
Introduction
     Ultrasonic additive manufacturing
(UAM) is a solid-state joining process
used for fabricating complex geometry
parts from thin metal tapes or foils
(Ref. 1). The process utilizes ultrasonic
welding of 100–200-μm-thick foils by
joining one layer on top of another
layer with 20 kHz ultrasonic frequen-
cy, 14–28 μm vibration amplitude,
800–1500 N normal force, and 25–50

mm/s weld speed with optional heat-
ing element (65°–150°C) to facilitate
better metallic bonding (Ref. 2). Dur-
ing UAM, the first layer of metal foil is
added and bonded on top of a base
plate or substrate, where the foil is
pressed down by a roller-shaped
sonotrode in the normal direction
(ND). To form a metallic bond, the ox-
ide layers are broken through scrub-
bing between sonotrode and top foil
surface as well as between foil and

substrate surface in the transverse di-
rection (TD), resulting in the nascent
metal-to-metal surface contacts (Refs.
1, 3). The process is repeated while
bonding along the rolling direction
(RD) one layer after another until final
dimension of the part is reached.
     The UAM system is operated by a
single ultrasonic transducer with a
power capacity of 1.5–3.0 kW, which
can produce good bonding in soft FCC
materials such as aluminum and cop-
per (Ref. 4). However, this amount of
power is insufficient to produce a
higher vibration amplitude and nor-
mal force necessary to achieve good
metallic bonding in harder materials
and thicker foils (Refs. 5, 6). While
UAM of harder materials has been per-
formed, no mechanical testing was re-
ported to assess the actual strength of
the UAM joint (Refs. 3, 7, 8). In addi-
tion, unbonded regions were scattered
within the interfaces between layers in
the UAM microstructure (Ref. 3).
Therefore, the process parameters
must be improved to minimize the un-
bonded regions and achieve better
metallic bonding. 
     This leads to the development of
the new generation of UAM machine
or very high-power ultrasonic additive
manufacturing (VHP-UAM), which is
currently commercialized by Fabrison-
ic (Ref. 9). The ultrasonic power level
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is three times larger in VHP-UAM (9
kW maximum) than in UAM and is ca-
pable of producing larger normal force
(15 kN maximum) and larger vibration
amplitude (52 μm maximum). Two
4.5-kW transducers instead of one
transducer in UAM are combined in a
push-pull configuration to produce
maximum power of 9 kW, as shown in
Fig. 1A. 
     Several researchers have been in-
vestigating the relationship between
the process parameters and the bond
quality of the UAM parts (Refs. 2,
10–14). Major process parameters
studied include normal force, vibration
amplitude, and weld speed. The metal-
lic bond quality is measured in terms
of linear weld density (the ratio of
bonded area over the entire interface)
and bond strength. It was found both
linear weld density and strength in-
crease with higher normal force and
higher vibration amplitude, and de-
crease with higher weld speed (Refs.
13, 15). However, the weld speed
should not be so low as to affect the
productivity rate and cause localized
melting or sticking of the foil material
on the sonotrode surface. This leads to
equipment downtime because the
sonotrode needs to be cleaned and in
some cases resurfaced (Ref. 10).
     While most researchers focus on
improving the bond quality, there are
limited works and knowledge regard-
ing the change in bulk properties, such
as hardness of the foils after UAM and
VHP-UAM. Kong et al. (Ref. 16) was
the first to report the change in micro-
hardness at the weld interface of alu-
minum 6061 UAM foils when different
levels of normal force, vibration ampli-
tude, and weld speed were used. Their
results showed increasing hardness in
the foil processed with higher normal
force, larger vibration amplitude, and
lower weld speed (Ref. 16). It was also

found that when lower normal force
was applied, the hardness at the inter-
faces of UAM foils was smaller than
the hardness of the original foil, while
the interface hardness was higher
when larger normal force was used.
However, this work did not measure
the change in hardness farther away
from the interface, i.e., in the bulk re-
gion of the UAM foil. 
     Li and Soar (Ref. 17) performed
nanoindentation to obtain the hard-
ness values across the foil thicknesses
of UAM samples made from aluminum
3003-O foils. It was found that plastic
deformation during UAM increased
the hardness of aluminum 3003-O
UAM foils compared to the original
hardness in the as-received condition.
Schick et al. (Ref. 2) also reported in-
creased hardness in the bulk of

Al3003-H18 foil due to UAM process-
ing. Interestingly, the result was oppo-
site in VHP-UAM, where Sriraman et
al. (Ref. 4) reported decreased hard-
ness in hard-temper copper C11000
foil after VHP-UAM. It was proposed
that dynamic recrystallization and dy-
namic recovery as a result of tempera-
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Fig. 2 — Optical micrographs of as
processed Al3003H18 VHPUAM samples
along NDTD planes.

Fig. 1 — Schematic diagram of very high
power ultrasonic additive manufacturing
(VHPUAM). A — Schematic diagram of
VHPUAM process (courtesy of Fabrisonic
LLC); B — schematic diagram of VHP
UAM build construction illustrating differ
ent layers and interfaces with Vicker
hardness indent in the bulk of each layer.

Table 1 — List of Sample ID with Number of Layers and Sets of Vibration Amplitude and Normal Force Used to Fabricate All Al3003H18
VHPUAM Samples

            Sample ID                                          Number of Layers                                  Vibration Amplitude (m)                                  Normal Force (N)

        TB10285340                                                   10                                                                     28                                                                  5340
        TB10384000                                                   10                                                                     38                                                                  4000
        TB10388000                                                   10                                                                     38                                                                  8000
        SL66285340                                                   66                                                                     28                                                                  5340
        SL80344000                                                   80                                                                     34                                                                  4000
        SL80345340                                                   80                                                                     34                                                                  5340

A

B
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ture rise during VHP-UAM were the
reasons why softening occurred in the
bulk region of the original foil (Ref. 4).
     However, none of these works
(Refs. 2, 4, 17) looked into the effect
of UAM/VHP-UAM process parame-
ters, i.e., vibration amplitude, normal
force, and weld speed, on the amount
of increase and decrease in the foil
hardness after UAM and VHP-UAM.
Hence, the objective of this study was
to investigate the effect of processing
parameters, namely vibration ampli-
tude and normal force, on the bulk
hardness of aluminum 3003-H18 foil
in both the as-processed and heat-
treated conditions.

Experimental Procedures
     In this study, as-received Al3003-
H18 foil with 25.4 mm width and
150-μm thickness was used to fabri-
cate VHP-UAM samples on top of a
25.4-mm-thick Al3003-H18 sub-
strate. The chemical composition in
weight percentage of the foil is Al-
1Mn-0.7Fe-0.12Cu. The sonotrode is
made of Ti-6Al-4V with surface
roughness RA of 7 μm. 
     Two different machines (the Test-
Bed machine or TB machine and the
commercial SonicLayer 7200 machine
or SL7200 machine) were used to fab-
ricate VHP-UAM samples. Table 1 lists
the processing parameters used to fab-
ricate Al3003-H18 VHP-UAM sam-

ples. Sample ID is designated for each
VHP-UAM sample as Name of Ma-
chine (TB = Test Bed, SL = SonicLayer-
7200), number of layers, vibration am-
plitude (in μm), and normal force (in
N). It is noted that VHP-UAM samples
made from the TB machine contain 10
layers, while those made from the
SL7200 machine have up to 80 layers
(delamination occurred in sample SL-
66-28-5340 while attempting to bond
67th layer). The ultrasonic frequency
was kept constant at 20 kHz. The
welding speed was selected at 35.6
mm/s for all samples made from the
TB machine and the first 50 layers in
the SL7200 machine. Above the 50th
layer, welding speed was adjusted to
42.7 mm/s. The baseline parameter
was 28-m vibration amplitude and
5340 N normal force, as the combina-
tion of the two yielded good metallic
bonding strength during preliminary
peel testing (Ref. 18). It is noted that
the normal forces of 4000, 5340, and
8000 N used in this study are more
than twice the maximum capable nor-
mal force of 1500 N available in UAM
machine.
     After VHP-UAM, a portion of the
samples were used to prepare heat-
treated or annealed samples from the
as-received foil and as-processed VHP-
UAM samples for comparison. These
samples were heated to 343ºC for 2 h
in an argon atmosphere followed by
furnace cooling to room temperature. 
     Samples were sectioned along the
ND-TD plane using standard metallog-
raphy techniques. An Olympus GX-51
microscope with a 12MP Olympus
DP71 digital imaging system was used
to capture optical images. Vicker mi-
crohardness was performed using a
fully automated Leco AMH-43 system
with the load of 10 g. Indentations
were made 20 times along the middle
region of each deposited foil layer at
the spacing of 100–150 μm between
each indentation to create a hardness
map of each Al3003-H18 VHP-UAM
sample. 

Results
     The optical micrographs of the se-
lected Al3003-H18 VHP-UAM samples
are displayed in Fig. 2. These images il-
lustrate the macro view of the deposit-
ed layers from bottom to top showing
the voids or unbonded regions distrib-
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Fig. 3 — Plot of the average Vicker hard
ness measured at the middle of the bulk
region of each deposited layer in three
Al3003H18 VHPUAM samples fabricated
from the TestBed machine compared to
the average original Al3003H18 tape
hardness.

Fig. 4 — Hardness map obtained from
Vicker hardness measurements at the
middle of each layer in Al3003H18 VHP
UAM samples fabricated using the Soni
cLayer 7200 machine.

Table 2 — Average Reduction in Thickness (in percentage) of Al3003H18 VHPUAM 
Samples

              Sample                                                 Average Reduction in Thickness (%)

        TB10285340                                                                       2%
        TB10384000                                                                       2%
        TB10388000                                                                      10%
        SL66285340                                                                        4%
        SL80344000                                                                        5%
        SL80345340                                                                        6%

A

B

C
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uted along the interfaces. According to
Fig. 2A–D, the number of voids de-
crease with increasing vibration ampli-
tude and increasing normal force and
is also lower in bottom layers com-
pared to top layers in thicker samples
processed from the SL7200 machine.
However, it is worth mentioning that
these process parameters were not
designated as the best parameters for
Al3003-H18 and do not represent the
maximum capacity of the SL7200 ma-
chine, which can produce 100% linear
weld density or no voids in Al3003-
H18 builds. It was also noted as more
layers were deposited and the build
got higher (Fig. 2B–D), the number of
voids increased in the upper interfaces
near the top surface as compared to
interfaces between layers below de-
spite using the same processing pa-
rameters (samples TB-10-28-5340 and
SL-66-28-5340). This result suggested
that in order to achieve better metallic
bonding in the higher layers, larger vi-
bration amplitude and larger normal
force was necessary, especially when
higher welding speed is used. 
     Table 2 lists the average reduction
in thickness of Al3003-H18 foils after
being processed by VHP-UAM com-
pared to the original foil thickness of
150 μm in the as-received condition.
The largest reduction in thickness of

10% was found in sample TB-10-38-
8000 (where both vibration amplitude
and normal force are larger) as com-
pared to only 2% in sample TB-10-38-
4000 (where only vibration amplitude
was larger but normal force was low-
er). Also, the samples processed by the
SL7200 machine tend to undergo larg-
er reduction in thickness compared to
samples processed by the TB machine
except for sample TB-10-38-8000. It is
also noted that increasing vibration
amplitude had a greater effect in intro-
ducing plastic deformation on the foil
layer than increasing normal force, as
the average reduction in thickness of
sample SL-80-34-5340 was higher
than sample SL-80-34-5340 and sam-
ple SL-66-28-5340, respectively.
     Figure 3 displays the average bulk
Vicker hardness of Al3003-H18 foils in
VHP-UAM samples fabricated from
the TB machine. In order to determine
the change in hardness after VHP-
UAM and heat treatment, microhard-
ness measurement was also performed
on the original Al3003-H18 foil with
the average hardness of 70.5 VHN.
Hardness data of the original foil and
each layer in VHP-UAM samples were
plotted before and after heat treat-
ment at 343ºC for 2 h. It is noted that
the first layer or Layer Number 1 in
the figure represents the average hard-

ness from the 20 indentations meas-
ured at the central region of the first
foil layer deposited on the substrate,
while Layer Number 10 is the last lay-
er or the top-most layer of the VHP-
UAM samples.
    The result showed a slight decrease

in foil hardness in sample TB-10-28-
5340, where hardness in Layer Num-
ber 1 was equivalent to the original
foil hardness and hardness decreased
gradually in the upper layers. This im-
plies that using vibration amplitude of
28 μm and normal force of 5340 N
rarely affected the hardness of the
original foil. In contrast, the bulk
hardness of the deposited foil in-
creased from bottom layers to top lay-
ers in sample TB-10-38-8000, al-
though the overall hardness of 55-60
VHN was 10-15 VHN lower than hard-
ness of the original foil. Unlike sam-
ples TB-10-28-5340 and TB-10-38-
8000, sample TB-10-38-4000 showed
neither an increasing trend nor a de-
creasing trend in hardness from bot-
tom layers to top layers. 
     It is also worth mentioning that in-
creasing vibration amplitude from 28
to 38 μm greatly affected the bulk
hardness in the deposited foil, whereas
increasing in normal force from 4000
to 8000 N had much less effect on the
change in hardness. Increasing vibra-
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Fig. 6 — Plot of ultrasonic power vs. time during VHPUAM processing of
Al3003H18 samples using the TestBed machine.

Fig. 5 — Plot of the average Vicker hardness measured
at the middle of the bulk region of each deposited layer
in three Al3003H18 VHPUAM samples fabricated from
the SonicLayer 7200 machine.

Sojiphan 6-16_Layout 1  5/13/16  11:06 AM  Page 188



tion amplitude had a more significant
effect on decreasing the bulk hardness
of deposited Al3003-H18 foil, whereas
increasing normal force may increase
hardness in top layers, as seen in sam-
ple TB-10-38-8000. Furthermore, the
average bulk hardness values of the
foil after heat treatment at 343ºC for 2
h were almost the same for all sam-
ples. This implied that the difference
in bulk foil hardness in different layers
of VHP-UAM samples in as-processed
conditions was neutralized by this an-
nealing condition.
     The bulk hardness contours of
Al3003-H18 foils in the VHP-UAM
samples fabricated from the SL7200
machine are illustrated as hardness
maps in Fig. 4. Each hardness map
has a line dividing the upper layers
(above the 50th layer), in which the
weld speed was higher (42.7 mm/s)
as compared to the lower 50 layers,
where the weld speed was equal to
the former value (35.6 mm/s) in the
TB machine. It was found that at the
lower vibration amplitude (28 μm) in
sample SL-66-28-5340, the hardness
was more uniform (or less change in
color contour) from top to bottom
than at the higher vibration ampli-
tude (34 μm) in samples SL-80-34-
4000 and SL-80-34-5340, which
yielded a large drop in hardness in
the bottom layers of the foils. 
     This result is similar to Fig. 3,
where a large increase in vibration am-
plitude eventually affected the bulk
foil hardness, especially in bottom lay-

ers. Along the horizontal position of
each layer, the bulk hardness slightly
deviated from left to right. It was spec-
ulated that this horizontal variation in
hardness is likely due to the different
localized normal force values applied
on the left and right sides of the sam-
ple. From Fig. 4A and B, the hardness
was lower in the bottom left corner
than the bottom right corner, meaning
different levels of plastic deformation
occur in these regions resulting in
some different bulk hardness values.
     Figure 5 shows the trend of average
bulk hardness from the bottom to top
of VHP-UAM samples made from the
SL7200 machine. Although the aver-
age hardness values may fluctuate up
and down from one layer to the next,
it can be observed that the trends of
increasing hardness from bottom lay-
ers to top layers of VHP-UAM builds
exist, especially in samples processed
at a higher 34-μm vibration amplitude.
It was speculated that the 28-μm vi-
bration amplitude was not large
enough to have an accumulative effect
on lowering the bulk hardness of the
underneath foils and almost all hard-
ness drop took place in a single pass.
The accumulative effect of thermo-
mechanical loading conditions during
ultrasonic additive manufacturing has
already been studied in previous works
(Refs. 19, 20), which report that this
mechanism was related to relative
shear displacement of bonded and ma-

trix regions well below the current lay-
er that was being welded. In contrast,
the 34-μm vibration amplitude from
the SL7200 machine was high enough
to cause an additional input of energy
or power into the bottom layers where
the accumulative effect occurred. 
     It was also worth noting that al-
though the process parameters of sam-
ples TB-10-28-5340 and SL-66-28-
5340 are similar, their overall bulk
hardness values were different. How-
ever, this experiment did not provide
concrete evidence of why the SL7200
machine caused a larger drop in hard-
ness as compared to the TB machine. 
     In order to assess the effect of ul-
trasonic power on the change in the
bulk hardness of VHP-UAM samples,
Fig. 6 demonstrates the measured
electrical power drawn from the TB
machine during VHP-UAM of the
three samples. It is known that during
UAM and VHP-UAM, the measured
electrical power drawn from the UAM
and VHP-UAM machine increased
with the higher levels of normal force
and vibration amplitude (Ref. 20). It
was seen that the amount of electrical
power drawn was greatly affected by
increasing the vibration amplitude but
was less affected by increasing the nor-
mal force. When the vibration ampli-
tude of 28 μm was used in sample TB-
10-28-5340, the average power was
550 W as compared to as high as 1189
W in sample TB-10-38-4000 and 1234
W in sample TB-10-38-8000 when vi-
bration amplitudes were set at 38 μm.
It was also noticed that in all three
samples, the power seemed to reach
the maximum around 2.5 s. This was
possibly related to the increase in
rigidity or stiffness during vibrations
in VHP-UAM where the sonotrode had
a solid grip on the foil and the base
plate, and larger power were necessary
to maintain the same amount of vibra-
tion amplitudes. 
     Since the levels of power vs. time
oscillated without a unique trend in
each weld pass, the average power
used to bond each layer is plotted in
Fig. 7 against the layer number from
bottom to top of VHP-UAM samples
for better comparison. It can be seen
that the actual average power level
used gradually decreased with increas-
ing build height or in the higher layers
bonded, i.e., it took less power to pro-
duce the same vibration amplitude
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Fig. 7 — Average ultrasonic power used
to weld each layer during VHPUAM of
Al3003H18.

Fig. 8 — Correlation between average
hardness and average ultrasonic power
used to weld Al3003H18 tape at a con
stant weld speed of 35.6 mm/s using the
TestBed and SonicLayer7200 machines.

Sojiphan 6-16_Layout 1  5/13/16  11:06 AM  Page 189



when the build got higher. The result
also showed that the average required
power tended to increase with increas-
ing vibration amplitude, i.e., from 28
to 34 μm or 38 μm.
     Although it is difficult to distin-
guish whether the power increased
with normal force at constant vibra-
tion amplitude at first, the result of
samples SL-80-34-4000 and SL-80-34-
8000 revealed that higher power was
needed when higher normal force and
vibration amplitude were used. How-
ever, at a higher weld speed of 42.7
mm/s, the trend of decreasing in aver-
age power with increasing layer num-
ber no longer existed. Thus, in order to
produce a certain combination of vi-
bration amplitude and normal force at
a higher build height, the actual
amount of power required may in-
crease or decrease with build height. 

Discussion

Effect of Process Parameters on
Hardness Variation

     The average hardness of Al3003-
H18 foil after VHP-UAM varied with
vibration amplitude and normal force
as well as weld speed used to fabricate
the samples. The power level used dur-
ing welding increased with higher vi-
bration amplitude and normal force
during process parameter settings. It
was also learned that the power level

drawn also changed with weld speed
used. In order to correlate the average
input power to the average bulk hard-
ness of Al3003-H18 foil after VHP-
UAM, Fig. 8 plots the correlation be-
tween these two of all samples made
with the TB machine and the SL7200
machine for those layers bonded at a
constant 35.6 mm/s weld speed. It can
be seen that the data from the sample
made with low amplitude (28 μm) be-
longed to low power (below 650 W),
and those made with high amplitudes
(34 and 38 μm) belonged to high pow-
er (above 650 W). 
     It was noted the vertical line at 650
W was drawn and delineated the two
data points and facilitated the inter-
pretation of the data in this study. It
was found there is an obvious correla-
tion between a decrease in hardness of
Al3003-H18 foil with increasing power
level used during VHP-UAM for both
machines. Also, the average bulk hard-
ness values of samples made with TB
machine was above those of samples
made with the SL7200 machine, and
the hardness of samples made with
low amplitude was usually larger than
those made with high amplitude. Since
the VHP-UAM power supplies were
engineered to provide specific ampli-
tude at the horn face under all condi-
tions, the vibration amplitude for each
sample was considered to be constant
in each sample regardless of the actual
power level measured. As the build got
higher, the stiffness of the build was

reduced, meaning less power was re-
quired to produce the same amount of
amplitude when bonding upper layers.
In addition, the design of the fixture
was very different between the TB ma-
chine and SL7200 machine; typically,
it was relatively difficult to get as solid
a grip on the baseplate on the TB ma-
chine as compared to the SL7200 ma-
chine. Thus, the TB machine provided
less stiffness during VHP-UAM and
caused different amounts of energy
dissipation into the foil, resulting in
higher final hardness in the as-
processed condition despite using sim-
ilar power. However, this subject is not
the current focus of this research and
the subtle difference of the existing ul-
trasonic actuators is the subject of on-
going research at Fabrisonic.
     The data in Fig. 8 also shows hard-
ness drop from the original Al3003-
H18 foil hardness. There is a larger
drop in hardness (i.e., more softening
behavior taking place in the bulk of
the foil during VHP-UAM processing)
when higher vibration amplitude and
power were used. Although the hard-
ness values of samples TB-10-38-4000
were slightly lower than the hardness
of sample TB-10-38-8000, there was
hardly any difference in hardness val-
ues between samples SL-80-34-4000
and SL-80-34-5340. This implied that
there existed some ranges of vibration
amplitudes and power levels at which
increasing in normal force resulted in
higher bulk hardness of Al3003-H18
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Fig. 9 — Schematic of change in stored energy in Al3003 foil dur
ing the following: A — Conventional thermomechanical process
ing; B — UAM, VHPUAM, and postprocessing heattreatment.

A

B
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foil in VHP-UAM samples. Therefore,
with careful consideration between ul-
trasonic power and bulk foil hardness,
it may be possible to use the power
level in addition to other process pa-
rameters as a means to achieve the de-
sired homogeneity or range of the bulk
hardness or bulk material properties
of VHP-UAM samples.

Microstructure and Properties
Correlation

     In order to understand the harden-
ing and softening behavior of Al3003-
H18 foils in VHP-UAM samples, it 
was important to analyze the linkage
between processing and material 
properties by looking at the thermo-
mechanical cycles in VHP-UAM. Dur-
ing VHP-UAM, the level of cyclic de-
formation increased with an increased
number of welding passes or number
of layers deposited on top. The
amount of shear deformation felt at
the interface also rose with increased

vibration amplitude.
Thus, the amount of
plastic deformation and
plastic heating at the in-
terface was larger at a
higher vibration ampli-
tude. This was con-
firmed by higher thick-
ness reduction of
Al3003-H18 foil at a
higher normal force and
a higher vibration am-
plitude in samples TB-
10-28-8000 and SL-80-
34-5340. 

Figure 9 displays the
schematic of the stored
energy change during
typical thermo-mechan-
ical processing of
Al3003. It is known that
after rolling or cold
working, the material
possesses higher stored
energy in the form of a
larger volume of disloca-
tions, grain boundaries,
and smaller grain sizes,
while upon hot working
the material achieves an
intermediate energy
state (Ref. 21). During
UAM and VHP-UAM,
onset of dynamic recrys-

tallization and dynamic recovery took
place in the Al3003-H18 microstruc-
ture. Depending on whether the rela-
tive amount of additional stored ener-
gy through plastic deformation or the
released energy via dynamic recovery
and dynamic recrystallization, the fi-
nal energy in the as-processed UAM or
VHP-UAM condition may be larger or
smaller than the initial energy state of
as-received Al3003-H18 foil. Since
UAM has less power than VHP-UAM
and thus less energy during process-
ing, the temperature rise and plastic
deformation may not be high enough
to produce extensive volume of dy-
namic recrystallization, the final
stored energy of UAM was expected to
be higher than that of VHP-UAM. 
     Thus, the hardening could be re-
ferred to as the increase in stored en-
ergy in lower power UAM and the
softening was referred to as the de-
crease in stored energy in higher
power VHP-UAM as shown in Fig. 9B.
The lower hardness results in this
work supported this phenomena that

when large vibration amplitude or
larger power was used, the mi-
crostructure released the additional
energy through dynamic recrystal-
lization, dynamic recovery, and grain
growth resulting in the final mi-
crostructure, which was different
from the one processed with lower vi-
bration amplitude or lower power.
The effect of processing parameters
on the change in microstructure is
the subject of the ongoing research of
the authors (Ref. 22). 
     Figure 10 illustrates the micro-
structure of selected TB-10-28-5340
VHP-UAM samples in as-processed
and heat-treated (343ºC for 2 h) con-
ditions (Ref. 22). The onset of dy-
namic recrystallization can be clearly
seen in the interface regions of the
as-processed sample, especially at the
interface of layer 8, where equiaxed
grains are present and the color of the
grains are brighter (grains are clearly
defined and can be seen as white or
brighter grains in image quality map).
It was also noted that the bulk mi-
crostructure was mainly very small
and elongated grains in the as-
processed condition turned into
much larger grains after heat treat-
ment at 343ºC for 2 h, which was
similar to the UAM microstructures
found by Schick (Ref. 23). This con-
firmed that upon heat treatment, the
microstructure in the bulk region of
Al3003-H18 VHP-UAM build
processed at 28-μm vibration ampli-
tude underwent static recrystalliza-
tion and grain growth resulting in fi-
nal bulk hardness of 40 VHN similar
to the hardness of heat-treated origi-
nal foil.

Variation of Hardness with 
Positions and Layers

     The reason why each VHP-UAM
samples had different trends of de-
creasing, increasing, or consistent bulk
hardness values from bottom layers to
top layers was mainly due to the bulk
foil undergoing hardening behavior
and softening behavior at the same
time. In VHP-UAM samples, the heat-
ing during the thermo-mechanical
phase softened the foil via dynamic re-
covery, but the normal compressive
force gave additional hardening of the
bulk foil via warm or hot working.
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Fig. 10 — Microstructures variations in the top three layers
of Al3003H18 VHPUAM samples. A — Asprocessed TB
10285340; B — heattreated 343°C, 2 h, TB10285340.
The images are obtained from an image quality map using
the electron backscattered diffraction technique.
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Hence, the trend of increasing or de-
creasing depended on which effect was
higher between hardening behavior
through additional work hardening
and softening through adiabatic heat-
ing, which induced the dynamic recov-
ery process. Sriraman et al. reported
peaks of transient temperature exist at
the bottom interfaces, while another
layer was deposited during VHP-UAM
(Ref. 20). This means that although
the peak temperatures at the interface
may not be as high (in the order of
100°–150°C), and the duration of
those peak temperatures may be rela-
tively short (in the order of 50 ms),
changes in hardness was possible as a
result of changes in microstructure
and reduction in foil thickness. 
     When larger shear deformation oc-
curred at the interface as a result of
higher vibration amplitude, there was
more accumulated dislocation density
and higher stored energy in the foil.
The higher stored energy together
with increasing temperature during
VHP-UAM process enhanced the driv-
ing force for dynamic recovery and/or
dynamic recrystallization to occur, and
thus resulted in decreased bulk foil
hardness. It was also noted that the in-
creased weld speed during metallic
bonding above the 50th layer resulted
in less heat dissipation time. This can
also give rise in the degree of soften-
ing effect in the bottom layers of VHP-
UAM samples fabricated from the
SL7200 machine.
     Sriraman et al. also reported the de-
crease in peak temperatures at the
bonded interfaces at taller build height
or when more layers were deposited
due to lower ultrasonic energy trans-
mitted into the sample (Ref. 20). Their
finding agrees well with the current re-
sult, where the ultrasonic power de-
creases with increasing build height as
less ultrasonic power was supplied by
the VHP-UAM machine while metallic
bonding an additional layer as the
sample gets taller. This result also
agreed with the observed phenome-
non of a lack of bonding with an in-
crease in specimen height, as demon-
strated by Gilbert (Ref. 24).
     However, this hypothesis is yet to
be proven. It is also possible that the
vibration of the whole dynamic sys-
tem during VHP-UAM, while the
sonotrode is in contact with the sam-
ple, could generate different vibration

modes that affect the actual power
drawn. For example, the vibration
modes and the stick or slip between
sonotrode and top foil surface may
play a crucial role in determining the
actual amount of ultrasonic energy
dissipated and going into the bonded
interfaces (Refs. 25–27). The differ-
ent vibration modes and magnitudes
in the TB machine and the SL7200
machine may yield the answer to why
the hardness and power correlations
are unique for each VHP-UAM system
and sample size. 

Conclusions

     Increases in vibration amplitude
and normal force resulted in large 
deformation in the bulk of VHP-UAM
samples, as seen in a large reduction 
in thickness of VHP-UAM samples
processed at larger vibration 
amplitudes.
     The hardness in taller VHP-UAM
samples showed a trend of lower hard-
ness in bottom layers and higher hard-
ness in top layers, which was largely
due to the accumulative effects of
thermo-mechanical cycles of plastic
deformation and heating generated at
each interface.
     After heat treatment at 343ºC for 
2 h, all layers of Al3003-H18 foils in
VHP-UAM samples reached the same
final hardness (near 40 VHN) and
were the same as the heat-treated
original foil, implying the onset of re-
crystallization occurred.
     As the build got taller, less power
was used to provide specific amplitude
and thus less change in stored energy,
microstructure, and hardness com-
pared to the original as-received
Al3003-H18 foil. 
     There is a correlation between
hardness and ultrasonic power, where
hardness of Al3003-H18 foils de-
creased with increased ultrasonic pow-
er drawn from VHP-UAM systems.

     The authors would like to thank Dr.
Sriraman Ramanujam, Fabrisonic, and
the Edison Welding Institute for their
support of equipment and materials
and assisting in preparing VHP-UAM
samples for this research.
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