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Abstract: Ultrasonic additive manufacturing (UAM) has garnered significant interest in the aerospace
and automotive industries for its structural lightweighting and multi-material joining capabilities.
This paper details the investigation on the effect of process variables on the resultant microstructure
of the built-up part using UAM for aluminum 6061. The degree of recrystallization is quantified,
and an energy metric, defined using the Read–Shockley relationship, is used to build an energy
map of the welded part. The total energy stored in the resultant weld interface microstructure is
quantified as a fraction of the input and is found to be about 0.1%. The width, average grain size,
and percentage of High Angle Grain Boundaries (% HAGB) were used to compare microstructures
of builds prepared using different processing conditions. Welding subsequent weld layers was not
found to affect the previous welded layers. The effect of vibration amplitude and travel speed on
the as-built microstructure were investigated, and the width of the interface was found to more than
double when the weld amplitude is increased from the threshold value for joining (23 µm) and then
stabilize at higher weld amplitudes. A better understanding of the effect of processing parameters on
as-welded microstructures will assist parameter selection for UAM.

Keywords: ultrasonic additive manufacturing (UAM); additive manufacturing; electron backscatter
diffraction (EBSD); microstructure; nanoindentation; process energy map

1. Introduction

Ultrasonic additive manufacturing (UAM) is an additive manufacturing technology
which combines solid-state ultrasonic metal welding, CNC machining, and mechanized
foil layering to create large gapless near net-shape metallic parts. Its integration with
subtractive processes enables the fabrication of complex internal features, embedment of
objects, and net shaping of parts, as detailed in [1,2]. The low formation temperature of
the UAM process also allows the integration of temperature-sensitive components, smart
materials, cooling channels, organic polymers, and electronics into metal matrices.

The microstructure of structures built by UAM has been extensively investigated
using electron backscatter diffraction (EBSD). Such investigations in UAM of aluminum
alloys [3–6] have shown that the weld interface comprises of small, mostly equiaxed
recrystallized grains. Recrystallization was observed to only occur at very local interface
regions due to local shear deformation, while the bulk region of each layer still remains
mostly unaffected. In [7], the extensive grain refinement at the metal–metal interfacial
bonds was attributed to the continuous dynamic recrystallization process which is driven
by the high strain rate plastic deformation and associated adiabatic heating at temperatures
below 50% of the melting point of the constituent metals. A comprehensive review of
microstructure evolution in UAM can be found in [8].

The lower formation temperature is expected to suppress the formation of brittle
intermetallics, enabling the joining of different metal combinations using UAM [9]. Other
work in [10] showed that some metal interdiffusion could be observed between metallized
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optical fibers and a different parent metal such as Al–Cu or Ni–Au. Using thermocouples
embedded at the weld interface, the work in [11] showed that the formation temperature
reaches a peak value near 150 ◦C for welding aluminum and copper alloys with a 9 kW
welder. Other work in [12] measured a temperature increase between 400 and 700 K for the
welding of 4130 carbon steel, which needs higher ultrasonic power for successful bonding.

There has also been work on quantifying the amount of grain growth that occurs
during the ultrasonic welding of nano-crystalline materials as a function of weld pres-
sure and weld time [13]. Ion-channeling contrast imaging using a focused ion beam
(FIB) has also been conducted for Al 3003-H18 to discover thin bands of nanograins near
the welder and the modification in the grain morphology is explained by the accumula-
tive thermomechanical processes due to sequential bonding of foils [14]. Some studies
such as [15] qualitatively analyzed SEM (scanning electron microscope) scans of UAM-ed
Al 1100-O samples fabricated using different process parameters but neither a quantitative
analysis to compare the samples nor any quantification of stored energy was conducted.

Two key metrics obtained from the EBSD analysis are the mean grain diameter and
fraction of high angle (>15 degrees) grain boundaries [16]. The raw EBSD data can be re-
analyzed to yield a substantial amount of quantitative information about grains, subgrains,
and grain boundaries [17]. Open-source toolboxes such as MTEX in MATLAB provide
versatile functions to import, analyze, and visualize diffraction EBSD data to estimate
an orientation density function, to compute texture characteristics, to model orientation
density functions, to simulate pole figure or EBSD data, and to manipulate pixel-level EBSD
data directly [18].

The energy stored in the microstructure can be quantified from EBSD scans using
the Read–Shockley equation, as shown for the accumulative roll bonding (ARB) process
in [19]. The thermodynamic aspects of the conversion of cold working due to plastic
deformation into stored energy in the microstructure is detailed in [20]. The stored energy
in manufacturing processes such as rolling can be characterized using SEM and TEM
(transmission electron microscopy) [21]. This work expands the techniques developed
in these studies to understand the flow of energy from the input electrical energy at the
transducers to the grain boundaries in the resulting welded structure for the UAM process.

Work on other additive manufacturing (AM) technologies on the effect of process
parameters on the texture using SEM has been conducted in [22] for laser-based metal AM
on Inconel. Such work can be important to understand how changing process parameters
influences different aspects of the microstructure and guide the selection of process pa-
rameters to maximize bond strength, shown in work in [23] for laser powder-bed AM of
stainless steel. In this work, EBSD and SEM techniques are used to understand the effect of
UAM process parameters on the dynamic recrystallization process during bond formation.
Nanoindentation is used to verify the size of the weld interface region with recrystallized
grains. The energy stored in the weld interface microstructure is also quantified to compare
to the input energy of the process. To this end, two studies are conducted for the UAM
of 6061 aluminum, which is a commonly used alloy of aluminum in the aerospace and
automotive industries. The first study investigates the effect of subsequent weld layers on
the microstructures of the previously welded UAM weld interface, up to nine additional
layers. The second study investigates the effect of two key process parameters, weld ampli-
tude and weld speed, on the weld interface microstructure to better understand the flow of
energy in the process from the electrical input to the microstructure.

2. Materials and Methods
2.1. Materials

All the studies were conducted using Al 6061-H18 alloy as the feedstock material. The
composition of the alloy can be obtained from [24]. The thickness of the 25.4 mm (1 inch)
wide foil feedstock is 152 µm. The samples were welded using a 9 kW UAM welder onto
an Al 6061-T6 baseplate, and the nominal UAM process conditions used were: 32 µm weld
amplitude, 5000 N weld force, and 84.67 mm/s (200 in/min) weld speed. In Section 3.2,
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the weld amplitude and weld speed were varied to study the effect of process parameters
on the weld interface microstructure.

2.2. Electron Backscatter Diffraction (EBSD)

EBSD is performed in a SEM, utilizing the tool to create an array of diffraction patterns
that are captured on a detector. A diffraction pattern is captured at every point in the SEM
scan, which are then indexed and the crystal orientation at each point is determined. For
EBSD, a very carefully polished sample is required, which is obtained by polishing sections of
UAM samples using 0.05 µm colloidal silica solution. EBSD is an excellent tool for measuring
crystal orientations and symmetry. The measurements are limited by the EBSD resolution of
0.25 µm, and hence smaller grains cannot be resolved using the detector. This will lead to an
underestimation of the stored energy due to the smoothing algorithm used.

2.3. Quantitative EBSD Analysis

For data cleanup and processing, the MTEX toolbox by Ralf Hielscher is used (https:
//mtex-toolbox.github.io/, accessed on 27 September 2018). The MTEX toolbox within
MATLAB is used to process the raw data to obtain quantitative metrics: grain size distribu-
tion, misorientation angle distribution, and stored energy. It is also used to denoise and
smooth the data to plot inverse pole figure (IPF) maps and grain boundary maps. Single
mis-indexed pixels are deleted and reconstructed together with single nonindexed pixels.
The raw scan data from the EBSD detector has many regions with low confidence due to
systematic noise, and hence contains many points that are not indexed (about 0.4%) or with
low (<5%) confidence index (17%). Non-indexed areas less than two pixels wide are filled
during noise removal using a half-quadratic filter. The alpha coefficient for the filter was
chosen to by 0.25 and the level was chosen to be 3. A subgrain detection algorithm is used
to identify the grain boundaries. A minimum subgrain size of 3 pixels and a boundary
misorientation threshold of two degrees were used. A grain boundary is identified as a
high-angle grain boundary (HAGB) if the misorientation between the neighboring pixels
exceeds 15 degrees. Figure 1 shows these HAGBs in red and the other boundaries in black.
The interface region is observed to have a high concentration of HAGBs.

Figure 1. Using a cutoff angle θm of 15 degrees, low (LAGB) and high (HAGB) angle boundaries can
be distinguished. HAGBs are shown in red and LAGBs in black. The minimum threshold size for a
grain is 2 px. The UAM interface is visible near the top of the image as a collection of dense HAGBs.

https://mtex-toolbox.github.io/
https://mtex-toolbox.github.io/
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Figure 2 illustrates a visualization of the microstructure of the UAM weld interface in
Al 6061-H18 where the different colors denote the different orientations of each pixel. The
SEM imaging data was provided by collaborators at Battelle Memorial Institute. The weld
interface is approximately 15 µm tall. The bulk region of the foils away from the interface
retains its pre-weld elongated microstructure typical of as-received rolled foil. For the weld
interface in the sample shown in Figure 2, the mean grain diameter is 0.72 µm and the
fraction of high angle grain boundaries is 0.66. There have been attempts at modeling the
grain diameter d post-UAM using the Zener–Hollomon parameter Zh which found that the
subgrain size is related to the strain rate ε̇ and the peak temperature Tp as follows [25]:

d = (−0.6 + 0.08 log Zh)
−1, (1)

Zh = ε̇ exp
18772

Tp
. (2)

Figure 2. The un-smoothed inverse pole figure (IPF) shows the point-by-point orientation of the
sample. The two-layer Al 6061-H18 sample was fabricated on an Al 6061-T6 baseplate using the
following settings: 29 µm weld amplitude, 5000 N weld force, and 84.67 mm/s (200 in/min) weld
speed. Black regions are areas that did not provide a high-confidence data fit. The different colors
denote the different orientations of each pixel.

Using typical values for strain rate (10,000/s) and peak temperature (373 K) for the
UAM of Al 6061-H18, the subgrain size estimated is 0.24 µm. This mismatch is attributed
to the limited 0.25 µm resolution of the EBSD detector used and the minimum pixel size of
3 per subgrain, and the background noise in the backscatter image near the weld interface
is attributed to the severe deformation.

2.4. Weld Interface Identification

The location of the weld interface needs to be determined quantitatively from the raw
EBSD data. The fraction of indexed points was found to be a reliable metric to determine this
location since the interface has severely deformed material with small recrystallized grains,
some of which are smaller than the 0.25 µm resolution of the detector and, thus, unable to be
accurately indexed. To this end, a 2 µm window is spanned across the sample to identify
the interface center. The corresponding fraction of indexed points is shown in Figure 3. The
width of the interface was identified by iterating over increasing widths from the center point
until an inflection point was obtained in the mean grain size within the region.

2.5. Nanoindentation for Interface Identification

Nanoindentation was used to verify the width of the region with recrystallized grains
as measured using EBSD in Section 2.2. The technique measured the local hardness value
of the Al matrix near the foil 1–foil 2 weld interface. The samples were prepared by
welding two layers of Al 6061-H18 on an Al 6061-T6 baseplate. Previous work on hardness
mapping of Al 3003-O/SiC composite matrices fabricated using UAM discovered that
the hardness increase near the interfaces of welds matched with the expected increase
due to refined grains using the Hall–Petch relationship [26]. Nanoindentation has also
been used as an alternative to microscopy to identify intermetallic compounds in laser
joining processes from local hardness increases [27]. The method has applications beyond
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measuring hardness, and can be used to measure the local yield strength and Young’s
modulus [28]. It was found in [29] that yield stress measurements by indentation and
micro-traction experiments are comparable for electric arc welds of Al 6061-T6.

Figure 3. Interface location identified with a red cross using the location of the minimum of the
fraction of unindexed points.

The minimum spacing between indents is determined by the polishing particle diame-
ter (0.05 µm), and was computed to be 3 µm. Another factor to consider is ISE or indent
size effect which is a hardness-depth relationship observed for most materials that exhibit
artificially higher hardness measurements at low penetration depths of the indenter into
the material. This dependence can be very different for different alloys of steel, brass, and
aluminum [30], and hence a study needs to be conducted to determine the appropriate
indent size. This effect can be more pronounced in softer materials like aluminum [31].
To this end, an array of indentations were created on an Al 6061-T6 baseplate using loads
ranging from 0.4 gf to 50 gf. The hardness of the baseplate was found to plateau for an
indentation depth of 2 µm, and hence a 0.4 gf load was chosen which results in an indent
spacing resolution of 5 µm.

The resulting hardness map is shown in Figure 4b, where the Al 6061-T6 baseplate in
the bottom has the highest hardness values, and a clear 10–15 µm-wide interface region is
observed between the two Al 6061-H18 weld foils with higher hardness when compared
to the surrounding bulk material. The size of the weld interface region matches the weld
interface width estimate from EBSD analysis (14 µm) shown in Figure 2.

Figure 4. Measurement of local hardness of UAM-welded Al 6061-H18: (a) MTS Nano Indenter XP
with a Berkovich indenter used to perform nanoindentation; (b) map of local hardness measured
with a spacing of 5 µm; (c) Inverse Pole Figure (IPF) from EBSD analysis of a UAM weld with the
weld interface region shown using white dashed lines.
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The weld interface region was observed to have a measurably higher hardness than
bulk foil, which is expected from the Hall–Petch relationship due to the small equiaxed
grains. The bulk Al 6061-H18 material hardness is identical to the as-received foil hardness
value since the H-18 temper has a large amount of cold work (upto 80%) cold-worked, and
has limited margin to be further work-hardened by the thermo-mechanical processes in
UAM. It is expected that the bulk hardness of annealed materials such as Al 6061-O will be
higher after UAM.

3. Estimation of Energy Storage in the Microstructure
3.1. Study A: Effect of Subsequent Weld Layers

Al 6061-H18 samples with 2, 3, 5, and 10 layers were welded onto a 12.7 mm (0.5 inch)
thick Al 6061-T6 baseplate using identical UAM process conditions: 32 µm weld amplitude,
5000 N weld force, and 84.67 mm/s (200 in/min) weld speed. The thickness of the 25.4 mm
(1 inch) wide foil feedstock is 152 µm. The objective of the study is to investigate the
effect of subsequent weld layers on the weld interface microstructure. The samples were
sectioned as shown in Figure 5.

Figure 5. Samples fabricated with 2, 3, 5, and 10 layers of Al 6061-H18 foil UAM welded on a
12.7 mm (0.5 inch) thick Al 6061-T6 baseplate to study the effect of subsequent weld layers on the
weld interface microstructure.

Figure 6 show cross-section images of the four samples taken using the optical mi-
croscope included in the Leco LM 100AT hardness tester. The Al 6061-T6 baseplate and
the Al 6061-H18 foils can be distinguished by the difference in color due to the difference
in precipitates (shown as black spots) in the aluminum matrix. Voids are not observed
between the first and second foil in any of the samples. A large void is seen in the foil 9–foil
10 interface for the 10-layer sample in Figure 6d but that may be attributed to decreasing
weld quality as build height increases for builds without power compensation [32].

EBSD analysis was conducted to quantify differences in the weld interface microstruc-
ture between the first and second foil welded due to subsequent layers being welded. The
EBSD measurements used a detector with a point resolution of 0.25 µm. Inverse pole
figures (IPF) are a visual representation of grain orientations and grain boundaries. The
IPF plots in Figure 7 show a dense collection of refined grains at the foil–foil weld interface.
Most grains away from the interface retain their as-rolled texture and are elongated along
the direction of rolling, but some refined grains are found away from the weld interface.

Figure 8a shows that the histograms of grain sizes near the weld interface for the four
samples are very similar, which indicates that the deformation due to subsequent welding
does not induce further grain refinement in the foil 1—foil 2 interface. The mean grain size
shown in Figure 8b is also similar for all the samples at around 0.7 µm. The heat generated
may be expected to cause grain growth, as detailed in [14], but the histogram shows that
this effect is also minimal for the process parameters and materials used.

Figure 9a compares the misorientation angle distribution with the theoretical Mcken-
zie distribution for equiaxed grains and it is found that the four samples have similar
misorientation angle distributions. The zoomed image in Figure 9b shows that there is
a greater fraction of grains exhibiting higher misorientations with their neighbors than
what would be expected for rolled foil material, where no peak would be expected at
high misorientations.
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(a) (b)

(c) (d)

Figure 6. Optical images of (a) 2-, (b) 3-, (c) 5-, and (d) 10-layer Al 6061-H18 welds constructed on a
12.7 mm (0.5 inch) thick Al 6061-T6 baseplate using the following weld parameters: 32 µm welder
amplitude, 5000 N weld force, and 84.67 mm/s (200 in/min) weld speed.

(a) (b) (c) (d)

Figure 7. Inverse pole figures of (a) 2-, (b) 3-, (c) 5-, and (d) 10-layer Al 6061-H18 welds constructed
on a 12.7 mm (0.5 inch) thick Al 6061-T6 baseplate using the following weld parameters: 32 µm
welder amplitude, 5000 N weld force and 84.67 mm/s (200 in/min) weld speed. The centerpoint of
the interface was identified from Figure 3, and the approximate weld interface region is shown using
white dashed lines.
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(a) (b)

Figure 8. Analysis of the size distribution of grains in the 2-, 3-, 5-, and 10-layer samples: (a) histogram
of the area of the grains vs. the grain size near the weld interface; (b) mean grain size near the foil
1- foil 2 weld interface plotted vs. the total number of layers welded.

(a) (b)

Figure 9. Analysis of the misorientation angle distribution of grains in the 2-, 3-, 5-, and 10-layer
samples: (a) histogram of the number of the grains vs. the misorientation angle near the weld
interface; (b) zoomed-in section with higher misorientation angles showing a peak for all the samples
with similar distributions.

Grain refinement and misorientation are direct indicators of the degree of recrystal-
lization, hence mean grain diameter and fraction of HAGBs in the weld interface region
are used as a comparison metric in Table 1. Interface width shows a slight increase for the
5- and 10-layer samples, but given that the resolution of the EBSD detector is 0.25 µm, the
interface width can be assumed to be constant at 14 µm. Average grain diameter does not
significantly increase, and the differences between the cases are within error bounds. The
proportion of high angle grain boundaries, a metric of recrystallization, is also within 10%
variation from the value for the two-layer sample. Within the range of parameters tested,
no significant difference in the microstructure was detected using mean grain diameter and
fraction of HAGBs as metrics. Using these metrics, the effect of subsequent welds on the
weld microstructure of Al 6061-H18 UAM builds is not significant up to 10 layers of build up.

Table 1. Summary of the welding trials.

2-Layer 3-Layer 5-Layer 10-Layer

Mean grain diameter in weld interface (µm) 0.64 0.78 0.69 0.72

Standard deviation of grain diameter (µm) 0.27 0.28 0.35 0.34

Interface width (µm) 12 12 16 16

% High angle grain boundaries (HAGB) 71 66 60 66
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3.2. Study B: Effect of Process Settings

The objective of this study is to quantify the effect of UAM process parameters on the
weld interface microstructure by measuring the energy stored in the microstructure. Trends
between weld parameters used and the energy stored in the microstructure are obtained to
guide mapping of the energy flow in the UAM process from the input electrical energy to
the weld interface microstructure. To this end, Al 6061-H18 UAM samples with two layers
were prepared and in situ process signals were measured for 10 different parameter sets,
varying welder vibration amplitude and weld speed. Weld force was not varied based on
previous work in [24] showing no statistical dependence of weld strength on weld force.

The weld force was thus fixed at a value of 5000 N. The lowest welder vibration ampli-
tude at which stick occurs was found to be 21 µm. Hence, 23 µm was chosen as the lowest
parameter value for amplitude of welder vibration. The upper limit of weld amplitude
was chosen to avoid the sticking of the foil to the welder (nugget formation), which is
observed at 35 µm. The nominal weld speed was chosen as 84.67 mm/s (200 in/min), and
values were chosen on either side covering the operating parameter range of use, up to
179.92 mm/s (425 in/min). Weld speeds above 211.67 mm/s (500 in/min) are not typical.

3.2.1. Sample Fabrication

The length of each weld is 63.5 mm (2.5 inches). The weld foil is 0.152 µm thick,
25.4 mm (1 inch) wide Al 6061-H18. The Al 6061-T6 baseplate on which the foil was
welded is 9 mm (0.35 inch) thick. Before welding, the baseplate was machined flat using a
25.4 mm (1 inch) diameter steel end-mill with a spindle speed of 5000 RPM at a feed rate of
63.5 mm/s (150 in/min). A single layer of foil was welded to the machined baseplate, and
then a second layer was welded on top of the first layer. Both welds were made using the
same weld parameters.

The first set of welds was processed by fixing the weld normal force at 5000 N, and the
weld speed at 84.67 mm/s (200 in/min). The weld amplitude was varied between 23 µm
and 35 µm, as shown in Figure 10a. A weld amplitude of 32 µm is the optimal value found
for Al 6061-H18 foil on a 9 mm (0.35 inch) thick Al 6061-T6 baseplate [24]. The weld speed
was varied by fixing the weld amplitude at 29 µm, as shown in Figure 10b. Transverse
sections were cut such that the normal to the plane of cutting was along the rolling direction
of the welder during fabrication. The sections were characterized using SEM and EBSD.
A sample inverse pole figure is shown in Figure 2. The raw EBSD data was then analyzed
using the MTEX toolbox in MATLAB.

(a) (b)

Figure 10. Study to determine the effect of UAM process settings on the weld interface microstructure
at a fixed weld force of 5000 N: (a) weld amplitude varied with a fixed weld speed of 84.67 mm/s
(200 in/min); (b) weld speed varied with a fixed weld amplitude of 29 µm.
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3.2.2. In Situ Process Measurements

Weld power, weld speed, weld force, and voltage and current to the transducers are
acquired using a National Instruments cDAQ-9178 for in situ process measurements. Two
DAQ modules on an NI c-DAQ 9178 record the relevant signals. An NI 9222 module records
signals sampled at 500 kHz and an NI 9239 module records signals sampled at 50 kHz,
shown in Figure 11. All signals measured by a single DAQ module are synchronous. For
this study only the NI 9239 signals were used. The different participating energies in UAM
are discussed in the work of [33]. Input energy per unit length of the weld, Eip, is expressed
as a function of the electrical power input and the traverse speed of the workpiece as

Eip =
Electrical power input

Weld speed
. (3)

Figure 11. Weld power, X-position of the workpiece, and weld force as recorded by NI 9239 sampled
at 50 kHz for the following weld parameters: 35 µm welder amplitude, 5000 N weld force, and
84.67 mm/s (200 in/min) weld speed.

3.2.3. Stored Energy Estimation

The energy stored in the microstructure S was computed using the Read–Shockley
equation to be

S = ∑
θ

ΩGB.γGB.

{
θ

θm
(1 − ln θ

θm
), if θ ≤ θm

1, θ > θm
, (4)

where θ is the angle of misorientation between a boundary pixel and its neighboring pixels,
γGB is the grain boundary energy density of aluminum (=0.324 J/m2 [34]), and ΩGB is the
cross-section area. The value for pure aluminum is used and the effects of alloying elements
and precipitates are ignored. The expression for the area assumes spherical grains, which is
appropriate for the equiaxed grains in the weld interface region. The procedure to obtain
the stored energy in the microstructure is detailed in Figure 12.
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MTEX

Figure 12. Flowchart showing the method to calculate energy stored in the microstructure from raw
EBSD data.

The energy values per unit length (in J/m) plotted were calculated by adding the grain
boundary (GB) energy throughout the thickness of the UAM sample, with a peak near
the weld interface, and deducting the GB energy in the as-received material of the same
thickness, which was flat (or homogeneous). That is, stored GB energy = (GB energy in the
UAM material)—(GB energy in the as-received material). Grains at the interface with low
scan quality were not indexed (noisy), and were smoothed by data analysis, which leads to
underestimation of the stored energy.

The stored energy profile for the UAM sample prepared using 5000 N weld force,
84.67 mm/s (200 in/min) weld speed, and 23 µm weld amplitude is compared against the
as-received control foil in Figure 13. A clear peak at the weld interface which is 10% above
the mean energy is observed in the energy histogram in Figure 13c, unlike the flat stored
energy profile of the control sample in Figure 13d.

(a) (b)

(c) (d)

Figure 13. Comparison of post-UAM microstructure vs. foil feedstock microstructure (control):
(a) stored energy map for sample prepared using 23 µm weld amplitude; (b) stored energy map for
the as-received rolled foil (control) showing elongated grains with low misorientations; (c) histogram
of stored energy showing a peak near the weld interface; (d) histogram of stored energy for the control.
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The stored energy profile of the four sample sets analyzed, control vs. samples
prepared using 23, 29, and 32-µm weld amplitudes, are compared in Figure 14a. The
cumulative stored energy is shown in Figure 14b. The stored GB energy (approximately
1 J/m) is about 0.1% of the input electrical energy, or the energy budget (approximately
10,000 J/m). There is a clear increase in interface width with increase in weld amplitude,
and the width increase from the 23-µm to the 29-µm sample is greater than a factor of
2. The increase in the width from 29-µm to 32-µm samples is found to be minimal, with
the highest energy stored in the 32 µm sample. This is believed to be due to the increase
in the recrystallized region from a narrow region at the weld interface to a much wider
region after a threshold weld amplitude is reached. Since 32 µm corresponds to the
optimum weld amplitude found to give the highest interface shear strength, there seems
to be a correspondence between the growth in the interface width and the increase in
weld strength.

(a) (b)

(c) (d)

Figure 14. Trends in the stored energy in the microstructure with the weld parameters used for UAM
fabrication: (a) stored energy map for the control vs. samples prepared using 23, 29, and 32-µm weld
amplitudes; (b) total stored energy in the microstructure per unit length compared against the input
electrical energy per unit length of weld as a function of weld amplitude; (c) stored energy map for
the control vs. samples prepared using 52.91, 84.67, and 116.41 mm/s (125, 200, and 275 in/min)
weld speeds; (d) total stored energy in the microstructure per unit length compared against the input
electrical energy per unit length of weld as a function of weld speed.

The stored energy profile of the other set of four samples analyzed, control vs. samples
prepared using 52.91, 84.67, and 116.41 mm/s (125, 200, and 275 in/min) weld speeds, are
compared in Figure 14c. No clear trend between the total stored energy and weld speed
is observed, indicating that the weld amplitude of 29 µm is sufficiently higher than the
threshold parameters required, such that there is no increase in the volume of recrystallized
grains or the extent of grains refinement in the weld interface.
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4. Conclusions

EBSD was used as a tool for quantitative comparison of the microstructures of parts
welded using UAM. First, the effect of subsequent weld layers on weld microstructure was
investigated by welding up to nine subsequent layers of foil over a Al 6061-H18 foil–foil
weld built using the following settings: 32 µm weld amplitude, 5000 N weld force, and
84.67 mm/s (200 in/min) weld speed. A technique was developed to determine the location
and width of the interface region. The interface width was estimated to be about 14 µm for
the 2-, 3-, 5-, and 10-layer samples, which is within previous literature estimates of the weld
interface region. Nanoindentation was also introduced as a companion testing method
to obtain the location and size of the weld interface region as a region of higher hardness
compared to the bulk microstructure. The interface width from nanoindentation matches
with the estimate from EBSD.

The following metrics were developed to quantify differences in weld interface mi-
crostructure: interface width, average grain size, and percentage of grain boundaries that
are high angle boundaries (% HAGB). The weld interface region was found to have a mean
grain diameter around 0.7 µm and a 65% fraction of high angle grain boundaries. Within
the margin of error of EBSD due to its resolution limit, there is no significant effect of
subsequent welds on the UAM weld interface microstructure for the sample heights and
dimensions investigated with the metrics used.

Second, a study was developed to quantify the effect of UAM process parameters on
the weld interface microstructure by measuring the energy stored in the microstructure.
The Read–Shockley relationship was used to compute the stored energy in the grain
boundaries obtained from the EBSD scans using the MTEX toolbox. A peak in the density
and magnitude of stored energy greater than 10% of the mean energy was observed at
the weld interface, which was absent in the control as-received foil sample. The stored
energy was found to be approximately 0.1% of the input energy at 1 J/m for the UAM
samples. Stored energy and interface width were observed to monotonically increase with
weld amplitude at a fixed weld speed of 84.67 mm/s (200 in/min), but found not to be
sensitive to weld speed at a fixed weld amplitude of 29 µm. The study was conducted for
aluminum 6061, but the techniques developed can be used for different tempers and alloy
compositions for use in UAM. This work serves as a basis for future work to predict the
mechanical properties of as-built parts using structure-property relationships built either
empirically similar to the work of [35,36] or using virtual material testing similar to the
work of [23].
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