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Abstract

Purpose — Ultrasonic additive manufacturing (UAM) is a rapid prototyping process through which multiple thin layers of material are sequentially
ultrasonically welded together to form a finished part. While previous research into the peak temperatures experienced during UAM have been
documented, a thorough examination of the heating and cooling curves has not been conducted to date.

Design/methodology/approach — For this study, UAM weldments made from aluminum 3003-H18 tapes with embedded Type-K thermocouples were
examined. Finite element modeling was used to compare the theoretical thermal diffusion rates during heating to the observed heating patterns. A model
was used to calculate the effective thermal diffusivity of the UAM build on cooling based on the observed cooling curves and curve fitting analysis.
Findings — Embedded thermocouple data revealed simultaneous temperature increases throughout all interfaces of the UAM build directly beneath
the sonotrode. Modeling of the heating curves revealed a delay of at least 0.5 seconds should have existed if heating of lower interfaces was a result of
thermal diffusion alone. As this is not the case, it was concluded that ultrasonic energy is absorbed and converted to heat at every interface beneath the
sonotrode. The calculated thermal diffusivity of the build on cooling was less than 1 percent of the reported values of bulk aluminum, suggesting that
voids and oxides along interfaces throughout the build may be inhibiting thermal diffusion through thermal contact resistance across the interface.
Originality/value — This work systematically analyzed the thermal profiles that develop during the UAM process. The simultaneous heating
phenomenon presented here has not been documented by other research programs. The findings presented here will enable future researchers to
develop more accurate models of the UAM process, potentially leading to improved UAM bond quality.

Keywords Ultrasonics, Additive manufacturing, Thermocouples, Metals, Heat transfer

Paper type Research paper

1. Introduction processes. This includes allowing for complex shapes and
designs, having a significantly lower processing temperature,

Ultrasonic additive manufacturing (UAM) or ultrasonic allowing for embedded materials and channels, and joining

consolidation is a solid state welding process in which thin material combinations that are otherwise difficult or
foil layers are ultrasonically welded on top of one another and impossible (Janaki Ram et al., 2007).

computer numerical control machined to create a final part. At the beginning of each sequence, a new foil is placed on
The substrate is preheated and significant normal forces are top of the previous layers by a feed roll. The new foil is then
applied to aid in the joining process. The exact mechanism for tacked down to the previous layers through a tacking pass.
joining is not fully understood, though it is believed to be This pass is made at relatively low normal forces (200-400 N),
similar to forge welding, with significant plastic flow of low amplitude (8-12um), and high travel speed
material and no melting. As this process is completely solid (50-80 mm/s). Initially, the asperities on the surfaces of the
state, it offers many benefits over traditional arc welding two materials come in contact and through ultrasonic
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vibration, may be sheared off or plastically deformed. At the
end of the tacking pass, the materials are lightly bonded
together. To complete the joining process, a welding pass with
higher ultrasonic energy input (higher amplitude of vibration,
higher normal forces, and slower travel speed) is made.
During processing, the rough sonotrode texture is transfered
to the top of the layer being added. This then becomes the
bottom of the next interface, creating a situation where the
top of each interface is relatively smooth while the bottom is
highly textured. Johnson (2008) has suggested that this
arrangement of different surface finishes is the cause of the
voids found along the interfaces. Residual voids occur because
some deep troughs cut by the sonotrode in the bottom half of
the interface are too large to be filled in by local plastic flow.

It is believed that during UAM, some of the ultrasonic
energy is dispersed in the material by the formation of
vacancies and dislocations. Gunduz et al. (2005) calculated
vacancies were on the order of 10 per cent of lattice sites,
much higher than the 10~ ° values found in aluminum at
149°C (Hatch, 1984). This high-level of vacancies may
partially account for the level of plastic flow observed in UAM
weldments and enables the rough and smooth surfaces to
come together and be successfully bonded. The plastic flow
also allows for the embedding of fibers and other small
materials between two layers (Janaki Ram ez al., 2007; Li and
Soar, 2008; Yang et al, 2007). In the area immediately
surrounding an embedded fiber, there appears to be a
decrease in the void concentration. This area also often
exhibits subgrain refinement and an increase the hardness,
most likely due to the high stress and plastic flow levels caused
by the added material of the fiber (Yang er al., 2007; Li and
Soar, 2008).

Research into temperatures reached during ultrasonic spot
welding (USW) has been ongoing since the 1950s. Hazlett
and Ambekar (1970) used thermocouples embedded in
ultrasonic spot welds to record the average maximum
temperature of the spot weld withdifferent processing
parameters and materials. Their work on iron-constantan
(55 Cu-45 Ni) and copper-constantan spot welds revealed
that if a minimum temperature (163-174°C) was reached
during welding, the sample would fail outside of the weld
region indicating a good weld. Cross sections examined under
optical and scanning electron microscopes revealed minimal
diffusion, leading to the conclusion that the bonding
mechanism was mechanical or metallurgical due to nascent
surface creation. Working on materials with a natural
thermocouple, copper and monel (an alloy of 65-70 per cent
nickel and 20-29 per cent copper with some iron and
manganese additions), Weare ez al. (1960) recorded
temperatures up to 232°C. Using a plate of glass between
the welding tip and anvil, they were able to visually observe
hot spots of near 1,400°C in molybdenum samples, the
temperature required to emit the white light. Red and white
light was observed in copper and aluminum samples,
indicating temperatures above 520°C. This indicates that
while natural thermocouple readings may level out,
temperatures may continue to rise at some locations within
an ultrasonic spot weld. In the study, dedicated
thermocouples with a larger operating range were used to
overcome this issue. More recent research by de Vries (2004)
on aluminum 6061-T6 ultrasonic spot welds recorded
temperatures up to 220°C using an infrared camera with a
reported accuracy of *=10°C. He also found that the
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weld heated extremely fast, reaching 200°C within 40 ms
(5,000°C/s). Finally, de Vries found a link between higher
welding temperatures and heavy plastic deformation of the
spot weld, illustrating the importance of obtaining accurate
temperature measurements for UAM.

While USW is similar to UAM, the transient nature of
UAM compared to the static nature of USW results in
significant differences in operating conditions, including
temperatures. Kong er al. (2004b) embedded Type-K
thermocouples in UAM builds made from aluminum alloy
3003-H18 with NiTi shape memory alloy fibers. The goal of
their use of thermocouples was to test for the maximum
temperature reached during the embedding process. At the
highest amplitude (14.3 um), highest normal force (276 kPa),
and lowest travel speed (27.8 mm/s), the maximum
temperature recorded was 150°C. Lower energy build
parameters resulted in maximum temperatures of less than
70°C, with an almost linear correlation between amplitude of
vibration and maximum temperature. Yang et al. (2009) also
embedded Type-K thermocouples in aluminum alloy 3003-
H18 foils and recorded peak temperatures between 68 and
98°C, depending on process parameters (10-12 um amplitude
and 206-275 kPa normalforce). Both Kong’s er al. (2004b)
and Yang’s er al (2009), thermocouple research were
conducted at Loughborough University using the same
ultrasonic seam welder. It is difficult to directly compare the
values obtained in the study, as both Kong and Yang did not
use preheat and due to machine setup differences, set and
reported normal forces differently. In the present research, six
thermocouples were embedded in each build and the entire
heating and cooling process was analyzed for both tacking and
welding passes.

2. Experimental procedures

2.1 Materials

In this research, a non-age hardenable Al-3003 (Al-1 Mn-0.7
Fe-0.12 Cu wt. per cent) alloy was used as both tapes
(H18 fully strain hardened, 150 um thick, 25.4 mm wide) and
substrate (H14 partially strain-hardened, over 25.4mm
thick). The composition of the materials used meets the
standard specification of the alloy, nominally Al-1.3 Mn-0.7
Fe-0.1 Cu.

2.2 UAM build parameters

A total of five builds were made, three block type builds and
two step type builds. The processing parameters for the builds
are shown in Tables I and II. The position of thermocouples
and build layouts are shown schematically in Figure 1. For the
step builds, all of the thermocouples were installed at the
same time. In the block builds, the process was paused to
install a thermocouple every ten layers. Data were recorded
for the subsequent foil layer that was deposited directly on top
of the thermocouples. The block builds were used to
determine the effect of subsequent passes on lower
interfaces and to determine the rate at which the interfaces

Table | UAM block build parameters

Pass Force (N) Rate (mm/s) Amplitude (um)
Tacking 300 59.27 14
Welding 750 50.4 24
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Table 1l UAM step build parameters

Pass Force (N) Rate (mm/s) Amplitude (um)
Tacking 300 59.27 14
Welding 700 50.4 24

cooled back to the preheat temperature. Conversely, the step
builds were used to verify the results of the block builds and to
check for any potential problems with the thermocouples
or the recording setup. The focus of this research program
was on the results obtained from the block builds.

2.3 Thermocouple data and analysis

Type K thermocouples, 127 um in diameter (36 AWGQG),
were embedded between UAM layers. The temperatures were
recorded at a rate of 10,000 Hz per channel. The data were
converted to Excel™ files and analyzed with Igor Prork using a
custom macro file. The macro file found the minimum and
maximum temperatures recorded, maximum instantaneous
heating and cooling rates, average heating rate during the
upwards peak, and the time temperatures of interest were
reached. A cooling curve analysis was done based on the
cladding equation with a 2d heat transfer with a distributed heat
source see equation (1) (Grong, 1997). This generated an
effective thermal diffusivity of the UAM build given as a
percentage of aluminum 3003:

e (28 (o)

v+ L y—L
In equation (1), T is the temperature (K) at the point and time of
interest, while T, is the preheat temperature (338 K).
The calculated heat generated is ¢, (averaged 60-100 watts),
v is the travel speed (50.8 mm/s), and L is half the length of the
distributed heat source (20 mm). The material properties are
density (p = 0.0027 g/mm?>) and specificheat (c = 1J g~ '°C™ ).
Z is the distance in the depth direction from the heat source

Figure 1 Thermocouple configuration for the block and step builds
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where the temperature is desired (O in this case). The time, ¢
was calculated based on the travel speed. The thermal diffusivity
is in the “a” parameter, which in this case was 85 mm?/s times a
multiplier. The multiplier is the effective thermal diffusivity that
was solved for, so a multiplier value of 1 would indicate the
cooling occurred at the same rate as a solid block of aluminum
while values below 1 indicate slower than expected cooling
occurred. This equation was used as it most accurately described
the situation of UAM, a moving, distributed heat source that
extends the complete width of the part being welded.

2.4 Temperature rise and thermal diffusion calculations
In addition to cooling curve analysis, elementary calculations
were performed to estimate the expected rise in temperature
based on the operating conditions and material properties of
aluminum (equation (2)). The parameters used for equation
(2) are presented in Table III:

Energy (Joules)

AT =
Mass (Grams) X Specific Heat (J/gm-K)

(2)

In order to compare the time of the peak temperatures from the
block builds, a finite element model (FEA) was produced in
Ansys™. A 2d solid block with the material properties of
aluminum 3003  (thermal conductivity = 0.2295W
mm~ '°C™ !, specific heat = 1Jg~ ! °C™ !, density = 0.0027 g/
mm?) with dimensions of 50 mm wide by 8 mm tall was used.
A stationary heat source was centered on the top, held at 150°C,
and was 5mm wide. A mesh size of 0.3mm was used
throughout and a time step of 0.01 seconds was used. For
visual purposes, a temperature rang of 65-95°C was used, any
temperatures above 95°C were gray. This allowed for
determination of the time delay before various depths of the
build reached 95°C.

2.5 Solid block thermocouple control experiment

A control experiment to determine if the ultrasonics or normal
forces affected the results of the block build was performed.
A solid aluminum 3003 block was cast with six thermocouples
installed, however, two were fractured during installation
or handling and could not be used. The block was 203 mm long
and 25.4 mm wide, a similar size and shape of the UAM block
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Notes: (a) Thermocouple locations in block builds; the thermocouples were placed approximately half way in the
build length direction; (b) thermocouple locationsin the step builds
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Table 11l Parameters used for temperature rise calculations

Parameter Setting Units
Power input 3,000 Watts
Travel speed 4233 mm/s
Tape width 254 mm
Tape height 0.30 mm
Tape length 4 mm
Tape volume 30.48 mm’

setup. Thermocouples were stacked vertically with a goal of
1.5mm between them, however, during casting the
thermocouples moved slightly, resulting in the following
positions (from the top surface): 1.93, 2.19, 3.64 and
5.19mm, see Figure 2 for a schematic of the final
arrangement. The sample was mounted in the same UAM
machine used for the other builds and four tacking and welding
passes were performed at the same operating parameters as the
block builds (Table IT). The thermocouple data were recorded,
exported to Excel™ and analyzed with Igor Pro™ in the same
manner as the other thermocouple data.

3. Results and discussion

3.1 Thermocouple data

3.1.1 Block buwild data

After analyzing the thermocouple data, it was clear that most
of the data followed similar patterns (Figure 3). In the tacking
passes the thermocouple initially reports a temperature near
the preheat temperature (55-65°C), as it is simply resting
on the surface of the build. As the sonotrode approaches
the newly added foil (at room temperature) is gradually forced
into thermal contact with the thermocouple and the lower
layer, causing a drop in preheat temperature at the
thermocouple to be recorded as the cold foil layer
absorbs the heat. When the sonotrode is directly on top of
the thermocouple, the ultrasonic energy is dissipated at the
interface causing a sharp rise in temperature. The area then
cools slowly through conductive and convective cooling.

Figure 2 Schematic of the setup used for the solid aluminum block
confirmation experiment

Sonotrode

Welding
direction

TR4 =3¢ )€ TR3
Q€ TR2 /

TR12() /

/

Solid-aluminum block

Note: The thermocouples (in reverse order) were
1.93, 2.19, 3.64 and 5.19mm from the top surface
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The welding passes were similar, except in most cases there
was no cooling before the peak as the new layer was at the
preheat temperature as well. Welding passes generally
exhibited higher peak temperatures than tacking passes,
often by 30-60°C. This was expected due to the higher levels
of ultrasonic power input during the welding passes. On the
149°C preheat block builds, the temperature spike for the
tacking passes is not easily seen, as the level of undercooling
before the spike ranged up to 90°C. This result is also easily
explained due to the large temperature difference (149 versus
22°C) between the lower layer and the new, “cold”, foil layer.

3.1.2 Step build data

The thermocouple data from the step builds were similar to
the block build, with the first tacking passes exhibiting slight
precooling, and earlier welding passes generating more heat
than later passes. The temperature peaks were evenly spaced
at 0.5 seconds apart, which coincides with the 50.8 mm/s
travel speed and 25.4mm spacing between thermocouples.
Thermocouples that were not directly welded over during
later passes did not report any significant temperature rises
above the preheat temperature. This indicates there is no
ultrasonic preheating, and the ultrasonic energy is directed
down only, not laterally along the interface.

3.1.3 Block build peak temperature data

The first welding pass on top of each thermocouple reached
the highest temperatures (Figure 4). The average maximum
temperatures for the first tacking pass for the 65°C preheat
block build was 89°C. The first welding passes averaged a
peak temperature 146°C. The second welding pass over the
thermocouple generally resulted in the second highest
maximum temperature, with an average of 101°C. During
subsequent passes the average peak temperature continued to
progressively drop (Table IV). For the 149°C preheat block
build, the average peak temperature for the first tacking pass
was 137°C and the first welding pass was 168°C. Subsequent
welding passes yielded average peak temperatures between
146 and 152°C.

3.1.4 Instantaneous heating and cooling rates

The average maximum instantaneous heating rates (Figure 5)
were calculated for the 65°C block build to be 1,250°C/s for the
first tacking pass and 2,221°C/s for the first welding pass. For
the 149°C preheat builds, the average maximum instantaneous
heating rate was 1,450°C/s for the first tacking pass and
1,398°C/s for the first welding pass. The average maximum
instantaneous cooling rates (Figure 6) were 687°C/s and
1,343°C/s for the 65°C preheat tacking and welding passes,
respectively. The average cooling rates for the 149°C preheat
builds were 1,381 and 780°C/s for the tacking and welding
passes, respectively. In later passes, the maximum heating and
cooling rates trend slowly lower, though they appear to level off
around 500°C/s after many layers. Thermocouples 2 and 4 from
the 149°C preheat build did not yield consistent results and
brought the average maximum heating and cooling rates down
considerably. Without thermocouples 2 and 4, the average
maximum heating and cooling rates were 1,850 and 976°C/s,
respectively.

3.2 Thermocouple data patterns

Analysis of the thermocouple data revealed three distinct
patterns. These have been designated:

1 normal heating and cooling;
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Figure 3 Tacking and welding temperature results, example thermocouple data from both preheat conditions block builds
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(d) thermocouple 6, 1498C preheat; the difference in time between the peaks of the tacking and welding passesis
due to when the recorder was started relative to the beginning of the pass

Figure 4 Maximum temperature recorded during the welding passes, (a) 65°C and (b) 149°C preheat block builds
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(a) Welding pass number (after thermocouple installed)
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(b) Welding pass number (after thermocouple installed)

Note: The highest temperatures were recorded during the first welding pass after the thermocouple was installed indicating most of the

ultrasonic energy is absorbed at the topmost interface

2 gradual cooling followed by normal heating and cooling;
and
3 gradual cooling followed by gradual heating.

A mechanism has been developed to explain these three
situations.

3.2.1 Normal heating and cooling

Normal heating and cooling patterns were found on the weld
passes of most of the 65°C preheat block build passes and
some of the weld passes of the 149°C preheat block build
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passes. In this situation, the new layer has already been tacked
down and is in intimate thermal contact with the substrate
material When the approaches,
the ultrasonic energy is directed to the interface, which then
heats up due to a combination of frictional and deformational
heating. Once the sonotrode has passed, slow cooling occurs

below. sonotrode

as the heat diffuses away into the surrounding material. This
results in the familiar and expected heating and cooling
pattern.
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Table IV Average peak temperature versus passes since embedded for
65°C preheat block build

Passes Average maximum temperature (°C)
1 146.7

10 100.6

20 93.8

30 88.2

40 86.9

50 84.6

3.2.2 Gradual cooling followed by normal heating and cooling
This situation occurred on most tacking passes in both of the
block builds. In the 65°C preheat builds, this was limited to
the top most thermocouple when the new “cold” foil layer
was being added, while in the 149°C builds this occurred with
many of the thermocouples during all tacking passes. In this
situation, the area surrounding the thermocouple is cooled
before the sonotrode arrives, at which point, it follows a
normal heating and cooling pattern. The cause of the
precooling in most cases is the new foil layer being added is at
room temperature, far below the preheat temperature. When
the sonotrode approaches the thermocouple location, the new
foil is gradually brought into thermal contact with the lower
layers, causing a drop in local temperature as observed by the
thermocouples. When the sonotrode is directly on top of the
thermocouple, an instant spike in temperature is observed
as the local vibrations at the interface cause a rise in
temperature of the material surrounding the thermocouple.

3.2.3. Gradual cooling followed by gradual heating

Gradual cooling and heating occurred only in the 149°C preheat
builds. It was prominent in thermocouples 2 and 4 for the 149°C
preheat block build (Figure 7). In some cases, such as 149°C
T C4, this pattern existed for all passes, while in other cases,
such as 149°C TC2, this pattern existed only on passes
subsequent to when the thermocouple was first embedded. It is
possible that due to significant voids near the thermocouple, the
layer above the thermocouple is actually cooled to below the
preheat temperature. This is possible as only the substrate is
kept at the preheat temperature, the upper portion of the build

Volume 17 - Number 5 - 2011 - 369—-379

may be significantly cooler. When the sonotrode approaches,
the top layer is compressed down onto the thermocouple,
removing heat from it. Thermal contact resistance
(Grujicic er al., 2005), due to the voids and oxides along the
interfaces, may be the cause of this temperature differential.
This would result in a gradual cooling as the sonotrode presses
the foil layers above and below the thermocouple into thermal
contact. Once the sonotrode passes over, the thermal contact
resistance between the layers increases again and the
thermocouple is gradually brought back to the preheat
temperature by the foil layer beneath it. Large voids may also
prohibit relative motion between the layers, limiting or
eliminating local frictional and deformational heating.

3.3 Simultaneous heating

During all tacking and welding passes of the block builds,
a phenomenon was observed. All of the thermocouples
observed a spike in temperature at almost the same time, see
the data as plotted by Igor Pro™ in Figure 8. If all of the
ultrasonic energy were absorbed at the topmost interface, there
should be a time delay due to thermal diffusion between the
temperature peaks of the different thermocouples. Since this is
not the case, there must be local heating along each interface as
the sonotrode passes over. During each recorded welding
passes the lower thermocouples displayed very similar peak
temperature values. As the build height increased, the average
peak temperature of the lower thermocouples decreased
(Table III). As the ultrasonic energy is dispersed over a larger
area, lower peak temperatures would be expected.

In order to quantify the expected delay from thermal diffusion
between peak temperatures at the different thermocouple build
locations, a FEA was created in Ansys™. A stationary, 5 mm
wide, 150°C heat source was positioned in the center, and the
progression of the 95°C isotherm was plotted (Figure 9). The
upper thermocouples should have reached their peak
temperature only 0.06 seconds after the top thermocouple,
which is within the margin of error of the thermocouple
measurements. However, the bottom thermocouple, which was
8 mm from the top, should have not reached peak temperature
until 0.51 seconds after the top thermocouple. This result was
confirmed by using the basic diffusion equation (equation 3).
A minimum time of 0.19 seconds would be required for any
thermal energy to diffuse from the top of the build to the bottom

Figure 5 Maximum instantaneous heating rate recorded during the welding passes, (a) 65°C and (b) 149°C preheat block builds
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(a) Welding pass number (after thermocouple installed)

Maximum heating rate (°C/sec)
B
a
8

o

Maximum heating rate-weld 149°C

3,000

—+ Thermocouple 1
-# Thermocouple2 |
—+— Thermocouple 3
== Thermocouple 4
= Thermocouple 5

*~ Thermocouple 6

1,000
L
500 _-%
1 2 3 4 5 6
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Note: The highest heating rates were recorded during the first welding pass after the thermocouple was installed indicating most of the ultrasonic

energy is absorbed at the topmost interface
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Figure 6 Maximum instantaneous cooling rate recorded during the welding passes, (a) 65°C and (b) 149°C preheat block builds
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Note: The highest temperature drops were recorded during the first welding pass after the thermocouple was installed

Figure 7 Thermocouple data from the 149°C preheat build
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while thermocouples 2 and 4 followed gradual cooling followed by gradua heating patterns
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Figure 8 Temperature data from welding pass 6, 65°C block build
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Notes: All of the lower thermocouples report a temperature spike at the
same time as the topmost thermocouple: this indicates local heating along
al interfaces, not just the topmost interface; lower thermocouples all show
maximum temperatures around 90°C

of the build. This delay was not observed, indicating local
heating must be occurring at every interface:

X =2X%XVDt (3)
8mm =2 X /85 mm?[s Xt (4)
t=0.19 seconds (5)
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The mechanism by which ultrasonic energy is absorbed and
converted to heat at every interface is unknown, and could be
either frictional or deformational heating or a combination of
both. This may indicate the bond made during previous passes
may be broken and reformed during subsequent passes if
sufficient ultrasonic energy is used. Furthermore, this may
account for the leveling off, or even negative returns, of peel
tests found by other researchers when increasing the ultrasonic
energy input into the system (Yang ez al., 2007; Kong er al.,
2004a). The previous temperature studies on UAM did not use
stacked thermocouples, preventing this phenomenon from
being discovered. This simultaneous heating finding was
unexpected, and further study of this phenomenon may prove
useful in attempts to understand and model the UAM process.

3.4. Ultrasonic stress-strain field

In many of the welding passes, lower thermocouples begin
heating up slightly before upper thermocouples. The time at
which each thermocouple reported the peak of the
temperature spike for the 65°C block build weld pass 5 is
shown in Figure 10. If heat was only generated at the topmost
interface, the actual plot would have matched the expected
plot generated with FEA modeling, with lower thermocouples
having a longer delay before the peak temperature. Instead,
the actual plot is nearly flat indicating simultaneous heating
occurred. This suggests an ultrasonic stress-strain field may
be occurring (Figure 11). The authors theorize the ultrasonic
stress-strain field might follow the pressure sphere of
influence, specifically taking the shape of a bell curve. Any
interface underneath the ultrasonic stress-strain field would

Figure 9 Results from FEA model showing progression of 95°C plane front of heat

Notes: (a) At 0.06 seconds, the plane reached one-fourth through the build; (b) at 0.28 seconds, the plane reached

half through the build; (c) at 0.46 seconds, the plane reached three-fourth through the build; (d) at 0.51 seconds,

the plane reached the bottom of the build
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Figure 10 Actual time of maximum temperature for 65°C block weld
five thermocouples plotted with theoretical time of peak temperature
based on the FEA model
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65°C preheat block weld 5
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Figure 11 Schematic representation of the ultrasonic stress-strain field
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absorb some of the ultrasonic energy and convert it locally to
heat. This will be important for future research programs
attempting to model UAM as heat is generated throughout
the build, not just on the topmost interface.

3.5. Calculated temperature rise

In order to estimate the actual power absorbed at the topmost
interface (the foil above and below the thermocouple),
equation (2) was used. It was calculated for the highest
recorded temperature increase, 109°C, 2.9 per cent of the total
powerinput (3kW) was absorbed at the topmost interface.
The calculated temperature rise of the topmost thermocouple
versus different efficiencies is presented in Table V. It has been
estimated that the overall process efficiency (power input
absorbed and converted to heat by the build) is approximately
30 per cent. This indicates that only 10 per cent of the total
absorbed power is absorbed in the topmost interface, while
90 per cent is absorbed lower in the build. Finally, using
the 30 per cent overall efficiency, it was possible to solve for
the interaction volume of the ultrasonic stress-strain field.

377
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Table V Theoretical temperature rise of first interface given a
percentage of the total power absorbed there

Efficiency Energy input Heat input Temperature rise
(%) (w/mm?) (J/mm?) Q)
2.90 2.81 0.27 109
5 4.92 0.47 191
10 9.8 0.93 382
30 29.5 2.8 1,146

It was estimated that the temperature increase of the material
was a constant 35°C and the ultrasonic stress-strain field was
approximated as a rectangle with two sides known (25.4 mm
sonotrode width and 8.25 mm build height). It was found the
overall interaction volume was approximately 1,000 mm?
yielding a length of interaction beneath of the sontrode of
4.8 mm in the travel direction. This approximation results in a
plane of heat generated beneath the sonotrode.

3.6. Cooling coefficient analysis

Analyzing the data with equation (1) revealed heat was
dissipated away from the weld zone at a surprisingly low rate,
with the effective thermal diffusivity usually <1 per cent of
the expected value for aluminum 3003 (Figure 12). While
there is some scatter in the data, it is clear the thermal
diffusivities calculated here are much lower than bulk
aluminum, indicating slower than normal bulk aluminum
cooling is occurring. The exact reason for this decreased
cooling rate is unknown, though it is possibly linked to the
voids and oxides found throughout the interfaces as well as
the heat generated throughout the build. The major factor
contributing to this is thermal contact resistance, where the
flow of heat is restricted to only flowing through small asperity
micro contacts, severely limiting the thermal diffusion across
interfaces. The many separate layers that make up a UAM
build, each with voids and potentially oxides present,
increases the impact of the thermal contact resistance. With
thermal diffusion across interfaces greatly diminished, the
heat must be transfered along the plane of the interface and
away from the sonotrode. However, as heat generated along
interfaces throughout the build, no “cold” areas exist for the
heat to flow to, slowing the cooling rate even further.

Figure 12 Results of the effective thermal diffusivity calculations
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3.7. Solid block control experiment

The thermocouple results from the first welding pass of the
block control experiment are shown in Figure 13. As expected,
it was found there was a delay in time as the heat generated at the
top of the build was conducted down to the lower parts. Lower
thermocouples reported a longer delay before the beginning of
heating, and did not heat as high as the upper thermocouples.
The topmost thermocouple reported a maximum temperature
of 75°C while the bottom thermocouple reported a
maximum temperature of 70°C. These temperatures indicate
a maximum temperature increase of 10°C above the preheat
temperature, much less than the 25-35°C increase the lower
thermocouples in the UAM build reported. This confirmation
experiment proved the ultrasonics and pressures applied had no
significant impact on the thermocouple readings of the earlier
block and step builds. This supports the finding that ultrasonic
energy is locally attenuated at each interface resulting in local
heating of that interface.

4. Conclusions

The focus of this research program was to make i situ,
accurate, temperature readings during the UAM process. The
primary conclusions are:

* Heating and cooling patterns for all of the welding passes
of the 65°C preheat builds and most of the 149°C preheat
builds followed normal heating and cooling shapes.
Maximum temperatures of 220°C were observed, well
below the melting temperature of aluminum.

Figure 13 Results of the solid block confirmation experiment
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* Instantaneous heating and cooling rates of up to 3,000°C/s
were recorded. The highest rates were recorded during
the first welding pass when the thermocouple
was first embedded and experienced the highest
temperatures.

* A simultaneous heat generation at all interfaces was
observed. This proves ultrasonic energy is transmitted and
absorbed throughout the entire build, not just the topmost
interface. However, as evidenced by the peak
temperatures recorded, the topmost interface does
absorb the most ultrasonic energy. The control
experiment proved the ultrasonic energy and pressures
applied do not artificially influence the thermocouple
readings.

* An ultrasonic stress-strain field was proposed to account
for the simultaneous heating observed. Ultrasonic energy
is locally converted to heat under this stress-strain field.
A rough approximation found the length of the ultrasonic

stress-strain field (in the travel direction) was
approximately 4.8 mm.
* Calculated effective thermal diffusivities averaged

<1 per cent of the reported values for aluminum 3003.
This indicates a severe hindrance to thermal diffusion,
most likely due to voids and oxides at interfaces increasing
the thermal contact resistance across the interfaces.
For modeling purposes, it will be necessary to
assume an effective thermal conductivity much
lower than reported values in the literature for bulk
aluminum.
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