], yet its origin has
not been fully explained.

The frequency response of the welder velocity is different dur-
ing welding vs. not welding because the shear force input function
contains energy at all other frequencies in addition to the nominal
excitation signal. The exact excitation frequency of the welder
depends on the effective resonance of the sonotrode and transduc-
ers, as explained earlier. To explain why additional frequency con-
tent exists in the welder velocity signal, the proposed LTI model
expression (5) can be used to describe the velocity response for
all frequencies,

_dðjxÞ ¼ H�
emiþ H�

mFs: ð19Þ
Eq. (19) explains that welder velocity can be represented as a

linear combination of the applied electric current and resultant
shear force for all frequencies. It was established in Section 5 that
the electric current used to actuate the welder could be approxi-
mated as a sine wave because the measured welder output voltage
was found to be nearly sinusoidal. This single tone excitation is
corroborated when analyzing the velocity response of the welder
when operating under no load because its response is also sinu-
soidal, Fig. 4(b). Because the excitation signal is concentrated near
resonance (xo), content at other frequencies must come from the
shear force input function. Further, the observed content in the
velocity spectrum is originally passed through the system transfer
path or frequency response function (FRF) for a given system input.
These FRFs act as filters on the system, and they influence fre-
quency content in the velocity spectrum. To understand FRF influ-
ence on velocity and system response at high frequencies, these
functions can be measured.

Obtaining FRF measurements at frequencies above 20 kHz is
difficult. For measuring H�

m, state-of-the-art high frequency modal
hammers do not exhibit the necessary frequency response to reli-
ably characterize the system upward of 20 kHz. For measuring H�

em,
response above resonance is low and narrow band excitation tech-
niques are required. Despite these measurement difficulties, the
general character of the FRFs can be investigated, see Fig. 17. The
FRFs in the figure were obtained using the procedures outlined in
Section 4 and using the built-in high frequency data acquisition
system of the laser vibrometer. It should be noted that Hem in
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Table 6
Welder efficiency comparison as a function of normal force.

4000 N 5000 N 6000 N

Mean 82.48 81.34 80.56
Std. dev. 0.60 0.36 0.36
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Fig. 17 is for the velocity-voltage FRF (Hem) and not the velocity-
electric current FRF (H�

em). However, the two FRFs have similar
behavior and can be used for comparison purposes.

The harmonic locations of the nominal resonance of 19.757 kHz
are marked in Fig. 17 with asterisks. Aside from the excitation har-
monic (1st), the harmonics of the excitation signal do not coincide
with any other system resonances. Consequently, significant
amplification of harmonic content is not suspected during welding,
and the content in Fig. 4(b) must be transmitted at low response
regions of the H�

m FRF. Because harmonic content is transmitted
at low response regions, the origin of the content must come from
the shear force excitation function.

7.2. Effect of build compliance

Prior work by the authors [28] has shown that UAM build com-
pliance influences the performance of the process and ultimately
part quality. To maintain performance and part quality in UAM,
the concept of power compensation was presented. Compensated
power is when the welder displacement is increased manually to
maintain a constant electric power input into the UAM build due
to build compliance influencing the welder effort to reach a pre-
scribed amplitude limit. Uncompensated means that the welder
amplitude is not adjusted during build construction, i.e., default
constant amplitude control of the welder is utilized. The concept
of power compensation is shown schematically with correspond-
ing measurements in Fig. 18. Hehr et al. [28] did not investigate
welder velocity content during this study. Consequently, the
impact of build compliance and power compensation on the har-
monic content in the velocity spectrum was studied herein using
in-situ welder velocity measurements as a function of build height.

Fig. 18(a) illustrates why UAM build compliance impacts the
process while measured average electric weld power is shown in
Fig. 18(b). Fig. 18(c) illustrates the hypothesized bilinear shear
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Fig. 15. Comparison of system dynamics as a function of weld speed. Other UAM proce
amplitude was 60% (32.5 lm), normal force was 5000 N, and welds were made at room
force input function and plasticity behavior of the weld foil during
the UAM process. The shear force or reaction force from the UAM
build changes linearly with build stiffness (k) until the yield
strength (Fy) of the foil is reached. Then, the weld foil plastically
deforms with a constant tangent stiffness (kT) to the prescribed
welder amplitude value or displacement limit (dL). Because the
stiffness of the build decreases with build height, the amount of
plastic deformation also decreases due to it taking more elastic
deformation (dE) to initiate yielding. More details on this idea can
be found in previous work by the authors [28].

Power compensation is carried out manually by increasing the
prescribed amplitude limit each layer due to state-of-the-art
UAM equipment not exhibiting a constant weld power feature.
The approach used to keep power constant is listed in Table 8
and is similar to the approach used in previous work [28]. To mea-
sure average electric power draw as a function of weld height, the
analog output signal for weld power on the ultrasonic generator
was synchronized with welder velocity. Average electric power
as a function of build height is shown in Fig. 19(a) with first stan-
dard deviation error bars about a mean value for a given layer.
Because welder velocity is measured, welder frequency as a func-
tion of build height can be estimated using Fourier analysis, see
Fig. 19(b). Welder frequency was found by using the FFT function
in Matlab, a Hamming processing window to minimize leakage
error, a 50% overlap, and a block size of 81920 (6.5 Hz resolution).
Because the ultrasonic generator changes the frequency slightly
during welding, first standard deviation error bars are used to
show frequency variation about a mean value for each weld layer.

It is shown in Fig. 19(b) that welder excitation frequency shifts
downward with more layers and with more displacement (com-
pensated trace). The downward frequency shift for amplitude con-
trol (uncompensated trace) corresponds to the UAM build
becoming less stiff with more layers. Because the build becomes
less stiff with more layers, the amount of plastic deformation hard-
ening decreases and leads to a decrease in the effective build stiff-
ness. On the other hand, the increased displacement for power
compensation increases this downward frequency shift. This
increased frequency shift occurs because the effective build stiff-
ness decreases with more plastic deformation. Additional evidence
of this downward shift due to a larger amount of plastic deforma-
tion is shown in Fig. 13 when the influence of welder amplitude on
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Table 7
Welder efficiency comparison as a function of weld speed.

3.5 m/min 5 m/min 6.5 m/min

Mean 82.40 82.14 81.81
Std. dev. 0.61 0.62 1.10
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shear force magnitude was evaluated. These two frequency shift
mechanisms are schematically detailed in Fig. 20.

In addition to analyzing the frequency shift of the excitation sig-
nal as a function of build height, harmonic frequency content was
examined. The dependence of this harmonic content on prescribed
displacement and build stiffness can give insight into shear force
and plasticity behavior of the weld foil during build construction.
Averaged frequency content for the first three harmonics are
shown in Fig. 21 for the compensated and uncompensated power
conditions. This data was obtained by utilizing a Hamming pro-
cessing window to simultaneously minimize leakage error and
obtain accurate amplitude estimates. A 50% processing block over-
lap was also used. The processing block size was 81,920 points
(6.5 Hz resolution), and this block size provided an adequate num-
ber of averages to statistically separate the trends shown in the fig-
ure. Because the processing frequency resolution was not
extremely fine and the frequency is non-stable during UAM, points
at and around the harmonic locations were used to estimate con-
tent by averaging them together for a given processing block. Three
points were taken above and below the harmonic peak for averag-
ing. Thus, seven total points were averaged together to produce the
data shown in Fig. 21 with the first standard deviation as error
bars.

The nominal excitation frequency content (20 kHz) is very
steady for the uncompensated trace in Fig. 21(a). This steadiness
is expected due to the ultrasonic generator attempting to keep
amplitude constant during build construction. The cyclic variation
shown in the uncompensated trace originates from periodically
moving the measurement point of the laser vibrometer every 5 lay-
ers to remain on the sonotrode combined with the deformation
behavior of the sonotrode. Sonotrode deformation behavior will
be discussed in more detail in Section 8. The increasing content
in the compensated trace is expected due to the velocity or ampli-
tude increasing during build construction. It is shown in Fig. 21(b)
that the 2nd harmonic content (40 kHz) is constant as a function of
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Fig. 16. Sonotrode or welder velocity character during UAM compared to actuating the
frequency domain comparison of signals. Signals were sampled at 512 kHz with an ampli
small decrease in welder amplitude during welding will be discussed in Section 8. Freque
of 81,920 points and without windowing. Windowing was not used to illustrate increase
may be present in the figure.
build height for both the compensated and uncompensated traces.
This constant content implies that the hardening behavior (saw-
tooth component) of the weld metal does not change significantly
with build height. On the other hand, the magnitude of the 3rd har-
monic (60 kHz) demonstrates a large amount of change with the
number of weld layers, see Fig. 21(c). Like the excitation frequency
shift in Fig. 19(b), the compensated and uncompensated traces
show decay as a function of build height. The decay in the content
is expected because it is the first square wave harmonic and is the
most sensitive to square wave changes, i.e., non-constant build
compliance. Consequently, the increasing build compliance of the
UAM stack with height influences the shear force profile.

The decreasing magnitude of the 3rd harmonic or square wave
harmonic combined with the prevalent high order odd harmonics
in Fig. 16(b) and transfer path character of H�

m (see Fig. 17) can be
used to hypothesize the shear waveform behavior during welding,
see Fig. 22. The proposed forcing function exhibits predominant
square waveform behavior because the dominant high frequency
harmonics in Fig. 16(b) coincide with odd harmonic frequency con-
tent (60 and 100 kHz peaks). It is suspected that some plastic
deformation hardening does exist in UAM as originally depicted
in Fig. 18(c) because the sawtooth wave or even harmonic loca-
tions in Fig. 16(b) have content, but this content is much less than
the square wave content and shows no change with build height.
The square wave content changes with build height because the
elastic stiffness of the build decreases and influences the shear
force input function. In particular, the forcing function becomes
less square wave like due to the build becoming more compliant
with each added layer, which in turn reduces the magnitude of
the 3rd harmonic with each layer. Fig. 22 illustrates the proposed
force waveform behavior with k1 representing a stiff UAM build
while k2 represents a less stiff build. The k1 profile is more square
like than k2.
8. Discussion

A linear time invariant model of the UAM process has been pro-
posed to describe process dynamics, see Fig. 3. In particular, the
model explicitly specifies welder shear force as a system input to
describe system dynamics and power conversion within the
welder. This model was explored through equivalent circuit analy-
sis, empirical FRF estimation, and characterization measurements
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Fig. 18. UAM build dynamics: (a) schematic of UAM build during welding showing areas of elastic and plastic deformation; (b) comparison of measured average electric
power draw percent for build with (compensated) and without (uncompensated) power control, reprinted with permission [28]; (c) proposed bilinear shear force profile
during welding.

Table 8
Power compensation approach by increasing prescribed peak-to-peak displacement (dL) of the welder. Amplitude percentage was input into the machine controller to achieve the
given displacement.

Layer 1–2 3–4 5–6 7–8 9–10 11–15 16–20

Amp. (%) 60 61 62 63 64 65 66
P-P dL (lm) 32.5 33 33.6 34.1 34.7 35.2 35.8
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to understand system behavior and to identify system parameters.
With this LTI model, shear force magnitude and welder efficiency
were estimated for standard welding procedures for Al 6061 foil.
The impact of welding variables on shear force and efficiency
was also investigated. This model also provides insight into
describing the high frequency harmonic content, the resonant fre-
quency shift during welding, the decrease in welder amplitude
under load, and can be used to describe the influence of UAM build
dynamics on welder behavior.
8.1. Welder frequency and amplitude

UAM system dynamics change during welding because the
dynamics of the weld assembly couple with the dynamics of the
UAM build. The UAM build generates an opposing shear force
which acts on the sonotrode, and the build stiffens the system
due to the resonant frequency shifting upward. System stiffening
can only occur if the sonotrode and the weld foil are not slipping
on preceding layers when welding. Instead of slipping, it is
believed that a psuedo-steady stick condition occurs because a
stable upward frequency shift is observed when welding, Fig. 3
(c). If the sonotrode and weld tape did not stick to the previous
layer, i.e., frictional slip, the shear force would be fully decoupled
from the build and no upward system resonance shift would occur.
It is believed that when the welder sticks to the UAM build, the
surface asperities of the foil at the interface undergo large amounts
of plastic deformation through shear, which then promotes bond-
ing. Others have also noted low amounts of frictional slip in 9 kW
UAM when welding at higher loads (4–6 kN). Specifically, heat
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Fig. 19. Power and excitation frequency shift during UAM stack construction: (a) average electric weld power vs. number of layers; (b) excitation frequency shift vs. number
of layers. The compensated power trace in (b) shows an increased amount of frequency shift.
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Fig. 20. Frequency shift mechanisms during UAM: (a) less plastic hardening decreases the effective build stiffness; (b) more plastic deformation decreases the effective build
stiffness.
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Fig. 21. Harmonic content during UAM stack construction for the approximate locations of 20, 40, and 60 kHz: (a) 1st harmonic, 20 kHz; (b) 2nd harmonic, 40 kHz; (c) 3rd
harmonic, 60 kHz. The influence of power compensation increases the magnitude of the 1st harmonic, but does not influence the other harmonics. Due to the UAM build
becoming more compliant with construction, the magnitude of the 3rd harmonic decreases. Harmonic content was found using FFT analysis using a Hamming processing
window, a block size of 81,920 (6.5 Hz resolution), and by averaging the harmonic peak value with three points below and above it, i.e., seven total points total used to
estimate content around the peak. Seven points were used for averaging content because reliably and consistently estimating the peak harmonic response is difficult with the
processing block resolution.
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generation within the weld was found to correlate well with plastic
deformation heating and not frictional slip [11]. Also, normal force
was found to not be statistically significant on UAM weld strength
[22]. This concept of stick producing good bonds through shear
deformation is contrary to the work of others [26]. However, this
prior work did not include plastic deformation of the weld tape
as a bonding mechanism. Instead, the stick condition was assumed
to purely limit interfacial sliding.
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Fig. 22. Proposed shear force profile during welding using evidence from welder velocity frequency response measurements and H�
m: (a) force-displacement; (b) force-time.

Due to the UAM build becoming more compliant with more layers, the behavior of the forcing function becomes less square like with more layers.
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The 10% decrease in velocity during welding (see Fig. 3(a))
occurs because (i) the motional feedback method employed by
the ultrasonic generator may exhibit error when tracking the
amplitude and (ii) the sonotrode deforms slightly during welding
operations. To explore the motional feeback error, the presented
LTI model can be used by evaluating the difference in welder veloc-
ity between two different welding states, i.e., welding and not
welding. Because voltage is held constant between these two weld-
ing states, the voltage difference between the two states is zero.
Consequently, with the use of (5) it can then be found that the dif-
ference in electric current is proportional to the difference in shear
force,

H�
eDi ¼ H�

emDFs: ð20Þ
It is assumed in expression (20) that FRF magnitude is the same

when welding or not welding and that system energy is predomi-
nately concentrated at the excitation frequency (xo). FRF magni-
tude dependence on welding will be discussed in the next
section. Eq. (20) can then be used to explain the difference in
welder velocity by relating it to the difference in shear force,

D _d ¼ H�2
em

H�
e
� H�

m

 !
DFs: ð21Þ

Eq. (21) demonstrates that shear force can influence welder
velocity if the FRF term is not zero. Ideally, this FRF term equates
to zero if motional feedback completely removes the electrical
impedance influence of the transducer, see (6). However, if the
electrical impedance of the transducer is not completely removed,
the FRF termwill not equate to zero and welder velocity will not be
held constant when welding. The influence of remaining trans-
ducer impedance on welder performance was discussed earlier in
Section 6 when evaluating the influence of normal force on welder
effort.

To investigate the influence of sonotrode deformation on
welder amplitude, a reduced fidelity linear elastic solid model of
the sonotrode was analyzed in COMSOL Multiphysics. The goal of
this simulation is not to fully describe the deformation behavior
of the sonotrode, but to gain insight into the magnitude and behav-
ior of the deformation. The built-in High-Strength Alloy Steel
material option within COMSOL was used as the material in the
model while the contact width for the force was chosen to be
0.5 cm from experimental observations. The mesh of the model
utilized the physics controlled fine option within COMSOL. The
reduced fidelity model along with boundary conditions for the
simulation are shown in Fig. 23(a). Because the sonotrode is con-
strained against the weld surface of the build with a prescribed
normal force, a deformation constraint was placed on the tool
piece. The simulation output for a 9.65 cm diameter tool piece with
an applied 2000 N distributed load is shown in Fig. 23(b). A 2000 N
load was used because this is near the shear force estimate found
in Section 5. Because the sonotrode is designed to operate in the
longitudinal mode of vibration near 20 kHz, the static assumption
is valid due to the self-exciting deformation modes of the sono-
trode being sufficiently far away [36].

It is shown in Fig. 23(b) that the maximum deformation of the
tool is near 1.5 lm. This deformation magnitude is similar to the
velocity decrease of 0.25 m/s in Fig. 3(a). This velocity decrease
correlates to an amplitude magnitude estimate of near 2 lm. This
estimate was found by dividing the velocity decrease by frequency
in rad/s, i.e., harmonic excitation assumption. In practice, obtaining
the maximum deformation of the tool piece is not feasible because
the laser vibrometer cannot reliably focus on the very tip of the
tool piece. Nonetheless, this analysis shows that sonotrode defor-
mation is likely a contributing factor to the decreased amplitude
during welding and may be a larger contributor at higher shear
force loads.

8.2. Influence of UAM build dynamics

The influence of UAM build dynamics on system dynamics can
be studied by replacing welder shear force in Fig. 5(b) with a pre-
scribed forcing function or a load impedance function (ZLD) to
describe energy transfer into the weld for UAM components. To
describe UAM build dynamics in a general way for an Al 6061
stack, a complex stiffness [42] load impedance can be used,

ZLD ¼ keff
jx

ð1þ jgÞ; ð22Þ

where keff is the effective stiffness of the UAM build and g is the loss
factor or energy transfer efficiency of the process. This complex
stiffness expression describes UAM build stiffness and damping,
independent of frequency. In other words, a hysteretic damping
model was chosen to model system losses because plastic deforma-
tion character would show little change near the excitation fre-
quency when the PLL controller moves the excitation frequency.
Damping from plastic deformation is typically described with a
Coulomb-friction model [42], like bilinear hysteresis [43,44]. The
purpose of the presented impedance function is not to describe
the elasto-plastic interaction during UAM but to describe the
UAM build dynamics in a general way.
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Fig. 23. Sonotrode deformation analysis from shear loading: (a) reduced model of sonotrode tool piece with assumptions; (b) deformation contour of 9.65 cm diameter tool
piece with applied 2000 N distributed load.
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To describe the influence of the UAM build onto the system, the
load impedance was implemented by introducing effective build
stiffness without damping initially (g ¼ 0) and then introducing a
loss factor (g ¼ 0:25). To estimate the effective build stiffness, sys-
tem stiffness was increased until a 75 Hz frequency shift was
accomplished, see g ¼ 0 traces in Figs. 24 and 25. This 75 Hz fre-
quency shift was chosen because it was observed when welding
an Al 6061 stack, see Fig. 3(b). The required build stiffness to cause
this frequency shift is less than 1% of the assembly stiffness. Also,
because energy is being stored in the system, no change in system
response magnitude occurs. Because the welder is capable of mov-
ing the excitation frequency during welding, it can be inferred that
FRF response will not change due to this added stiffness. For illus-
tration purposes, a loss factor of 0.25 or a damping capacity of 25%
was chosen to show the behavior of system losses during UAM due
to large amounts of plastic deformation occurring. The g ¼ 0:25
curves in Figs. 24 and 25 illustrate that the system response
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Fig. 24. Estimation of UAM build stiffness via a 75 Hz frequency shift and the
investigation of UAM build stiffness on FRF magnitude. Due to stiffness not
influencing FRF magnitude, FRF magnitude would be consistent when system
resonance changes under load. Damping or energy leaving the system is shown to
decrease system response.
decreases due to energy no longer being stored within the welding
assembly and being transferred to the weld interface. A summary
of key lumped parameter estimates for this analysis are shown in
Table 9.
9. Concluding remarks

A linear time invariant (LTI) model of the UAM process has been
proposed to describe process dynamics by explicitly specifying
welder shear force as a system input. To verify and to identify
LTI model parameters, equivalent circuit analysis, empirical FRF
estimation, and characterization measurements, were utilized.
These characterization techniques and models can be applied to
state-of-the-art UAM systems, can be used to improve controller
design, and to ensure welder consistency across various welder
assemblies. Welder consistency is of utmost importance as the
use of UAM continues to expand.

Welder shear force and welder efficiency were estimated for the
first time in UAM using this LTI model. Shear force magnitude and
efficiency estimates were found to be near 2000 N and 80%, respec-
tively. The influence of welder amplitude, normal force, and weld
speed on shear force magnitude and welder efficiency was also
evaluated. Normal force and weld speed show little to no influence
while welder amplitude showed significant influence. The strong
influence of welder amplitude occurs because of differences in
elastic and plastic compliance between amplitude levels. The LTI
model, experimental FRF measurements, and high frequency in-
situ velocity measurements of the welder were also used to
improve understanding of harmonic content and frequency shift
behaviors in UAM. From this harmonic content behavior, shear
force character can be estimated and understood as UAM build
compliance changes.

An upward frequency shift on the order of 75 Hz occurs when
welding Al 6061 because the UAM build stiffens the overall system.
System stiffening can only occur if the sonotrode sticks to the UAM
build. Otherwise, no system coupling would occur and no fre-
quency shift would be observed. Using a lumped parameter model
of the welding assembly and the observed 75 Hz resonant fre-
quency shift, the effective build stiffness was found, which is less
than 1% of the assembly stiffness.
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Fig. 25. Nyquist plots: (a) estimated motional impedance locus, H�
e; (b) measured admittance locus, Hem. Resonant frequencies for each locus are marked with an asterisk

while adjacent locus points are marked with circles. Loading the system without damping does not change the motional impedance locus due to the diameter remaining
constant. The decrease in locus diameter occurs only when damping is introduced [34]. The resonant frequency location in the motional impedance locus occurs at 0 degrees
because the electro-mechanical coupling coefficient is assumed to be real valued [34]. To verify this assumption, the Hem admittance locus is plotted. The resonant peak has a
phase location < 1 degrees, which supports the real valued coupling coefficient assumption of 0 degrees.

Table 9
Key lumped parameter values used to describe UAM stack dynamics. Effective build
stiffness (keff ) was chosen by increasing the system resonance 75 Hz. A high loss
factor (g) was chosen to illustrate the influence of the large amount of plastic
deformation on system response during UAM.

Model variable Value

Kt (GN/m) 30.49
keff (GN/m) 0.02

g 0.25
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