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A framework to map the flow of energy is necessary for quantifying the relationship between process
parameters and shear strength of the weld interface (weld strength) in ultrasonic additive manufacturing
(UAM). In-situ infrared thermography measurements were used to validate transient thermal finite element
(FE) models of heat transfer for the UAM of 6061- and 5052- series aluminum alloys. An analytical structural
model was developed to estimate the stress distribution and heat input in the UAM process. The combined
model is used to build an empirical energy-strength correlation that maps process parameters to the weld
strength of UAM parts by identifying the driving energy (the energy of plastic deformation) for bond for-
mation for Al-Al joining from the participating energies in UAM. Good agreement is found between model

predictions and experimental weld strength measurements. The framework enables the definition of a
figure of merit to quantify the portion of input energy from the welder that is used for bond formation.
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Introduction

Ultrasonic additive manufacturing (UAM) is a solid-state 3D
printing process based on continuous ultrasonic metal welding,
detailed in [29]. A rotating sonotrode presses metallic foilstock
against a similar or dissimilar metallic base, which in conjunction
with lateral ultrasonic vibrations serves to disperse oxides, plasti-
cally deform asperities, and generate metallurgical welding through
intimate metal to metal contact. The process is used to print suc-
cessive layers of thin metallic foil onto a baseplate. The welding tool
is also integrated into a CNC machine which enables the integration
of subtractive processes to create near net-shape parts. No detailed
models exist to describe the relationship between process para-
meters, weld temperature, and weld strength in UAM. Such models
are required to guide the development of process settings and
minimize laborious trial and error welding.

Understanding the role of heat generation and weld temperature
in the UAM process is critical to developing energy flow models for
UAM. To that end, it is necessary to quantify the partition of the
input energy into the energy of plastic deformation, which drives
bond formation, and friction, which contributes to heat generation.
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The UAM process has similarities to cold roll bonding (CRB), a solid-
state joining process where two foils are rolled under high pressure
to create a weld. In this study, UAM is treated as ultrasonically-as-
sisted cold-roll bonding.

Fujii et al. [8] found that the high amplitude cyclic deformation
applied by the UAM welder causes the oxide layer to crack. Mo-
hamed and Washburn [16] proposed that the formation of a bond
between the two metal foils in solid-state welding after asperities
are crushed and flattened requires an activation energy. Work by
[13] showed that UAM shows a similar threshold energy require-
ment for bond formation. Several studies have tried to develop an
analytical expression for the relationship between deformation re-
duction R and the bond strength ratio (to the bulk strength) » in cold
roll bonding. A simple model accounting for the threshold de-
formation Ry, is found in the work of [30]:

(1-Rp )
(1 —Rm)?)

where H is an empirical hardening coefficient.

Certain models for bond strength in solid-state welding in-
corporate the extrusion of the metal through cracks in the oxide
layer [5]. Such models do not necessarily apply to UAM because the
cyclic stress loads from the ultrasonic vibrations in UAM have the
effect of cracking and dispersing the oxide layer. This is supported by
microstructural studies by [32] that found no oxide layers in bonded
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regions of UAM samples. The superposition of stresses introduced by
the out-of-plane ultrasonic vibrations in UAM is expected to reduce
the deformation required for bonding. In this manuscript, the acti-
vation energy will be assumed to be proportional to the energy of
plastic deformation as it was found by [16] that plastic deformation
is a key requirement for solid-state welding.

A transient thermal finite element (FE) model is developed to
predict the weld temperature as a function of heat energy generated.
Zhang et al. [35] identified that the temperature increase plays a role
in bond formation, though a key feature of the UAM process is the
low formation temperature. Intermetallics often form in fusion
processes with dissimilar metals because elevated temperatures
permit mixing and diffusion. In contrast, melting and subsequent
solidification are absent in UAM. Obielodan et al. [17] showed that
this enables the joining of dissimilar metals without the formation of
brittle intermetallic phases. Gunduz et al. [9] found that higher
temperatures improve inter-diffusion and localized melting at the
interface in the ultrasonic welding of aluminum and zinc. Siggard
[23] identified that the low temperature aspect of the process en-
ables the embedment of temperature-sensitive electronics in metal
structures. Using thermocouples embedded at the weld interface,
the work by [25] showed that the peak temperature reaches near
150°C for welding aluminum and copper alloys with a 9 kW welder.
Infrared imaging has been used to calibrate simple 2-D models of
ultrasonic welding processes in the work of [12].

Real-time temperature monitoring of the ultrasonic welding
process was discussed by [4]. A 2-D finite element thermal model for
UAM was developed by [31], and reported that the heat generation
due to friction is twice the heat generation due to plastic deforma-
tion for AA1100 aluminum alloy, whereas [34] reported that all the
energy lost during welding is due to friction. However, [25] proposed
that heat generation due to plastic deformation is much higher than
that from friction. Analytical expressions were used to estimate the
heat generation and the 3-D temperature fields, which were com-
pared against weld temperature measurements taken using ther-
mocouples. Although thermocouples are a conventional means to
measure weld temperature, they have some inherent disadvantages
when compared to non-contact methods. Adding a thermocouple to
a workpiece in a channel modifies the heat capacity of the sur-
rounding region, and the measured temperature could be different
from the temperatures reached if the thermocouple were not placed.
The thermocouple also needs to be very sensitive with a high fre-
quency bandwidth to accurately measure the very high heating rates
of over 3000°C/s reported for ultrasonic welding by [6] and for ul-
trasonic additive manufacturing by [21]. In addition, thermocouples
only provide a single-point measurement.

Non-contact infrared (IR) imaging has several advantages over
thermocouples for temperature monitoring in UAM. IR cameras have
detectors that absorb a narrow band of infrared radiation in the
electromagnetic spectrum and transform it into a 2-dimensional
temperature field. The wavelength emitted is given by Wein’s dis-
placement law, as described for instance by [19]. The main ad-
vantages of using IR cameras are their quick response time and high
sensitivity. A high-resolution 2-dimensional grid of data points can
be obtained which provides a more detailed thermal field data. IR
imaging has been used to predict small welding defects with high
resolving power in arc welding by [ 14] and laser welding by [24]. The
estimated weld temperature can be used to estimate the heat gen-
erated in the UAM process in conjunction with a thermal finite
element (FE) model.

Analytical model development
Fig. 1 shows the steps required to estimate the plastic deforma-

tion Ep; and the frictional dissipation energy Ef for UAM as a function
of process parameters. A transient thermal FE model is developed
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using COMSOL to estimate the temperature distribution T(x, y, z) in
the workpiece and the heat input Quay from the measured peak
temperature Tyay as detailed in Section 3. The temperature dis-
tribution is used to estimate the temperature-dependent properties
such as yield strength of the workpiece to be used in the structural
model. An LTI model of the weld assembly is used to estimate the
shear force F; from the process parameters as detailed in [11]. The
structural model takes the weld force F,, and shear force F; as inputs
to estimate each of the energies E, and Eg.

Modeling assumptions

Developing a comprehensive coupled thermal-mechanical model
for UAM requires the simulation of several thousand cycles of high-
frequency 20 kHz vibrations, which is computationally expensive.
Hence, an analytical framework is developed to approximate the
stress, strain, and temperature fields in the UAM process. The
thermal and structural problems are decoupled, and the weld tem-
perature from the thermal FE model is used as input in the structural
problem to determine the temperature-dependent yield strength,
seen in Fig. 1. The heat energy generated is estimated from the
structural model.

The following simplifying assumptions are made. First, it is as-
sumed that the variation of the Z-direction normal stress from the
welder-foil contact surface to the foil-foil contact surface is negli-
gible since the thickness ¢ of the foil (150 ym) is significantly lower
than its width w (25.4 mm). Second, the elongation in the rolling
direction (X-direction) due to rolling is neglected, and X-direction
stresses and strains are neglected. This leads to the overestimation of
the energy of plastic deformation in soft materials like Al 6061-0
where some elongation is observed in the weld foil after UAM. Third,
the elastic component of the total strain is considered to be negli-
gible compared to the plastic strain due to the large plastic de-
formations imparted by the welder (10-20 ym).

Fourth, the von-Mises criterion is used as the yield criterion for
the initiation of plasticity. Previous work by [22] on the mechanical
behavior of 2024 aluminum alloys found that there was no strain-
rate dependence on plastic deformation up to strain rates of
500057, which is close to the typical strain rate in UAM calculated
from the maximum shear strain y=|weiqerl/t; and the welder fre-
quency of 20 kHz. Hence strain-rate dependence is not modeled, but
this assumption can be modified for describing the UAM of different
materials. The anisotropy in the material yield parameters is ignored
for simplicity, but the rolled foil is expected to have some anisotropy
between the rolled and transverse directions. Fifth, no slip is as-
sumed between the welder and the top of the weld foil since the
roughened welder surface, whose roughness was measured using a
surface profilometer to be between 9 and 11 ym R,, will produce
sufficient grip to prevent slipping.

Model for plastic deformation energy

Normal and shear stresses

If Hertzian contact was assumed, the normal stress o/?(x) under
the welder, the maximum normal stress P}z, and the contact half-
width a"** would be given by
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Fig. 1. Schematic of the thermal-structural model used to estimate the energy of plastic deformation Ep and the energy dissipated due to friction Ef.
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Fig. 2. Illustration of the forces and vibration velocities during UAM: (a) the contact width 2a of the weld foil of thickness t; with the yielded foil material under the welder, where
n is the fraction of the contact width where the foil has plastically yielded; (b) the top of the foil of width w sticks to the welder and the bottom of the foil has a slip velocity profile
Ssip (x) with the workpiece (previously welded foil or baseplate). The vibration velocity of the workpiece is assumed to be small in comparison to the welder’s vibration velocity.

where E* is the effective modulus of the steel-aluminum interface
calculated from the modulus, Wy = F,/w is the vertical weld force F,
per unit width w, and R is the radius of the steel welder as described
by [2]. It is also noted by [2] that tangential forces have a insignif-
icant effect on the shape and size of the contact area, allowing the
stresses from the normal and tangential forces to be assumed to be
independent of each other. Note that x=0 is directly under the axis
of rotation of the welder (Fig. 2).

For a steel welder on aluminum foil, the maximum stress for a
5000 N weld force would be 276 MPa, which is higher than the yield
strength of even work-hardened foil materials such as Al 5052-H38
(yield strength = 255MPa) and Al 6061-H18 (yield strength =
230 MPa). Thus, the key Hertzian assumption of elastic behavior is
invalid, and the stress distributions obtained cannot be directly used.
The model is extended to include the effect of the material yielding
by proposing that after yielding, the contact half-width continues to
increase to distribute the normal load over a larger load-bearing area
until the forces are balanced. It is assumed that the normal load
distribution in the plastic regime has a similar distribution as (2)
with a new maximum normal stress Py, and contact half-width q,
as shown in Fig. 2(a). The maximum normal stress is assumed to be
the yield stress o, of the material. The new contact half-width a can
be computed using the following expressions:

2
X
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The shear force F; applied by the welder results in a shear stress

distribution z,,(x) in the YZ-plane such that
a

J:a Tz (X)wdx = F. (8)

The terms o(x) and z(x) will henceforth be used in place of ¢,,(x) and

7,/x) respectively for brevity.

Yield criterion
The state of stress of a stress element taken at a location x with
breadth dx can be represented using the Cauchy stress tensor o;

0 0 0
gjj = 0 0 T(X)
0 7(x) —a(x) (9)

The deviatoric stress is calculated as the difference of the stress
tensor and one-third of its trace

o(x)
=5 0 0
si=| 0 ¥ 7(x)
o (x)

Classical J, flow theory is used to describe the yield behavior of
the material, and the von-Mises criterion is used for the yield cri-
terion. It is assumed that the material in the region - na < x < »a has
plastically yielded as seen in Fig. 2(a), and thus meets the von-Mises
yield criterion
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lsijs,-j =o(X)%/3 + 7(x)? =0y 2 /3for — na < x < na,

]z=2

(11)
where oy = 6y(Tweiq) is the temperature-dependent yield strength of
the foil material at the weld temperature T,eq. Note that hardening
effects are not included in this model for simplicity, which leads to
an underestimation of the stress values. The expression (11) can be
used to obtain the shear stress distribution from a given normal
stress distribution from (5) as follows:

1 x\?
ﬂ“ﬁ (1~ (3]
Note that the shear stress will oscillate along with the shear force as

a 20 kHz sine wave, but the peak value is used for simplicity. Ne-
glecting shear stresses in the regions not yielded and substituting

7(x)

(12)

(12) in (8) and using a dummy variable « = % one obtains
na | x\?
— P21 —(—) ).w.dx
a=n W a 2
-P d
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W. a. Pnax 7 ‘s‘ ( oy )2 )
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Using (7) and substituting Bna = may > for dummy vari-
+
able ¢ > 0,
a? + 62,
(16)
2
@,: loc\/ocz + 6% + e—ln(oc + Va2 + 62)
2F, 2 2
= (17)
3 7F s—— 62 O+’ 47
—— =6’ + 7t + —In———+~—
2F, 2 02+ 92 -9 (18)
E—Ln 62+n2+6_2]n7'62+7)2+7)
CIRNEL 2 Je+nt -y (19)

To simplify (19), it is assumed that 75% of the contact width has
yielded, or » = 0.75. The normal stress goes to zero at the edges of the
contact width, and hence the material at that location can be as-
sumed to not have yielded, as discussed in [7]. Expression (19) can
be used to compute the yielded area ratio ¢ as a function of the ratio
of shear and weld forces in UAM. This relationship is plotted in Fig. 3.
The minimum ratio of the shear and weld forces to yield 75% of the
contact width is identified by the X-intercept as 0.2. For a weld force
of 5000 N, this corresponds to a minimum shear force of 1000 N.

The value of the maximum normal stress P,,qx can be calculated
using the value of 9 estimated using (19). The shear stress distribu-
tion z(x) can then be estimated by substituting this value of P4 into
(12). This will be useful to estimate the plastic deformation energy
E,i as a function of process parameters in Section 2.2.3.

For the example case of F, =5000N and F; =2000N in Fig. 3
when 6=0.7, The maximum normal pressure P, normal stress
distribution o(x), contact half-width a, and shear stress distribution

7(x) for this case are computed using (7) and (12) as
P Y =082
= — o
"Ny e Y (20)
a= 2F, T+0° = 0.77E,
WOy Way (21)
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Fig. 3. The normal pressure ratio ¢ is plotted for different ratios of shear force F; and
weld force F, using (19). The minimum value of the force ratio is 0.2 when 6=0. The
dotted red line denotes the value of (18) at a weld force F, =5000 N and shear force F
=2000 N, which are typical parameters used to weld Al 6061-H18 foil, as detailed in
[11]. The intersection of the red dotted line and the blue graph is at =0.7.
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The value of 7(x) at the end of the contact patch equals one-third of
the yield strength as expected since the normal pressures are zero.
The maximum normal pressure is always proportional to the ma-
terial yield strength and the contact half-width is inversely propor-
tional to the material yield strength. The normal and shear stress
profiles in the contact width region are plotted for different values of
n in Fig. 4(a) and (b), respectively.

Plastic deformation energy estimation

The UAM welder imparts a sinusoidal motion to the top of the foil
being welded. Starting at the mean position, the incremental dis-
placement dy leads to an incremental shear plastic strain dy=d(y -
Ysiip)/tr where 5 is the thickness of the foil and dyg;, is the incre-
mental frictional slip, as illustrated in Fig. 2(b). It is not expected that
asperity-level deformations result in significant differences in the
energy of plastic deformation, and are can thus be neglected. Since
the elastic component of the strains is also neglected, the incre-
mental plastic strain tensor is given as

0 0 0
dgg=10 0 dy/2]|.
0dy/2 O (24)

The incremental work done for plastic deformation of the weld
foil dWy, for an incremental welder displacement dy and incremental
slip dyg;, between the foils is given by

1
AWy = j_ 25 (X)dey (1), w. 1. dx

(25)
a dy — dyy; (%) a
= [ r0—— = wtydx = Fdy - I, 7 @)dyp (x)walx. (26)
The rate of plastic work Wp, can be calculated as
) d
Wp,(t):%:gf—f ys’"’ ) ax
t
= Ebwelder — Jla (%)dstip (x )de (27)
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Fig. 4. The normal and shear stresses along the contact width are plotted vs. the X-position normalized by the contact width a: (a) normalized normal stress =

Assuming that the slip velocity and welder velocity are in phase, the
rate of work averaged over one period of oscillation T can be com-
puted as

Wy® =

(x) .
0 = b = 38 [ T (ol

(28)
Here, the first term is the rate of total mechanical work done by the
welder, defined in the work of [27], and the second term is the
portion lost due to slip. The energy of plastic deformation Ep; at a
single location in the foil is given by the product of the average rate
of work and the time spent by the welder over the location:

- avg 20

_a a 7(x)
pl m = mFs(wweldeﬂ - I—a

(8stip (X) |de),
F
where [%| is the weld speed. For the case of unsuccessful welds, when
65iip (X)| = |Sweider |, the energy of plastic deformation is Ep; = 0.

Eyp =

(29)

Model for frictional dissipation energy

The heat generation due to friction between foils per unit time is
given by the following equation:

J‘,aa 77 (X) Bgtip (x) Walx.

g (1) (30)

Here, gy is the rate of heat generation due to friction, a is the half-
width of the contact region, &g, (x) is the slip between the foils at a
distance x away from the welder, z7/(x) is the frictional stress at that
position, and w is the width of the foil. Assuming Coulomb friction
and averaging over one period of vibration, (30) simplifies to

a .
4 = 2 [ o (il wax, a1)
where  is the Al-Al friction coefficient and |34, |(x) is the magnitude
of the slip velocity between the foils. In the limiting case, it is as-
sumed that there is pure slip between two foils being welded. This
leads to all the deformation of the welder being transformed to
frictional slip deformation between the weld foils. Then,

a . 1 .
qavg = —[—u U (X) 18 welder IWdx = iliFN- [Swelder |, (32)

where |8,eider | is the magnitude of the welder’s vibration velocity.
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The frictional energy dissipation Er at a single location in the foil
is given by the product of the average rate of work and the time
spent by the welder over the location:

|x|f e

where |X| is the weld speed. In the case where there is no plastic
deformation in the foil, the friction coefficient x will take the value
of Fs/F.

Ef = )16 dx,
f = Qf ).( |shp| X)wdx (33)

Thermal model

The total heat generation comes from losses in plastic deforma-
tion and frictional dissipation. The fraction of plastic energy that is
converted to heat, the Taylor-Quinney coefficient, is g and a typical
value of 0.9 for aluminum is chosen as used by [25].

During the ultrasonic metal additive manufacturing (UAM) pro-
cess, heat is generated from two sources: interfacial friction and
plastic deformation. The transient temperature field can be esti-
mated using the following equation:

Ca_T =k az_T az_T + az_T +q
Por Mo T2 T a2 total> (34)
Qrotal = BEPI + Ef
i1 (BB Bucierl = B =(0ldp () we
[ ucr(X)lchnpl(X)de)- (35)
Here, 7T is the change in the temperature with respect to time,

is the material Taylor-QUinney coefficient, p is the material density, ¢
is the material specific heat, q is the heat generation rate and k is the
thermal conductivity. Boundary conditions for convection are shown
in (36) and those for heat flux are shown in (37):

oT
- kai h(Tﬂ - T;)v (36)
ELT
Kon = (37)
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Table 1
Summary of thermal properties used for the transient thermal finite element (FE)
analysis using COMSOL.

Aluminum AISI 4340
Specific heat capacity J/(kg.K) 900 475
Density kg/m> 2700 7850
Thermal conductivity W/(m.K) 201 445

where h is the material surface heat transfer coefficient, n is the
normal direction, T, is the air temperature, T; is the boundary tem-
perature, and gy, is the boundary heat flux.

Transient thermal finite element model

A transient thermal simulation of the rotating welder and the
translating workpiece are simulated using COMSOL. Properties of
the materials used are listed in Table 1. The welder rotates such that
there is no rolling slip with respect to the workpiece. The weld foils
and the baseplate are modeled as one piece since they are all made
of aluminum alloys. A pairwise thermal contact is defined between
the welder and the workpiece, with heat generation. Thermal re-
sistance due to asperities is neglected since sufficient weld force is
present in UAM to collapse the asperities in the foil. The workpiece
and the foil being welded are modeled as a single block, similar to
the work of [25].

A rotating-domain deforming geometry is used to rotate the
welder at a constant angular velocity. A prescribed deforming geo-
metry is used to translate the workpiece at the weld speed. A pair-
wise thermal contact is defined between the steel welder and the
aluminum workpiece. AISI 4340 is used for the steel material
properties for the welder and aluminum 6063-T83 is used for the
workpiece’s material properties Fig. 5.

The combined heat generated due to friction and plastic de-
formation (qo¢q) is partitioned at the contact interface in accordance
with the Charron’s relationship, detailed in [33], where the gener-
ated heat is partitioned into g into the steel welder and (1-r)
Qtotal to the foils. The expression for r is

rzL, where & = ;“m
1+¢ \ p2Gp2ke (38)

Here, p1, Cp1, and kq are the density, specific heat capacity, and
thermal conductivity of the foil, and similarly with subscript 2 for

Rotating horn  =—————p

Pair thermal
contact
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the steel welder. For welding aluminum, 16.5% of the heat generated
is lost to heating the steel welder. It is assumed that the heat gen-
erated due to plastic deformation can be approximated to be at the
horn-foil interface due to the small thickness of the feedstock.

The transient simulation is run with a sample heat generation of
2000W at the welder-foil interface in Fig. 6, which results in a
predicted temperature increase of 107K for a weld speed of
84.67 mmy/s (200 in/min). The thermal FE problem solved is linear,
and thus, the temperature increase measured using the IR camera
system can be used to calculate the actual heat generation Qay for a
given set of process parameters, as illustrated in Fig. 1. Simulations
show that the peak temperature is not sensitive to the convection
coefficient between the welder and air, and hence a typical surface-
to-air value of 20 W/m?. K is used.

Parametric study using FE model - effect of weld speed

A simple analytical moving heat source model for heat genera-
tion in UAM like the one used by [28] does not account for the ro-
tation of the welder. The welder rolls without slip over the foil
during the UAM process. The effect of weld speed on weld tem-
perature is estimated using the FE model by varying the weld speed
between 125, 200, and 275 in/min and plotting the FE estimates of
peak welder temperature in Fig. 7(a). The results show that the peak
temperature values reach a steady value after about 0.5s and the
steady peak temperature increases with decreasing weld speed. The
slight oscillation seen in the temperature is due to the size of the
mesh elements used. Reducing the mesh size from the chosen value
did not affect the peak temperatures estimated.

The actual temperature profile of the welder surface is shown in
Fig. 7 (b), (¢), and (d) for 52.92 mm/s (125 in/min), 84.67 mm/s
(200 in/min), and 116.4 mm/s (275 in/min), respectively. The profiles
show a peak temperature at the welder contact point, and high
temperature gradients as a function of angle.

IR experiments and data analysis

The in-situ temperature distribution during welding is measured
using a non-contact (IR) longwave infrared camera (FLIR A6751sc). A
frame rate of 30 Hz is used and the response time for the IR camera
to identify a temperature change is 190 ps. The spectral range chosen
for the temperature range of interest is 7.5-11 ym. The sensor in the

o

Translating workpiece

Fig. 5. Transient thermal simulation of the rotating welder and the translating workpiece simulated using COMSOL. Note that the 20 kHz vibration of the welder is the Y-direction.
The welder rotates such that there is no rolling slip with respect to the workpiece. The weld foils and the baseplate are modeled as one piece since they are all made of aluminum
alloys. A pairwise thermal contact is defined between the welder and the workpiece, with heat generation at the interface.
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Fig. 6. Temperature field in K under a rotating welder and a feedstock translating at a speed of 84.67 mm/s (200 in/min) simulated using COMSOL. Thermal power of 2000 W is
input to the welder-workpiece interface which is partitioned based on Charron’s rule (38). A temperature increase of 107 K from ambient is estimated.

camera converts the incoming infrared photons into a 640x480
voltage map using the emissivity of the welder surface, which was
measured to be 0.9 in a calibration experiment using a K-type
thermocouple, detailed in Section 3.4. The camera is mounted on a
boom arm as shown in Fig. 8. A standard ruler is used to calibrate the
pixel-to-pixel distance at the standoff distance used. A total of 13
pixels are required for 1 mm marking on the ruler, which translates
to a pixel size of 76 xm, which is about half the thickness ¢ of the
UAM foil.

Calibration of infrared emissivity of the welder surface

Al 5052-H38 foil that is 0.152 mm thick and 25.4 mm wide is fed
using the tape feeder and tensioned using a force of 90 N around the
welder. An OMEGA Type K AWG 40 thermocouple (0.080 mm tip
diameter) is bonded to the side of the steel welder using superglue
to measure the temperature at the interface of the steel welder,
shown in Fig. 9(a). Fig. 9(a) also shows the exposed portion of the
welder where the infrared measurements are made. This is possible
since the welder is 10% wider than the foil. The transducers are
excited at a vibration amplitude of 26 ym to generate heat through
sliding friction between the vibrating welder and the aluminum foil.
The foil surface does not reflect its true temperature to the infrared
camera since the emissivity of aluminum foil is too low (< 0.1). The
emissivity value of the steel surface is varied until good agreement
(within 3K) is achieved between the infrared and thermocouple
temperature estimates. The small differences are attributed to the
effect of the superglue on the time constant of the thermocouple and
the small distance between the location of the thermocouple and the
surface seen by the camera. An emissivity value of 0.9 is chosen for
the steel welder.

Model validation

Al 6061-0, 6061-H18, 5052-0, and 5052-H38 feedstock are
welded onto a 12.7 mm (0.5 in.) thick Al 6061-T6 baseplate. The
temperature is found to be similar for the first foil to baseplate
weld and the first foil to second foil welds. Representative IR
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images for Al 5052-H38 and Al 6061-0 foils are shown in Fig. 10(b)
and (d), respectively. Three key features are observed in these IR
images: (i) the machined Al 6061-T6 baseplate acts as a perfect
mirror creating a mirror image of the welder infrared image; (ii)
the peak temperature on the welder is reached at the welder-foil
interface and is uniform along the width of the foil interface; and
(iii) the peak temperature of the welder is steady during the
welding process, as seen in Fig. 10(a) and (c). Note that the tem-
perature at the weld interface is expected to be close to the value
at the horn-foil interface due to the small thickness of the foil. The
peak temperature is estimated as the time-average of the mea-
sured maximum temperature from the infrared video during
welding. The temperature increase for Al 6061-0 foil is 88 K (peak
temperature is 118° C), while the temperature increase for Al
5052-H38 is 44 K (peak temperature is 74° C). This difference is
attributed to the potential difference in the Taylor-Quinney coef-
ficient between 5000-series and 6000-series aluminum alloys.
This peak value is used for validation against the peak tempera-
ture from the transient thermal FE model.

Temperature-dependent mechanical properties for Al 6061-0, Al
5052-0, and Al 5052-H38 are obtained from the ASM materials
handbook [1]. Properties for Al 6061-H18 are experimentally ob-
tained from uniaxial tensile testing measurements in a temperature-
controlled chamber. The yield strength of all the foils reduces by less
than 10% up to 120°C, which is the maximum measured weld tem-
perature for the range of weld parameters used. Hence, the effect of
thermal softening on the yield strength of the foils is neglected in
the analytical model. If the material being welded exhibits sig-
nificant thermal softening during UAM, the weld temperature needs
to be iterated over a range of possible values until the estimate of
heat generation from the structural model with thermal softening
matches that from the thermal model.

The experimentally obtained weld temperatures from infrared
imaging and the corresponding temperature estimate from the
analytical model are shown in Fig. 11. The model with g=0.9 un-
derestimates the temperature increase for Al 6061-0, and this is
because the model does account for work hardening (cold working)
of the material and elongation in the rolling direction during UAM,
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Fig. 7. Temperature field in K under a rotating welder with a translating feedstock simulated using COMSOL at different weld speeds, and the corresponding temperature profile
on the welder for a 2000 W reference heat input at the welder-workpiece interface: (a) temperature at the foil-welder interface as a function of time from the FE model. The
temperature reaches a steady value which corresponds to the weld temperature measured by the IR camera in Section 3.3; temperature vs. angle plots of the welder for weld
speed x of (b) 52.92 mm/s (125 in/min), (c) 84.67 mm/s (200 in/min), and (d) 116.4 mm/s (275 in/min).

which is significant for a soft material like Al 6061-0. For the 5052 Process-property relationships for UAM of aluminum
series aluminum, a choice of g=0.6 is a better fit for the weld

temperatures for Al 5052-H38. This model also over-estimates the A simple empirical model for the shear strength zs,eq of the
temperature increase for the 5052-0 alloy as work hardening was weld interface is developed similar to the model by [30] for cold roll
not incorporated. bonding. The shear strength of the bulk material (zspui) is used to
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Fig. 8. Setup to measure the weld temperature during UAM: (a) illustration of the IR camera positioned to view the front of the welder during welding; (b) image of the FLIR

A6751sc camera positioned using a Manfrotto boom arm.

normalize the weld strength. The model is modified to use the en-
ergy of plastic deformation per unit length Ep; instead of the thick-
ness reduction:

Ts,weld -H _ (] - Epl/A)2
Ts bulk (1 - E$/A)? ) (39)

where H is an empirical hardening coefficient, Epl™ is the threshold
energy of plastic deformation for bond formation, and A is a coeffi-
cient used to normalize the energy of plastic deformation. The
coefficient H accounts for the effect of work-hardening to improve
the strength of the foil material. The value of H is set as 1 for Al 6061-
H18 since the temper is fully cold-worked. The model coefficient A is
chosen by fitting the model against the strength measurements for
Al 6061-H18 to be 30kJ/m. This calibrated model is then used to
determine the value of H for Al 5051-0 is determined by fitting the
model against strength measurements for Al 5052-0. The value for a
good fit is H =2.5. This calibrated model can be used to determine
the weld strength for the UAM of aluminum and other metals. The

Al 5052-H38

foil

Exposed steel
welder surface

Omega Type-K
thermocouple

model is compared against experiments in Fig. 12 and found to be in
good agreement.

Energy flow map for UAM of aluminum

A comprehensive map of all the energies involved in the UAM
process is shown in Fig. 13. The input electrical energy to the
transducers, Ej,, is converted into mechanical work at the welder-foil
interface utilizing an efficiency of about 87.5% as computed by [11].
The rate of energy required to disperse the oxide layer for aluminum
is estimated as follows. The thickness of an aluminum oxide film at
room temperature has been measured by [15] to be on the order of
nanometers. The energy required to crack the oxide layer is thus
expected to be negligible in UAM when compared to the input en-
ergy. Venkatraman et al. [26] showed that the energy stored in the
interface microstructure, estimated using the Read-Shockley re-
lationship, is also negligible when compared to the input energy. The
remaining mechanical energy is converted predominantly into the

o]
8]

——Thermocouple
— — ‘Infrared camera

» » (o))
o 6] o

w
o

Peak welder temperature (°C)

w
o

10 15
Time (s)

20 25

Fig. 9. Calibration of the infrared emissivity of the steel welder using an OMEGA Type K AWG 40 thermocouple (0.080 mm tip diameter): (a) infrared image of the setup showing
the thermocouple bonded to the side of the welder and the infrared camera estimating the welder temperature from the exposed surface of the steel welder (enclosed in the red
rectangle); (b) comparison of the measured temperatures estimated using the thermocouple and infrared measurements.
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Fig. 10. IR temperature measurements during the UAM of Al foils onto a 0.5 in thick Al 6061-T6 baseplate using a weld amplitude of 32 ym, weld force of 5000 N and a weld speed
of 84.67 mm/s (200 in/min): (a) peak temperature vs. time for Al 5052-H38, with a steady weld temperature of 74° C; (b) infrared image during welding of Al 5052-H38, where the
black dotted line follows the point with maximum temperature from left to right; (c) peak temperature vs. time for Al 6061-0, with a steady weld temperature of 118° C; (d)
infrared image during welding of Al 6061-0, where the black dotted line follows the point with maximum temperature from left to right.
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Fig. 11. Weld temperatures for Al 6061-0, Al 6061-H18, Al 5052-0, and Al 5052-H38
measured using infrared imaging using a weld force of 5000 N and a weld speed of
84.67 mm/s (200 in/min) and varying weld amplitude. The measurements are com-
pared against estimates from the analytical model shown using dotted lines. The total
heat generated is estimated using (35) and input to the thermal finite element model
to predict the temperature increase. Two possible values of the parameter g are
chosen to account for the differences between the alloys. The annealed tempers have
a higher mismatch with the model since work hardening is accounted for in the
model, which under-predicts the plastic deformation energy.
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two key energies involved in the process: plastic deformation and
frictional slip. The rest is assumed to be used to collapse the aspe-
rities on the surface of the two foils being welded. About 90% of the
plastic deformation energy is assumed to be converted to heat
(p=0.9), and the frictional dissipation is completely converted to
heat. About 16.5% of the generated heat is conducted to the steel
welder, and the remaining 83.5% increases the temperature of the
foil and workpiece.

Rusinek and Klepaczko [20] showed that about 10% of the plastic
deformation energy is used for the creation, rearrangement of
crystal defects, and the formation of dislocation structures. It is ex-
pected from the dislocation density-based crystal plasticity model
developed by [18] that the geometrically-necessary dislocation
(GND) density increases with each cycle of vibration from the
welder, which is a means to store the energy of plastic deformation.
The work found that a GND density of 6 x 10> m™ is expected after
3000 cycles of deformation for UAM of Al 3003-H18. The statisti-
cally-stored dislocation density is much smaller than the geome-
trically-necessary dislocation density, and as such it can be
neglected. This dislocation density determines the sub-grain dia-
meter in the resulting microstructure.

A figure of merit can defined for the UAM process from the en-
ergy flow map as the fraction of input electrical energy that is used
for bond formation. Plastic deformation is the key driver of solid-
state bond formation, and hence 1-p, or 10% of the plastic
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formation energy per unit length of the weld. The samples tested were welded using a
weld force of 5000N and a weld speed of 84.67 mmy/s (200 in/min). The weld am-
plitude is varied between 23 and 32 um to fabricate the welds. The expression in (39)
is used to estimate the normalized weld interface shear strength. The higher increase
in shear strength for Al 5052-O material is attributed to work hardening, and an
empirical hardening coefficient of 2.5 is used to account for this.

deformation energy is used directly for bond formation. In addition,
part of the heat generated also lowers the yield stress of the foil
material, reducing the weldability threshold Eg} from (39). This re-
duction is characterized by the relationship between the flow stress
(or yield stress) and temperature which [3] showed to fit a power
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law relationship for most aluminum alloys. The useful energy is thus
the portion of heat generation that is not lost via conduction to the
welder. The useful energy Esesy and the figure of merit « are thus
defined as

Euseful = (1 - B)Epl + 0-83qtotal' (40)
— Euseful
Ey ’ (41)

The figure of merit for the case described in Fig. 13 is computed to be
69.4%. This value is lower than the efficiency of the welding as-
sembly, which is close to 85%.

The figure of merit « in (41) is dependent on the following fac-
tors: (i) the thermal properties of the foil and horn which determine
the heat partition coefficient at the interface; (ii) Taylor-Quinney
coefficient g of the foil material; (iii) success of weld formation
which determines the partition between plastic deformation and
frictional slip; (iv) foil and workpiece geometry. Each of these factors
can be adjusted to improve the figure of merit of UAM. Han et al. [10]
have shown that the modification of the horn surface with a surface
coating to improve thermal insulation can increase the weld tem-
perature and also the resulting mechanical strength of as-welded
parts for the UAM of 4130 carbon steel.

Conclusions

A model for the flow of energy in ultrasonic additive manu-
facturing of aluminum was developed by quantifying the different
energies involved in the UAM process. To guide model development,
the UAM of annealed and fully work-hardened tempers of 6061 and
5052 aluminum alloys was investigated. Infrared thermography was
used to measure in-situ weld temperature as a function of vibration
amplitude and weld speed. A temperature increase of up to 100 K

Disperse Oxide: 0.4 mW | Collapse Asperities: 90 W

Conduction to Welder:

200 W
Heat Generation: Heat to Workpiece:
1209 W 1010 W

[~ Euseful

Storage-in-interface.Microstructure: 0.1 W

Storage in Dislocations and Defects: 101 WI

Welder Losses: 200 W

Fig. 13. Flow of electrical energy per unit time (E;,) from the welder (electrical) to the different energies involved in the UAM process. A energies were estimated using the
following weld parameters for the UAM of Al 6061-H18: weld amplitude of 32 xm, weld speed of 84.67 mm/s (200 in/min), and a weld force of 5000 N. The useful energy Eyses for

bond formation is defined in (40).
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was observed for the UAM of Al foils at weld amplitudes between 11
and 35 pm. A transient thermal FE model for heat transfer was de-
veloped and validated using the infrared temperature measure-
ments. The validated model is able to estimate the relative fraction
of heat generation from plastic deformation and friction, enabling
the estimation of weld temperature. This model is useful for the
embedding of sensitive sensors and materials using UAM, since the
process parameters can be chosen such that the weld temperature
stays below the critical or highest safe temperature of the sensitive
material to avoid thermal degradation.

The strength of the weld interfaces was quantified utilizing a
shear tester. Weld strengths of up to 50% of the bulk foil shear
strength were measured for the UAM of Al 6061-H18 and up to 80%
for the UAM of Al 5052-0. The stronger dependence of weld strength
on weld amplitude for Al 5052-0 is attributed to the work hardening
of the annealed foil during the cyclic plastic deformation in UAM,
which is absent for the fully-hardened Al 6061-H18. An empirical
relationship between the energy of plastic deformation as a function
of weld parameters and weld strength was established using ex-
pressions from the cold roll bonding literature. The expression ac-
counts for the strength increase with a hardening coefficient and the
calibrated model can be used to predict the strength of UAM Al as a
function of process parameters.

The flow of energy in the UAM of aluminum was mapped, and the
different energies involved in the UAM process were quantified. The
formulation was used to develop a figure of merit to qualify the
proportion of input energy that is used for bond formation, which
was computed to be 69.4% for the process conditions chosen. This
figure of merit can be used as a design criterion for an improved use
of the input electrical energy for bond formation in UAM, reducing
wasted forms of energy such as conduction to the welder or losses in
the piezoelectric transducers.
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