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Introduction and Background

Ultrasonic metal welding, which was
invented more than 50 years ago, is a
process that consists of joining two metals
by applying ultrasonic vibrations under
moderate pressure. The high-frequency
vibrations locally soften the overlap zone
between the parts to be welded forming a
solid-state weld through progressive
shearing and plastic deformation. The ox-
ides and contaminants are removed by the
high-frequency motion (scrubbing) pro-
ducing a pure metal/metal contact be-
tween the parts allowing the metallic
bonds to form. Beyer stated, “Ultrasonic
welding of metals consist of interrelated,
complex processes such as plastic defor-
mation, work hardening, breaking of con-
taminant films, fatigue crack formation
and propagation, fracture, generation of
heat by friction and plastic deformation,
recrystallization, and interdiffusion” (Ref.
1). Also, it is worth noting that “the dom-
inating mechanism for ultrasonic welding
is solid-state bonding, and it is accom-
plished by two different processes: Slip
and plastic deformation” (Refs. 2–6). 

During welding, the machine con-
troller is usually set to a particular mode.
For example, in the energy mode, the
power supply monitors and integrates the
power as a function of time. Once a pres-
ent amount of energy is dissipated, the
power supply discontinues the ultrasonic
energy, independent of the time. In con-
trast, in the time mode the sonics remain
on for a present length of time, independ-
ent of the energy. In the last mode, post
height, the power supply monitors an en-
coder on the actuator and continues to
apply ultrasonic energy to the parts until
the preset amount of displacement occurs.
The post height is defined as the gap be-
tween the final position of the horn and
anvil as detailed in Fig. 1.

It is important to note that it is indus-
try standard to use an energy mode for

process control, and post height is a rela-
tively new technology for the industry.

Objective

The objective of this study was to char-
acterize and compare the weld consisten-
cies of the various control modes. Because
weld strength variation is a major depend-
ent parameter related to ultrasonic metal
welding, determining which control mode
would increase weld consistency, reduce
waste, and improve productivity in indus-
try is important.

Experimental Procedure

Experimental Design

To determine the optimum welding con-
ditions for the various modes: energy, post
height, and time, the energy mode was ini-
tially studied because it represents the
mode most commonly used in industry. Ten
samples were welded with each energy level
varying from 2000 to 5500 J with increments
of 500 J. The energy value that resulted in
the highest weld strength while using the en-
ergy control mode was selected as the opti-
mum weld energy. The corresponding aver-
age weld time (1.0 s) and average post
height (4.6 mm) from this optimum weld
energy value were used as initial welding pa-
rameters for the other modes (time and post
height). For example, in order to identify
the optimum time and post height values,
additional welds were made with a range in
times between 0.6 and 2 s and range in post
height between 4.3 and 5 mm. For each con-
dition, ten welds were made and tested.
Based on these results, the optimum weld-
ing parameters for each mode were selected
and 60 welds were made with each mode for
a total of 180 welds. 

To compare the weld consistency be-
tween the various modes, a statistical F-
test was used. In order to replicate indus-
try practice, the welds were not
randomized.

Based on screening experiments and
previous studies (Ref. 7), the weld ampli-
tudes that were studied ranged from 40 to
60 μmpp, and the weld force was set to a con-
stant value of approximately 3400 N. Addi-
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tional details of the amplitude settings are
defined in the equipment section.

Materials

The material used in this study was alu-
minum 5754 coupons of two different thick-
nesses: 2 and 3 mm. The pretreated and pre-
lubricated AA5754-H111 aluminum alloy
was used in an as-received condition. The
pretreatment is a silicate coating and the lu-
bricant is a dry-film lubricant. The alu-
minum was purchased from Novelis, Inc.
The weld samples consisted of two 25.4 ×
100 mm in an overlap configuration, with a

25.4-mm (1-in.) overlap, and the weld cen-
tered on the overlap.

Equipment

The weld amplitude was varied using
a WPC-1 controller. The controller has
the ability to vary the amplitude profiling
at two separate values (A and B) with var-
ious switchover modes (Ref. 8). The
switchover mode is the parameter that
defines when the amplitude is switched
from value A (typically 60 μmpp) to B
(typically 43 μmpp). For example, the
mode can be set to time, energy, and peak

power. In this work, only time was evalu-
ated for amplitude profiling as this is the
simplest mode to visualize and decouple
from other welding parameters. In
screening experiments, various ampli-
tudes (50 and 58 μmpp) were studied, but
the resulting weld strength and consis-
tency were lower (~3000 N) than the
ones described in this paper.

The welding system was manufactured
by Branson Ultrasonic Corp. The horn
was a standard knurled tip as shown in Fig.
2. The anvil was a standard “flex” anvil
with a knurled tip as detailed in Fig. 3. The
weld force was held constant at 3360 N. A
squeeze time of 0.2 s was used to allow the
force to fully develop prior to activation of
the sonics. The actuator was a specially de-
signed pneumatic linear system that had a
linear rail to reduce rotation of the stack
assembly during welding.

Characterization

All welds (ten samples for every energy
level) were tested in tension at a cross-
head speed of 10 mm/min. The maximum
sustained load was used to calculate the ul-
timate strength. It is seen that shims were
not used in the grips with the sample and
thus bending stresses were not minimized.

Results and Discussion

Energy Mode Optimization

Using the energy control mode, Fig. 4
shows weld strength as a function of en-
ergy with constant amplitude and ampli-
tude profile. It is seen that the welds made
with amplitude profiling of 60 to 43 μm
had a relatively lower range of variation of
the weld strength compared to those welds
made with constant amplitude of 43 μm.
The maximum weld strength for the welds
made with amplitude profiling was ap-
proximately 8 kN, while in contrast the
maximum weld strength made with a con-
stant amplitude was only approximately
5.5 kN. It is important to note that the
weld cycle time was extended when ampli-
tude profiling was used. The average time
was 1.1 s and the average post height was
4.6 mm. Because it is expected that these
conditions (time and post height values)
would correspond to the near optimum
parameters for the corresponding modes,
they were used as starting values for opti-
mizing the other modes.

Post Height Mode Optimization 

Based on previous results, welds were
made in the post height mode at various
post height settings using a constant and
profiled amplitude. As seen in Fig. 5 (weld
strength as a function of post height),
welds made with amplitude profiling again

Fig. 1 — Illustration of the post height measurement.

Fig. 2 — Details of the horn (mm).

Table 1 — Details of Optimized Welding Parameters for Each Mode

Mode Energy Post Height Time

Setting 3.5 kJ 4.7 mm 1.2 
Dependent Parameters

Energy (kJ) Above 3.5 kJ 3.5 kJ
Post Height (mm) 4.6 Above 4.6
Time (s) 1.1 1.1 Above

Amplitude 60 to 43 µm 60 to 43 µm 60 to 43 µm
Force (N) 3360 3360 3360
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appear to be stronger. It is important to
note that a constant higher amplitude (60
μmpp) was not included in this study be-
cause a constant higher amplitude pro-
motes shearing of the weld and reduces
weld strength. 

Again referring to Fig. 5, by using am-
plitude profiling (60 to 43 μmpp) the opti-
mum post height value was selected as 4.7
mm, which produced a maximum weld
strength of more than 6.5 kN. In contrast,
welds made with a constant amplitude
produced a maximum weld strength value
of only 4.5 kN at a post height of 4.9 mm. 

In order to gain insight into the welding
process, two samples, one at the optimum
welding post height (4.7 mm) and one at
the minimum welding post height (4.3
mm), were selected for optical 
microscopy. One sample from beach 
population was cross-section cut,
mounted, ground, polished, and etched.

Figure 6 shows the micrographs of the
sample welded with a post height of 4.3
mm (overwelded sample). It is seen that
the interface (faying surface) has multiple
cracks and defects between the coupons
caused by a relatively large amount of pen-
etration beyond the optimum conditions. 

Figure 7 shows a higher magnification
at the interface for the sample welded with
a post height of 4.3 mm. As can be seen,
there appear to be voids (emphasized by
the blue ovals) and evidence of fracture of
the faying surfaces. It is believed that these
fractures are due to overwelding and
shearing of the weld even though ampli-
tude profiling was used. This results in a
nonuniform microstructure and therefore
a relatively low weld strength sample. 

Figure 8 shows the micrographs of the
sample welded with a post height of 4.75
mm (optimum welding parameter). In this
case, more fusion is seen at the faying sur-
face as evident of no cracks as well as a
nearly invisible weld interface.

Figure 9 shows a micrograph of the in-
terface of the welding zone for the sam-
ple welded with a post height of 4.75 mm

at a magnification of
1000×. Again, it is
seen that the mi-
crostructure is uni-
form with little evi-
dence of pores/voids
compared to the mi-
crostructure of the
weld made with a
post height value of
4.3 mm. The fusion
appears to be more
pronounced being
emphasized in the
red oval. 

Time Mode 
Optimization

Figure 10 shows weld strength as a func-
tion of weld time with and without ampli-
tude profiling. Again, a constant amplitude
at the higher level (60 μmpp) was excluded
from this study because it has already been
shown to produce relatively low weld
strengths. It is seen that amplitude profiling
produced relatively higher weld strengths,
compared to constant amplitude. 

Figure 10 suggests that by using ampli-
tude profiling, the standard deviation is
relatively low over the time range studied
compared to the standard deviation of the
constant amplitude case. It is important to
note that in this study, the population size
was 10 and thus this is only a general ob-
servation. The optimum weld strength
when using the amplitude profiling was
~8 kN with a weld time of 1.2 s and the op-

timum weld strength value for the con-
stant amplitude was ~6 kN reached with a
weld time of 1.7 s.

Statistical Comparison

Table 1 details the optimum welding pa-
rameters used to weld 60 samples with
each mode. Because a constant amplitude
did not produce welds with the highest
strength, only those condition using am-
plitude profiling was considered. 

In comparing the three control algo-
rithms, it is important to note that the av-
erage weld strengths for all: energy, post
height, and time were very similar and fell
within the standard deviations of each
other, as seen in Fig. 11. In more detail,
this graph shows the average weld strength

Fig. 5 — Weld strength as a function of post height for amplitude profiling
and constant amplitude.

Fig. 4 — Weld strength as a function of energy for amplitude profiling and
constant amplitude.

Fig. 3 — Details of the anvil tip and knurl pattern (mm).

Table 2 — Statistical F-Test Values for the Average Weld Strengths for the Three Control Modes

Mode/Mode Energy Post Height Time

Energy N/A 0.2405 0.4631
Post Height 0.2405 N/A 0.6587
Time 0.4631 0.6587 N/A
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(bar height) for the 60 welds made with
each mode, and the standard deviation is
detailed by the corresponding error bars.
The overall average for all three modes
(180 welds) is highlighted with the black
horizontal line. In order to confirm that
the average weld strengths were not sig-

nificantly different, a standard F-test was
conducted. Table 2 details the results of
the test comparing the F-test values for
the average weld strengths comparing the
three modes. For example, in comparing
the energy and post height modes, the F-
test value is 0.2405, which corresponds to

a 66% (100–24.05%) confidence level that
there is a difference between the two av-
erage values. Because this confidence
level is relatively low, there is no signifi-
cant evidence that there is a difference be-
tween the two modes: energy and post
height. In addition, when comparing the

A B C

Fig. 6 — Micrographs of the welding area of the sample welded with a post height of 4.3 mm: A — Left edge of weld; B — center of weld; C —  right edge of
weld (50×).

Table 3 — Statistical Analysis of the
Comparison between Energy and 
Post Height Mode 

Energy Post Height

Mean (N) 7546 7327
Variance 1228052 1259047
Observations 60 60
df 59 59
F 0.975 1.025
P(F≤f) one-tail 0.462
F Critical one-tail 0.649 1.54

Table 4 — Statistical Analysis of the 
Comparison between Energy and Time Modes

Energy Time

Mean (N) 7546 7464
Variance 1228052 636453
Observations 60 60
df 59 59
F 1.930
P(F≤f) one-tail 0.006
F Critical one-tail 1.540

Table 5 — Statistical Analysis of the 
Comparison between Post Height and 
Time Modes

Post Height Time

Mean (N) 7327 7464
Variance 1259047 636453
Observations 60 60
df 59 59
F 1.978
P(F≤f) one-tail 0.005
F Critical one-tail 1.540

NOVEMBER 2010, VOL. 89

Fig. 7 — Micrographs of the welding area of the sample welded with a post height of 4.3 mm (1000×).

Fig. 8 — Micrographs of the welding area of the sample welded with a post height of 4.75 mm: A — Left edge of weld; B — center of weld; C — right edge of
weld (50×).

A B C
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Fig. 9 — Micrographs of the welding area of the sample welded with a post height of 4.75 mm (1000×).

other modes — post height with time and
energy with time — it is seen that the F-
test values are higher, 0.6587 and 0.4631
respectively, thus the confidence level that
there is any difference between any of
these two populations is less. Thus, it is
proven that there is no significant differ-
ence between the average weld strengths
of any of the three populations. 

As previously noted, in order to com-
pare weld strength variance, Table 3 shows
the statistical analysis of the data for the
comparison between the post height and
energy mode. The energy mode was con-
sidered the baseline mode as it is the mode
most commonly used by industry (Ref. 9).
This analysis is intended to prove whether
the difference in the variance of the two
populations (energy, post height) is signif-
icant. This approach is commonly used
when the standard deviation of two popu-
lations is being compared. For such a sam-
ple size (i.e., 60), if F > 2.354 then it is pos-

sible to state that it has been proven with
α = 0.05 and β = 0.05 that there is a sig-
nificant difference between the variances
of the two populations compared.

For example, as seen in Table 3 the post
height mode variance (1259047) com-
pared to the energy mode variance
(1228052) has an Fcalc value of 1.025, thus
because Fcalc < 1.54 there is no significant
difference between the two modes in
terms of variance.

Table 4 details the statistical analysis of
the data for the comparison between the
energy and time modes. The energy mode
variance (1228052) vs. the time mode vari-
ance (636453) has an Fcalc value of 1.930.
Because Fcalc = 1.54 < 1.93, there is a sig-
nificant difference between the variances
of the two populations compared: energy
and time.

Table 5 details the statistical data of the
comparison between the post height and
time mode. The post height mode variance

(1259047) vs. time mode variance (636453)
has an Fcalc value of 1.978, thus because
Fcalc = 1.54 < 1.98, there is a significant dif-
ference between the two populations com-
pared: post height and time.

Therefore, for a population size of 60,
the time mode resulted in weld strength
values that were more consistent. That is
to say, the weld strength variance for those
welds made with the time mode was
smaller than that for the welds made in the
height and energy mode. While there is no
direct evidence for this observation, it is
believed that the energy and post height
modes are affected by variations such as
sample fixture loading, material consis-
tency, and interfacial consistencies. For
example, variations in interfacial contam-
inations (such as oil) or coupling varia-
tions to the fixture due to fixture loading
variation would affect the power dissipa-
tion resulting in variation and the duration
of the weld in the energy mode. In con-

Fig. 10 — Weld strength as a function of the preset time for constant am-
plitude and amplitude profiling.

Fig. 11 — Average weld strengths of the three modes.
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trast, in the time mode, these variations do
not affect the duration of weld. 

Conclusion

In this study, it was statistically proven
that the weld strength variance for those
welds made with the time mode was
smaller than that for the welds made in the
height and energy mode. In addition,
when each mode is optimized, they pro-
duced comparable average weld strength.
In addition, it was seen that overwelding in
post height mode resulted in large voids at
the faying surface.

Thus, in summary:
• The weld strength variance for the time

mode is smaller compared to the other
two modes.

• When each mode is optimized, it pro-
duces comparable average weld
strength. 

• The micrographs showed that overweld-
ing in post height mode resulted in large
voids at the faying surface.
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