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This paper reports evidence for enhanced elemental interdiffusion during ultrasonic additive
manufacturing (UAM) across metal boundaries of copper-aluminum, nickel-gold, and
nickel-gold-aluminum. The high solute interdiffusion measured by energy dispersive X-ray
spectroscopy line scans is rationalized with calculated vacancy concentrations orders of
magnitude larger than thermal equilibrium values. The above estimates are supported by
existing knowledge related to defect physics and UAM thermal cycles. The observation of
pronounced clemental mixing are evidence for the presence of enhanced non-equilibrium
immiscible metal interdiffusion during UAM processing.
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I. INTRODUCTION

THIS research was motivated by the unexpected
experimental observation of pronounced interdiffusion
during the routine characterization of metallized fiber
optics to create smart structures for nuclear reactor
applications."? These smart structures were produced by
embedding optical fibers using ultrasonic additive man-
ufacturing (UAM).

The UAM process, initially developed by White,'* is
the method by which a 3D metal component is
fabricated through cyclic additive and subtractive oper-
ations. This is schematically illustrated in Figure 1.
During additive operations, foil tape layers (~ 150 um
thick) are bonded to each other and to a substrate
through a solid-state process that relies on high strain
rate (up to 10° s~ ™)) ultrasonic oscillations (20 kHz)
without melting. The ultrasonic vibrations are applied
using a rolling cylindrical horn called a sonotrode. The
sonotrode simultaneously applies a downward force on
the foil (in the z-direction) and laterally scrubs (in the
y-direction) as it traverses forward (in the x-direction).
This is shown below in Figure 1(a). The ultrasonic
vibrations from the sonotrode cause the localized
surface asperities to deform plastically and the surface
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oxides at the interface of the foils to break down. This
operation creates two atomically clean surfaces that
bond at temperatures si[%niﬁcantly below their respective
melting temperatures.”) This is shown below in
Figure 1(b). The additive layering operations are alter-
nated with subtractive operations using a computer
numerical controlled (CNC) mill to remove unwanted
material. In this way, a near net shape 3D component
can be fabricated.*'”) Many advantages to this manu-
facturing approach stem from the relatively short
fabrication times and low processing temperatures.
Some applications that have taken advantage of UAM
include bonding dissimilar or difficult-to-weld met-
als®" and embedding fragile materials, such as ceram-
ics or sensors.!'” Optical fiber strain sensors can be
embedded through exploiting the alternating additive
and subtracting operations in the following manner. The
additive process is paused after several foil layers have
been added to the substrate, then the CNC mill is used
to cut an optical fiber sized channel (straight or
curved) into the top foil. The optical fiber can then be
placed into this channel and the additive process is
resumed adding more foil layers on top of the now
embedded optical fiber.""!*!* This is shown below in
Figure 1(c).

UAM is similar to other solid-state welding tech-
niques in the sense that it relies on plastic deformation
to achieve oxide dispersion and bring about nascent
metal contact which are necessary conditions for
solid-state welding to occur.'®!"'>) However, it remains
unclear whether this joining process occurs with signif-
icant macroscopic heat generation, as is the case with
friction welding and friction stir welding. This is
primarily due to the difficulties in conducting measure-
ments at the time scales involved in UAM.!'¢!
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Fig. 1—Schematic of UAM process. (a) Overview of the additive and subtractive stages, (b) optical fiber embedding process, (¢) micrometer level

bonding process, and (d) atomic level bonding process.

However, recent theoretical calculations have shown
that the interface temperatures may exceed the recrys-
tallization temperature (i.e., 50 pct melting point tem-
perature in Kelvin). These observations have been
confirmed with detailed microscopy of the weld inter-
faces which show grain refinement corresponding to a
dynamic recrystalhzdtlon (18221 However, literature also
postulates that during joining of dissimilar metals, high
strain rate deformation through UAM may affect
elemental interdiffusion through elevated concentrations
of vacancies.”®) This hypothesis is also illustrated
schematically in Figure 1(d).

Additionally, the microscopic interface interactions
between the UAM foils and fiber optic metal coatings
have received limited attention in lieu of the technical
demonstrability of the fiber optic embedding process.
The full technical implementation of embedded fiber
optics for nuclear applications mandates a scientific
understanding of the material interactions during the
embedding process.

Embedding fiber optic sensors with UAM is intrigu-
ing because the sensors can be used for spatially
distributed strain monitoring for various applica-
tions.!"** 1 Although fiber optic mechanisms are not
this paper’s focus, several fundamentals are briefly
reviewed for context. The conventional polymer coat-
ings of fiber optics could survive the UAM embedding
process,*” although they are unsuitable for perfor-
mance in harsh environments, such as high temperature,
high-radiation fluence, and chemically reactive environ-
ments limiting the end use. Thus, optical fibers embed-
ded into structural materials in these demanding
environments must have the polymer coatmg strlpped
away and replaced with a metal coating.!"*'" The
process of coating an optical fiber (metallization) can be
performed through electroplating (for copper or gold
coatings) or through electroless deposition (for nickel
coatings).?®¥'32 Since the UAM process allows
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dissimilar metals to bond, the optical fiber can be
coated with any metal required for its specific applica-
tion. The exact mechanisms of dissimilar metal welding
under these geometrical constraints are not cledr
Previous UAM work has shown that similar metals!™
31 and dissimilar metals undergo intense plastic defor-
mation at the interface to induce bond forma-
tion.[>**3) Almost all literature show that the plastic
deformation is localized almost entirely in the softer
metal !534 3¢ However, whether the extensive plastic
deformation could contribute to enhanced interdiffusion
is still not clear. Previous multi-scale characterization of
high strain rate solid-state impact welds made with steel
and aluminum showed extensive interdiffusion of ele-
ments due to localized diffusion promoted by melting.[*”!
However, similar studies performed on UAM samples
did not show any significant interdiffusion.”® One can
rationalize these differences based on differences in the
extent of adiabatic heating between these two processes.

In the case of high strains induced during accumula-
tive roll bonding (ARB) where two metal sheets are
joined in the solid state by cold rolling, significant
interdiffusion has been documented. The unique results
observed in ARB refinement include remarkable devia-
tion from thermodynamic equilibrium. In composite
structures, such as Cu-Nb layers, mechanical alloying of
the immiscible phases was found. The previously sharp
interface boundary between the copper and niobium
widened as both elements appear intermixed. Although
research is still underway in this field, the models used to
explain this phenomenon include ballistic mixing and
other non-equilibrium diffusion processes, such as
plasticity-driven mechanical mixing and severe plastic
deformation, SPD.?#%) While the overall strains may be
comparable to the UAM process, the ARB strain rate at
which the deformation occurs is over 3 orders of
magnitude lower.
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Gunduz et al® investigated the possibility of inter-
diffusion in ultrasonic welding using an aluminum and
zinc dissimilar metal pair. The authors performed
energy dispersive X-ray spectroscopy (EDS) analyses
in a scanning electron microscope (SEM) and showed
the presence of a micron scale interdiffusion zone.
Interestingly, Gunduz ef al. assumed there was no
temperature increase during bonding and concluded
that the diffusion profile must be linked to a strain rate
induced vacancy concentration of up to 0.07 atomic
fraction. This assumption would lower the local melting
temperature and increase the interdiffusivity by a factor
of 10°. Currently, researchers in the field disagree on the
mechanism of interdiffusion seen across UAM inter-
faces. Chen er all' accepted the Gunduz er al. claim
that an increased vacancy concentration and associated
diffusivity could exist for their alloy system even though
their experiment had higher welding temperature. With
an increase in temperature the Vacanc?l annihilation rate
could also be enhanced. Fujii et al.”? used the Gunduz
et al. claim of an elevated vacancy concentration to
rationalize how recrystallization could occur at lower
temperatures. However, Fujii ef al. could not calculate a
vacancy concentration as high as Gunduz et al. Ward
and Cordero*" criticized the Gunduz er al. assumption
of the absence of a temperature rise and the extremely
high vacancy concentration (~ 10~") citing that it would
destabilize the crystalline lattice. Instead, Ward and
Cordero*"! modeled the UAM interface using elevated
temperatures and thermodynamicall]y equilibrium
vacancy concentrations. Sietins et al**! used high-res-
olution transmission electron microscopy (TEM) EDS
techniques to observe UAM interfaces. Based on these
measurements, the authors attributed the interdiffusion
to bulk diffusion without invoking elevated vacancy
concentration arguments. Other low-resolution SEM
observations of UAM interfaces!'>** ** have also con-
ceded that due to the spatial resolution of the equipment
being used, significant diffusion could not be resolved.
Based on this literature review, one can conclude that
there are disagreements in the community with regard to
interdiffusion occurring across UAM interfaces.

Therefore, the scope of this research study pertains to
interdiffusion of elements from the coatings of the fiber
optic strain gauges into the foils during UAM and
rationalization of the same wusing physics of
interdiffusion.

II. EXPERIMENTAL PROCEDURE

A. Introduction to Fibers and Coatings

Three sets of samples were evaluated: the AI-Cu
sample, the Ni-Au sample, and the Al-Au-Ni sample.
The Al-Cu sample configuration was based on an
optical fiber electroplated with copper (20 yum £ 5 pm)
(CU1300 fiber from IVG Fiber), embedded into Al-6061
foils using UAM. Two interfaces from the Al-Cu
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samples were analyzed. In addition, an optical fiber
with electroplated copper before the embedding process,
called the copper baseline sample, was also considered as
a baseline. The cross-sectional areas of the electroplated
copper regions were characterized before and after the
embedding process. The Ni-Au sample configuration
was based on an optical fiber electroplated with gold (15
+ 5 wpm) (ASI9.0/125/155G fiber from Fiberguide
Industries), which was then embedded into Ni-200 foils
using UAM. An optical fiber with electroplated gold,
called the gold baseline sample, was also considered as a
baseline for comparison before the embedding process.
The Al-Au-Ni sample configuration had an optical fiber
coated with nickel (1.5 to 5 um) through an electroless
process, then immersed in gold (ENIG) (0.15 to 0.20
um) (3896 fiber from OZ Optics), and then embedded
into Al-6061 foils using UAM. Two bi-layer interface
combinations (i.e., Al-Cu and Ni-Au) and one tri-layer
interface combination (i.e., Al-Au-Ni) were explored.
All the SEM images from the interface regions were
analyzed using Image-J software.

B. UAM Processing Conditions

All samples were produced using a 9 kW UAM
machine at Fabrisonic LLC (Columbus, OH) using 150
um thick x 25.4 mm wide foils. During UAM process-
ing of the AI-Cu and the Al-Au-Ni samples, the
sonotrode horn exerted a downward force (in the
z-direction) of 4000 N and traveled forward (in the
x-direction) at a speed of 0.033 m/s with a horizontal
oscillation amplitude (in the y-direction) of 28 um. For
the Ni-Au sample, the sonotrode horn exerted a
downward force of 7000 N and traveled forward at a
speed of 0.022 m/s with a horizontal oscillation ampli-
tude of 38 um. During all the above experiments, the
sonotrode vibrations were set at a frequency of 20 kHz.
The estimated temperature profile was extracted from
the non-dimensional data published by Sriraman
et al'® using WebPlotDigitizer software.l*”! Fifty data
points were extracted and extrapolated by setting the
maximum temperature as described in Section III-D
and setting the room temperature at 298 K. After the
fabrication process, samples were cut in different sec-
tions, cold mounted in epoxy, and polished to a 0.05 um
finish using standard metallography techniques.

C. Optical and Electron Microscopy

For the optical microscopy, a Zeiss AxioCam 30.5
was used. The microstructures were recorded using
bright-field (BF) imaging and extended depth-of-focus
corrections.

For the scanning electron microscopy (SEM) analysis,
the field emission Hitachi S4800 was used. The samples
were carbon coated to reduce electrostatic charging
effects. A working distance of 8.8 mm was used with an
acceleration voltage of 20 keV and a probe current of 10
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uA with an equipped electron dispersive X-ray spec-
troscopy (EDS) detector. The SEM—-EDS analysis used
the quantitative ZAF correction technique.

Samples for transmission electron microscopy (TEM)
analysis were extracted from metallic foil-fiber coating
interfaces and baseline fiber coatings. To prepare for
TEM analysis, the cold-mounted samples were milled
into thin foils using a Ga " -focused ion beam (FIB),
Hitachi NB5000. The energy of the Ga " ions progres-
sively decreased from 30 to 5 keV to create the thin foils
with approximate dimensions 3000 x 6000 x 50 nm.
The thin foils were welded onto molybdenum grids and
stored in a Ted Pella vacuum chamber. Molybdenum
grids were used instead of standard copper grids to
mitigate potential florescence effects from the grids
during analysis.

For the TEM analysis, a field emission Talos F200X
was used with an acceleration voltage of 200 kV and a
probe current of ~ 1000 pA with an equipped EDS
detector. Scanning transmission electron microscope
images of the BF, dark field (DF), and high-angle
annular DF (HAADF) were collected at angles of 9, 12
to 20, and 61 to 200 mrad, respectively. The TEM—-EDS
analysis was performed using a standardless
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semi-quantitative analysis on Bruker ESPRIT 1.9 soft-
ware that used Cliff-Lorimer corrections. Every EDS
spectrum and line scan were taken at three locations on
the sample with three repetitions at each location to
improve statistical significance. The EDS line scans
plotted below represent the average of the three-line
scans taken across each interface with errors bars
representing the range of the collected data equally
spaced for visual clarity.

III. RESULTS
A. Baseline Samples

As mentioned earlier, the optical fibers were examined
before embedding. The baseline copper-coated fiber and
the baseline gold-coated fiber were imaged, and their
elemental compositions were quantified. The EDS
spectra for the coatings were taken in high-magnifica-
tion windows encompassing solely the metal coating.
The images and EDS spectra are shown below in
Figure 2. The arrows in Figure 2(a) show the slight
charging effects present in the image. Figure 2(a) shows
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Fig. 2—Baseline-coated fiber images and EDS scans. (¢) SEM image of copper-coated fiber, () SEM image of gold-coated fiber, (¢) TEM-EDS
spectrum of copper-coated fiber, and (d) SEM—EDS spectrum of gold-coated fiber.

Table . TEM-EDS Results of Baseline Copper-Coated Fiber

Element Carbon Oxygen

Aluminum

Silicon Copper Molybdenum

At. Pct 7.2 2.1 4.5

0.1 86.1 0
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the copper-coated optical fiber, and its corresponding
EDS spectrum is shown in Figure 2(c). Figure 2(b)
shows the gold-coated optical fiber, and its correspond-
ing EDS spectrum is shown in Figure 2(d). From the
SEM image of the baseline copper sample, the cross-sec-
tional area of the electroplated copper is 9110 um?.

The EDS spectra were analyzed using the procedure
described in Section II-C to create the elemental
composition results, as shown in Tables I and II. To
perform the TEM—-EDS characterization of the baseline
copper-coated fiber (Table I), the FIB sample was
welded to a molybdenum grid. Although molybdenum
appears in the EDS spectrum, the elemental composi-
tion deconvoluted the contribution of the molybdenum
to the overall composition. This resulted in the cop-
per-coated baseline fiber having a majority of copper
with approximately 4.5 at. pct aluminum impurity. In
the SEM—-EDS characterization of the baseline gold-
coated fiber (Table II), the carbon and oxygen found in
the spectrum were also deconvoluted from the elemental
composition. This resulted in the gold-coated sample
having 100 pct gold.

Table II. SEM-EDS Results of Baseline Gold-Coated Fiber

Element Carbon Oxygen Gold
At. Pct 0 0 100
(@) 5 Ly

Aluminum
Foil

A

~3

SiO, Optical Fiber

Copper

B. Bi-layer Interfaces

This section describes the results pertaining to the
bi-layer interface between the two different metals. The
Al-Cu sample was examined at two different interface
locations, and the Ni-Au sample was examined at one
interface location. Two different interface locations of
the Al-Cu sample were analyzed because the interfaces
appeared significantly different with an open boundary
(i.e., not good joint) appearing in the first Al-Cu
interface and a tight boundary (i.e., good joint) appear-
ing in the second Al-Cu interface. Since the focus of this
paper is related to interdiffusion across the interfaces
that have been joined, the analysis primarily focused on
the tight boundaries including the second Al-Cu inter-
face and the Ni-Au interface. The data from the 2nd
Al-Cu interface are also used in the diffusion calcula-
tions to be described later. Once the calculations are
calibrated for these conditions, these calculations were
extended to other interfaces to obtain the final diffusiv-
ity and vacancy concentration values.

The first Al-Cu interface is shown in Figure 3.
Figures 3(a) and (b) show an optical micrograph and
SEM overview of the embedded metallized optical fiber.
The aluminum foil, copper coating, and SiO, optical
fiber are shown. The halo (indicated by an arrow in
Figure 3(b)) is caused by charging effects in the electron
microscope. Figures 3(c) through (e) show high-magni-
fication TEM images of the interface between the copper
and aluminum. There are many nano-scale voids,
porosities, and open spaces between the two metals, as
indicated by the circles in Figures 3(c) through (¢). From
the TEM images, the interface region is roughly 250 nm
wide. From the SEM image of the embedded electro-
plated copper, the cross-sectional area is 9878 + 17 um”.

Aluminum
Foil

P ——
Si@, Optical Fiber

Y1

Copper Coating

Fig. 3—First Al-Cu interface images: (a) optical, (b)) SEM, (c) BF, (d) DF, and (¢) HAADF. The interface is normal to the beam direction.
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Fig. 4—TEM-EDS line-scan profiles of the first Al-Cu interface.
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Fig. 5—Second Al-Cu interface images: (a) BF, (b) DF, and (¢) HAADF. The interface is normal to the beam direction.
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Fig. 6—TEM-EDS line-scan profile of the second Al-Cu interface.
The elemental concentration variation across the first shown. The interface region between the copper and the
Al-Cu interface is shown in Figure 4. Copper, alu- aluminum region is highlighted. Large amounts of
minum, oxygen, carbon, silicon, and magnesium are oxygen and carbon are present in this region, as well

METALLURGICAL AND MATERIALS TRANSACTIONS A VOLUME 52A, MARCH 2021—1147



as minor amounts of silicon and magnesium. From the
TEM-EDS data, the interface region is concluded to be
approximately 300 nm wide.

The second Al-Cu interface is shown in Figure 5. The
high-magnification TEM images shown in Figure 5 are
from the same original sample shown in Figures 3(a)
and (b); thus, the optical micrograph and SEM overview
images are not repeated in Figure 5. The highlighted
circles indicate the part of the interface region between
the metals. Although some open regions could exist,
there are fewer voids, porosities, and open regions than
in the first Al-Cu interface (Figure 3). From the TEM
images, there appears to be some type of intermixing
between the aluminum and copper in this region. This
region is measured to be ~ 40 nm wide.

The eclemental spectrum across the second Al-Cu
interface is shown in Figure 6. Copper, aluminum,
oxygen, carbon, silicon, and magnesium are shown. The
interface region between the copper and the aluminum
region is highlighted. The interface region of the second
Al-Cu interface (Figures 5 and 6) is significantly
different than first Al-Cu interface (Figures 3 and 4).
In the second interface region, a combination of copper,
aluminum, and oxygen comprise the majority of the
interface region. Other elements—such as carbon, sili-
con, and magnesium—comprise nearly insignificant
portions of the interface. Over half the interface region
is a combination of aluminum and oxygen, suggesting
that an aluminum oxide is present. From the TEM-EDS
data, the interface region is measured to be ~ 70 nm
wide.

The Ni-Au interface images are shown in Figure 7.
Figures 7(a) and (b) show an optical micrograph and

(@)

2

/

¢ SiO, Optical
Gold i Fiber
Coating ™%

SEM overview of the embedded metallized optical fiber.
The nickel foil, gold coating, and SiO, fiber are shown.
The particles indicated by the arrow in Figure 7(b) could
be from carbon particles deposited onto the SEM
surface to reduce charging effects. The particles could
also be impurities caught in the open region between the
coating and the film before imaging that escaped during
the microscopy vacuum process. Figures 7(c) through (e)
show the high-magnification TEM images of the inter-
face between the gold and nickel. The interface between
the two metals is highlighted with circles. From the
TEM images, the interface region is roughly 40 nm wide.
Additionally, there is a small void on the left side of the
highlighted gold-nickel interface seen in the TEM
images. This void appears bright in the BF image in
Figure 7(c) and dark in the HAADF image in
Figure 7(e). The SEM image of Figure 7(b) has gold
coating in the upper right corner, but the optical image
of Figure 7(a) does not. Although the samples are the
same, the optical image was taken after re-polishing
after the FIB-TEM sample preparation, resulting in an
optical image roughly 20 um below the surface of the
SEM image.

The elemental spectrum across the Ni-Au interface is
shown in Figure 8. Gold, nickel, iron, aluminum, and
oxygen are shown. The interface region between the
gold and nickel region is highlighted. In this interface
region, gold and nickel are present simultaneously with
very minor contributions by other elements, such as
iron, aluminum, and oxygen. Since gold and nickel are
immiscible metals, the presence of both metals in the
same region is very surprising and unusual. From the

Fig. 7—Ni-Au interface images: («) optical, (b) SEM, (¢) BF, (d) DF and (¢) HAADF. The interface is normal to the beam direction.
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Fig. 8—TEM-EDS line-scan profiles of the Ni-Au interface.
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Fig. 9—AIl-Au-Ni interface images: (a) optical, (b)) SEM, (c) BF, (d) DF, and (¢) HAADF. The interface is normal to the beam direction.

TEM-EDS data, the interface region is measured to be
~ 50 nm wide.

C. Tri-layer Interfaces

The tri-layer interface across three different metals
was explored in the Al-Au-Ni sample, as shown in
Figures 9 and 10. The Al-Au-Ni interface images are
shown in Figure 9. Figures 9(a) and (b) show an optical
micrograph and SEM overview of the embedded met-
allized optical fiber. The aluminum foil, nickel coating,
and optical fiber are shown in these overview images.

METALLURGICAL AND MATERIALS TRANSACTIONS A

The gold monolayer is not apparent in these low-mag-
nification images. Figures 9(c) through (e) show the
high-magnification TEM images of the tri-layer inter-
face. The nickel is on the left, the aluminum is on the
right, and the gold monolayer is in the middle. This
small gold layer is highlighted with circles. From the
TEM images, the width of the gold monolayer is
measured to be 90 nm wide.

Figure 10 shows the elemental spectrum across the
Al-Au-Ni interface. Nickel, gold, aluminum, oxygen,
and phosphorous are shown in this highlighted inter-
face. The gold monolayer between the nickel and

VOLUME 52A, MARCH 2021—1149
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Fig. 10—TEM-EDS line-scan profiles of the Al-Au-Ni interface.

aluminum can be clearly seen. There is a relatively broad
boundary interface between the nickel and the gold and
a relatively sharp boundary interface between the gold
and the aluminum UAM foil. Additionally, there is a
significant rise in oxygen content on the aluminum side
of the interface, which suggests that an aluminum oxide
combination could be present at that interface. Accord-
ing to the TEM-EDS data, the interface region of the
nickel and gold is ~ 90 nm wide, and the interface
between the gold and the aluminum foil is less than ~ 5
nm wide.

D. Measured Solute Diffusion

In Figure 10, the total interface distance between the
gold monolayer and the aluminum foil is less than ~
5nm, which is near the resolvable limit of the
TEM-EDS analysis after considering beam broadening
effects and possible slight tilting and twisting of the
interface relative to the incident electron beam. There-
fore, the gold monolayer on the outside of the nickel-
coated fiber could have prevented any significant inter-
diffusion in the tri-layer Al-Au-Ni sample. Figures 4, 6,
and 8 show that there is interdiffusion across the bi-layer
metal interface after the UAM embedding process.

To quantitatively interpret interdiffusion across the
bi-layer interfaces, a time and temperature profile that
the samples experienced must be estimated, although it
was not directly measured in this study. The tempera-
ture profile during ultrasonic consolidation (UC) can be
affected by several factors including power from the
sonotrode, normal force, metal-metal contact area,
sonotrode speed, and oscillation frequency. The tem-
perature contribution from these factors has been
experimentally measured during UAM bonding!'®!”
and ultrasonic spot welding, USW!"*?? using type K
thermocouples and thermal imaging cameras. A term of
energy per unit area (J/mm?) is typically used to
normalize the UC welding parameters.

Using a simple derivation described by Sriraman
et al.'” the energy per unit area experienced by the

1150—VOLUME 52A, MARCH 2021

Oxygen Wt. %

Phosphorous Wt. %

1905 Interface Region

/ Composition
(&)
o
|

100 —
c
Re]
§
a 50—
IS
S
(@]

O I T -'-'_l T = T T{ T
0.0 0.2 0.4 0.6

Position (um)

samples in this stud?/ is 10 to 16 J/mm?, which according
to previous studies!'®?? corresponds to a peak temper-
ature between 115 °C and 400 °C. The oscillation
amplitude and frequency could also adjust the mean
temperature value by 20 °C!'® although these are
relatively minor factors compared to the 285 °C tem-
perature variation found throughout literature. The
large range of the potential peak temperatures is
strongly affected by the large experimental errors which
exist in UAM temperature measurements. As mentioned
above, the applied ultrasonic frequency is 20 kHz.
Therefore, the time resolution required to accurately
measure temperature from each back-and-forth pass of
the sonotrode must be below 0.05 ms (1/20 kHz).

UAM thermal measurement studies have recognized
this and maximized their thermocouple sampling rate to
10,000/s while using an unsheathed 70 um diameter
Type K thermocouple to minimize the thermocouple
time constant. This corresponds to receiving a signal
from the thermocouple every 0.1 ms.'®'”) The time
constant of the thermocouple should also be considered.
The time constant is the time required for the sensor to
respond to at least 63.2 pct of its total output signal
when subjected to a step change in temperature. This is a
function of the thermal heat capacity and mass of the
thermocouple.*”*" For an unsheathed 70 yum Type K
thermocouple at room temperature, the time constant is
approximately 135 to 150 ms.*® ¥ This means although
a rapid signal was recorded from the thermocouple
every 0.1 ms, the thermocouple could only respond to
temperature changes at most every 135 ms. Therefore,
the true magnitude of the temperature spike due to
UAM bonding could be missed while using these
thermocouples. Additionally, the non-contact thermal
imaging cameras used in the above studies cannot access
a direct line of site with the internal weld, and the
emissivity of metals allows only a fraction of the
radiative heat to be detected.

Considering these factors of the UC normalization
term, the previous experimental research, and the
experimental  uncertainty of the temperature
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Fig. 11—Estimated thermal profile from Sriraman e a/.'® and interdiffusion coefficient assuming only thermal contributions.

measurements, an approximate peak temperature value
of 225 °C (498 K) is assumed for the diffusivity
calculations below. Using the arbitrary temperature
profile from Sriraman et al'® and this approximate
peak temperature, an estimated thermal profile can be
created for the welding parameters used in this study.
This is shown in Figure 11. The estimated thermal
profile is used since no temperature measurements were
taken in this experiment.

Additionally, the phenomenological equation for
thermal interdiffusivity D between aluminum and cop-
per, derived by Matsuno and Oikawal®® using the
Boltzmann—Matano method, can be considered here.
The interdiffusivity across the temperature profile in
Figure 11 can be calculated using the values of atomic
fraction of aluminum in copper N, from the baseline
copper fiber (~ 4.5 at. pct) and the gas constant R of
8.314 J/(K mole). Also note that the term D simply
denotes interdiffusivity between an A-B alloy, while the
term D typically denotes diffusivity of a sole solute atom
in an otherwise homogenous solid solvent solution. The
former is considered in this study.

D(Naj) =0.43 x 107*
{ (194,000 — ISO,OOONAI)}
Xps — ot

RT ]

The method commonly used for determining any
diffusivity during heating up and cooling down time is
considered. In this case, the solution for the diffusivity
for each time ¢ interval is replaced by the averaged
product Dt by the equation Dt = [, D(#)d2.°) Using this
method the interdiffusivity during the interface temper-
ature profile, also shown below in Figure 11, demon-
strates the heating up and cooling down time providing
a negligible contribution to the total time-integrated
interdiffusivity. Therefore, only the time (0.2 seconds) at
peak temperature will be used for the experimental
diffusivity equations below.
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Considering the diffusion couple profile method!>¢->"!

from the second Al-Cu interface shown in Figure 6, the
distance, x, at which the aluminum concentration
reaches 50 pct of the maximum aluminum concentration
is 0.035 um from the edge of the interface. Using Fick’s
second law approximation, the experimental interdiffu-
si\;ity during a time interval of 0.2 seconds is 6.1 x 10~ '°
m-/s.

x ~ VDt 2]

Significant discrepancy is found when comparing
between the expected interdiffusivity value from the
thermal approach by Matsuno et al. and the experi-
mentally estimated interdiffusivity value from the EDS
measurements of solute diffusion (102* vs 107" m?/s,
respectively). The small residence time and minimal
homologous temperature rise (~ 0.4 7/T,,) prevent
thermal equilibrium diffusion from being a viable
explanation of the observed atomic motion (roughly 9
orders of magnitude discrepancy). Thus, alternative
diffusion mechanisms must be operational.

Finally, it should be noted that the energy normaliz-
ing term (J/mm?) could be an incomplete description for
the thermal profile experienced at the interfaces in this
study due to the unique geometries present. The thermal
profiles were created for UAM foil-foil bonding in
which each foil has the same ratio of cross-sectional area
of 1:1, whereas the present experiment investigated the
foil—fiber coating interface where the cross-sectional area
between the two bonded geometries is not equal. In fact,
using the foil width of 25.4 mm, foil thickness of 0.15
mm, and the electroplated copper cross-sectional area of
9110 um?, the ratio of the foil-fiber coating cross-sec-
tional area is 1:0.0024. It is possible the disproportional
geometries create a unique situation unlike what would
be observed with two equally proportional geometries.
Further analysis is needed to determine the potential
impact of this unequal cross-sectional area.
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IV. DISCUSSION

A. Rationalization of the Interdiffusion

The phenomenological approach to diffusion using
Fick’s laws and thermal equilibrium diffusion, as
described above, clearly does not provide a complete
description of the atomic motion during UAM. There-
fore, the atomistic approach to diffusion can be consid-
ered. The interdiffusion equation is shown below where f
is the correlation factor, ay is the lattice constant, v is the
Debye frequency of atomic vibration on its lattice site,
E,, is the vacancy migration energy, k is the Boltzmann
constant of 8. 617x10_ eV/K, and T is the absolute
temperature.>® %* For the dissimilar FCC metal inter-
faces explored here, in which the vacancy-atom
exchdnge ratio is not known, a nominal value of 0.78
is used for the correlation factor.®*7!

D = fa’X,v - exp( l]jT) 3]

The material constants that are needed to obtain the
interdiffusion coefficients from Eq. [3] for the elemental
concentration profiles of the Al-Cu interfaces and the
Ni-Au interface are shown in Table III.

Using the material constants for copper and gold
shown in Table III, the vacancy concentration needed
for interdiffusion across each interface can be calculated.
Table IV shows the values for each interface and the
calculated interdiffusivity using Fick’s second law
approximation.

To illustrate the magnitude of the elevated vacancy
concentrations estimated in Table IV, thermal equilib-
rium vacancy concentrations can be calculated as shown
below in Table V for the estimated thermal profile
maximum and the melting temperature. If the vacancy
concentration corresponds to thermodynamic equilib-
rium at a given temperature, then it is determined by the
vacancy formation energy £Er and the absolute
temperature [74-76]

- ’

This analysis demonstrates that the estimated vacancy
concentrations across the sample interfaces necessary to
explain the observed solute diffusion are quite large. The
vacancy concentrations are much larger than thermal
equilibrium levels at the estimated maximum tempera-
ture and even at the metals’ respective melting temper-
atures. These values would be quite alarming if they are
correct because they begin to reach the critical vacancy

Table III. Material Constants for Interdiffusion Expression
Material E, (eV)! v (s~H™ ay (A)[73]
Copper 0.70 7.98 x 10" 3.6
Gold 0.71 4.92 x 10" 4.1

concentration hypothesized by Johnson!””! based on the

defect-induced shear catastrophe.”®7  This limit
describes the lattice defect concentrations that are
required to raise a metallic material’s free energy to
the point that it loses its crystallinity and becomes
amorphous Other examples of a material briefly losing
i Xstalhnrty include irradiation damage cas-
Cddes 'and ARB mechanical alloying, as mentioned
below. However, as mentioned previously, there are
various measurement uncertainties and alternative pos-
sibilities beyond just an elevated vacancy concentration
that could explain the interdiffusion. Therefore, these
vacancy concentration values should be considered as
upper bounds rather than exact values.

The elemental concentrations in the various interfaces
can be briefly compared. In the first Al-Cu interface
(Figure 4), the main elements of aluminum and copper
experienced interdiffusion, but non-trivial fractions of
the minor solute atoms carbon, oxygen, and silicon were
also observed in the open boundary interface. In
contrast, in the second Al-Cu interface (Figure 6) only
oxygen was observed as an interface impurity element. If
an ordered crystal were created near this interface, a thin
intermetallic of aluminum and copper and/or an alu-
minum oxide could have been present. Finally, the
Ni-Au interface (Figure 8) appears to have nickel and
gold present in the same region although the equilibrium
phase diagram and thermodynamic assessments of this
system su§§est limited mutual miscibility at low tem-
peratures. This is surprising although the mechan-
ical mixing of immiscible metals has also been found in
other bonding processes, such as the ARB process, as
discussed later.

The similarities and differences between the two
Al-Cu interfaces should be discussed further. Both
interfaces demonstrate the presence of voids and poros-
ity as shown as white dots in the BF images in
Figures 3(c) and 5(a), and black dots in the DF images
in Figures 3(d) and 5(b). It is hypothesized that these
voids resulted from the accumulation of vacancies
migrating towards the interfaces. Clearly, the main
difference between the two interfaces is the presence of
the ellipsoidal gap between the metals. The first Al-Cu
interface in Figure 3 has a ~ 100 nm gap between the Al
and Cu, while the second Al-Cu interface in Figure 5
does not have a gap between the metals. Since solutes
are observed on opposite sides of the gap in Figure 3, it
is believed that the Al and Cu likely separated after
interdiffusion of these elements. The subtle difference
between the interfaces is attributed to non-uniform
thermo-mechanical conditions at the interface during

Table IV. Interdiffusivity and Vacancy Concentration of
Each Interface
Sample D(m?/s) X, (Atomic Fraction)
First Al-Cu Interface 5.0 x 1071 7.5 x 1072
Second Al-Cu Interface 6.1 x 1071 9.2 x 1073
Ni-Au Interface 3.1 x 1071 7.4 x 1073
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Table V. Thermal Equilibrium Vacancy Concentrations

Material Ep (eV)1 Twm (K) X, (Atomic Fraction) at 225 °C X, (Atomic Fraction) at T},
Copper 1.28 1358 1.12 x 10713 1.78 x 1072
Gold 0.93 1337 3.90 x 10710 3.13 x 107*

the ultrasonic metal welding process.’®® This is expected
to result in non-uniform distribution of plastic
strains.®”) As a result, some of the interfaces that had
joined may be torn apart with the high magnitude of
plastic strain (e.g., 1st Al-Cu interface, Figure 3) while
others remained intact (2nd Al-Cu interface, Figure 5).
It is important to note that any solid-state or resistance
spot welding geometries exhibit non-uniform stress
distribution due to the inherent geometry effects.!®!

The interdiffusion physics described above uses the
entire interface width including the gap. Since the first
Al-Cu interface has a gap in the middle of the interface
region, the total distance used for the interdiffusion
equation is larger than it otherwise would be. This
creates an even larger vacancy concentration as shown
in Table IV. The second Al-Cu interface did not exhibit
separation; therefore, it was chosen to illustrate the
interdiffusion physics due to the absence of the poten-
tially convoluting gap.

From an atomistic point of view, the mobility of large
solute atoms (Al, Cu, Ni, Au) require vacancies to be
present since their movement depends on the substitu-
tional diffusion mechanism (i.e., there must be an open
lattice location for a solute atom to jump into).l%37+5
However, the mobility of A and B atoms in an A-B
metal interface is typically not e(f]ual, as Kirkendall’s
experiments have demonstrated.®>®"! As hinted at
earlier, the interdiffusion is typically compositionally
dependent, although a simplified interface interdiffusion
value was created to demonstrate the physics present in
this study.

Although major solute atoms require vacancy point
defects to migrate, traditional interstitial impurity atoms
(C, O) do not require vacancies to migrate. This simpler
migration pattern is described as interstitial diffusion (in
contrast to substitutional diffusion) in which the impu-
rity solute atoms, being much smaller in atomic diam-
eter than the bulk solvent atomic diameter, diffuse from
one interstitial site to another. In the FCC matrix, these
are the octahedral and tetragonal lattice sites in between
the host FCC lattice.l®7*%%) The large mobility of the
oxygen atoms migrating towards the interface in the
Al-Cu system is likely due to this interstitial diffusion
mechanism. This mechanism can also help describe the
small atom dispersion that others have observed in
UAM interfaces.®™ Although carbon is often described
as an interstitial atom for typical metals such as BCC
iron,'**7+% carbon has extremely low solubility in
aluminum, t?/pically less than 0.1 ppm at and below
750 °C.°3! This makes the detected carbon X-rays
shown in Figure 3 quite curious. Since the TEM-EDS in
this study used a field emission electron source in an
ultra-high vacuum, the carbon X-rays have likely
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originated directly from the sample. Further research
including atom probe tomography is needed to under-
stand the mechanisms.

For a complete understanding of the defect physics,
vacancy migration must be considered in addition to the
major and minor solute migration. Consider first that
when bonding was initiated, there were two atomically
clean planes of atoms in contact. Then due to the
elevated vacancy concentration, there was a flux of
atoms outward from this flat plane towards the opposite
bulk region. This created an interface region 50 nm or
more. For this outward flux of atoms to occur (from the
initially clean interface towards the bulk), there must
also have been an inward flux of vacancies to support it
(from the bulk towards the center of the interface
region).

Although this flux of vacancies and solute atoms
could have occurred solely through the bulk lattice, the
material was not a single crystal. Although detailed
electron backscatter diffraction (EBSD) analysis, for
microstructural characteristics, was not performed in
these samples due to limited size, many other UAM
interface analyses have shown elevated dislocation
densities, severe grain refinement, large concentrations
of high-angle grain boundaries (HAGB), and migrating
grain boundaries towards the foil interfaces likely due to
a process analogous to dynamic recrystallization,
DRX [10:15717:3436.94991 Dyyring the DRX process, a
crystal releases internal stored energy from accumulated
plastic strains. New essentially strain-free crystals grow
at the expense of the deformed crystals. The material is
swept by HAGB, perhaps more than once, as the
material realigns atoms into crystals with lower free
energy. #1919 Some have postulated that the migrat-
ing grain boundaries not only sweep through each side
of a UAM foil interface, but even across foil interface
boundaries.!'!! Nevertheless, this phenomenon is less
likely with dissimilar foil interfaces due to the decreased
grain boundary mobility while carrying solute
atoms, [100:102]

Although sweeping grain boundaries may not rapidly
carry solute atoms, stationary grain boundaries could
offer short circuit solute diffusion pathways in addition
to or instead of vacancies.!®® Grain boundary diffusion
of vacancies and interstitials occurs primarily through
the relatively open space between grains. The defects
migrate by jumping from the lattice, into the grain
boundary, traveling through the grain boundary, then
jumping back out into the lattice. Both vacancies and
interstitials can move in grain boundaries with single
atom exchanges or with collective jumps, although most
often the motion involves two or more atoms. There is
no clear consensus on the relative strength of the
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different types of point defects on grain boundary
diffusion in metals, but there is clear evidence that both
contribute to the diffusivity.[*1919371051 Of course, if
grain boundary interdiffusion significantly contributes
to the major solute interdiffusion in this study, then the
vacancy concentration required for the interdiffusion, as
predicted in Table IV, could be lower than estimated.

B. Critique of Previous UAM Enhanced Vacancy
Concentration Analyses

As shown in Table IV, the atomic fraction of
vacancies across the three different interdiffusion bound-
aries is on the order of 10*, although as discussed, grain
boundary interdiffusion could contribute to lowering
this value. This extreme vacancy concentration is still
several orders of magmtude lower than the vacancy
concentration of 10~' proposed by Gunduz et al.
Several factors could have caused the significant differ-
ence between these vacancy concentrations. Gunduz
et al. did not consider the classical random walk
diffusion physics,®® ** nor did Gunduz et al. consider
any thermal cycles or temperature increases. In fact, the
published literatures show that the temperature increase
at the interface is significant.!!62%41:86]

In addition to the defect physics and temperature
profiles overlooked by Gunduz et al., the initial argu-
ment of their paper was based on experimental data that
did not mention or consider measurement uncertainties.
The author’s initial argument was based on a single
SEM-EDS line profile with a 1 um range of composi-
tionally equivalent material, which the author claims
became molten. They did not consider the SEM
operatm% g)arameters nor the interaction volume con-
volution,'®'°7) which is larger than the lateral range of
the supposed molten materials. The issues outlined
above signify that the Gunduz ef al. conclusions may
not be accurate.

C. Correlation of the Interdiffusion Observed in ARB
Processing

The UAM process is not the only process that can
create layered materials driven far from equilibrium.
The ARB process can create mechanical alloying of
immiscible materials due to SPD, which refines the
microstructure as dislocations mterdct during the
repeated severe straining process.[**!% The mechanical
alloying of different materials has experimentally been
found to create layered foils such as aluminum and
magnesium with high diffusivities and intermetallic
formation.'>!"% Copper and zirconium have also
experienced mechanical alloying with amorphization,
which is experimentally observed in extreme cases.

The fundamental phenomena causing deformation
induced mechanical and chemical mixing from phases
that have non-soluble elements is still debated. The
common explanations for this mixing include a purely
diffusion-driven mechanism, defect-enhanced diffusion,
mechanical mixing (also referred to as shuffling or
ballistic mixing), and deformation-driven
amorphization.!''?

1154—VOLUME 52A, MARCH 2021

D. Postulation Regarding the Vacancy Formation

This work explored the elemental composition pro-
files across bi-layer metal boundaries and calculated
interdiffusivity values across the interfaces that must
exist according to the measured data. These interdiffu-
sivity values were rationalized using vacancy concentra-
tions that are several orders of magnitude above thermal
equilibrium values. The exact origin of these vacancies is
still uncertain and should be explored further.

Introduction of defects such as vacancies increases
with applied plastic deformation. There are several
methods for describing plastic deformation from exter-
nally applied work. A common method for comparing
the work done to a metal through traditional cold roll
bonding or the ARB process is a reduction of thickness
measurement. Typical values for roll bonding processes
are ~ 30 to 70 pct reduction of thickness.!'"*!'!7!
Comparing the cross-sectional area of the electroplated
copper before and after the embedding process demon-
strates a negligible — 3.2 pct reduction of thickness.
Therefore, only a minor reduction of thickness occurred
during the ultrasonic bonding process although a
significant number of vacancies were apparently still
created.

Additionally, strain measurements were being inves-
tigated when the copper-coated fiber and the nickel-
coated fiber were embedded into aluminum. These
measurements could help in providing insight into the
nature of the vacancy formation. The strain across the
fiber was measured before and after the embedding
process. The difference between these strain measure-
ments is called the residual strain in the fiber. Petrie et al.
performed these measurements,”® which are shown in
Figures 12 and 13. These strains are calculated based on
the difference between the optical transmission scans of
the fiber before embedding and after embedding. Both
the Al-Cu sample and the Al-Au-Ni sample showed
significant residual compressive strain. The strain could
be related to the enhanced interdiffusivity calculated,
elevated vacancy formation, and dynamic recrystalliza-
tion. However, as mentioned above, the lack of elemen-
tal distribution in the Al-Au-Ni sample is likely due to
the gold deposited during the nickel coating procedure.
In addition, caution must be taken on interpretation of
the differences in the magnitude of the strain due to
complexities based on variables relevant to ultrasonic
additive manufacturing, i.e., channel depth, load profile,
and fixturing conditions.

Finally, it should be noted that some researchers have
postulated that elevated vacancy concentrations could
be created dlrectlgy from ultrasonic energy introduced
into a material.!''® The theories have proposed that the
ultrasonic energy could be unpinning dislocations, and
vacancies could be created as the dislocations jog in a
non-conservative manner.[''” Although studies have
pointed towards observed increases in electrical resistiv-
ity during applied ultrasonic energy, which implies
additional lattice defects,!'*”! critics have noted that
temperature effects, which are non-trivial during applied
ultrasonic frequencies (Section III-D and Eq. [4], were
not considered in these analyses.
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Fig. 12—Residual strain measurements in the Al-Cu sample. Used

with permission from Ref. [24].
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Fig. 13—Residual strain measurements in the Al-Au-Ni sample.
Used with permission from Ref. [24].

V. SUMMARY AND CONCLUSIONS

The interdiffusion resulting from embedding metal-
lized optical fibers in UAM foils was analyzed. Previous
literature has rationalized UAM interface development
in a variety of ways including a lack of temperature rise,
a moderate temperature rise, bulk lattice diffusion,
vacancy diffusion, grain boundary diffusion, and sta-
tionary or recrystallizing grain boundaries. Utilizing
UAM specific power derivations, a temperature profile
has been calculated, which is consistent with previous
direct measurements. Although a mild temperature rise
is present, it is not sufficient to rationalize the measured
solute interdiffusion by thermal equilibrium diffusion
processes. Instead, the solute diffusion levels are com-
mensurate with transient vacancy supersaturation levels
that are orders of magnitude higher than what can be
explained based on a thermal equilibrium diffusion
processes for the temperature profile associated with the
UAM processes or by vacancy production associated
with high strain rate deformation. The dynamic grain
recrystallization process associated with UAM inter-
faces could also contribute to the atomic mobility.
Postulated sources of the enhanced vacancy concentra-
tions are briefly discussed. This work contributes to the
understanding of solid-state bonding and the concurrent
elemental interdiffusion based on existing solid-state
defect physics knowledge.
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