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Abstract

Ultrasonic welding of thermoplastics is widely usid
many industries to fuse two parts together in g wort
time with no additional consumables. The develognoén
the Dukane’s iQ series Servo-Driven Ultrasonic Weld
with patented Melt-Match® technology introducesqure
levels of control, which allow users to overcomssléhan
optimal weld joint designs, material compositionsd a
processes that have long been challenging
pneumatically driven welding presses. This studyhier
investigates the capabilities of the servo-drivealdsr
and focuses on experiments evaluating and confgntia
feasibility of using round energy director (ED) wgss for
the ultrasonic welding process.
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Introduction

One of the most important factors in optimizatidnttee
ultrasonic welding process is a proper joint desiarts

to be welded are commonly designed to have a small

initial contact in the interface area in order tmcentrate
the ultrasonic energy and initiate melting at thisiiface
[1]. For many applications this is done by meansaof
energy director (ED), a sharply pointed triangutdr
molded onto the surface of one of the parts. AsBbeis
designed to provide a small pointed initial contaeta, its
size and shape, or rather its sharpness, roundoess,
flatness of the tip, become critical factors in thelding
process. The geometrical consistency of the EDh bot
within a single part as well as on a part-to-paasis,
determines to a large degree the process repégtabil
weld joint quality, and strength.

Keeping the ED’s size and shape consistent on tat@ar
part basis in high volume, multi-cavity operations
presents a constant challenge to molded part vena®r
dimensional variations from cavity to cavity and
variations in the molding process are always preséhe

tip of an ED always has some roundness because it i
impossible to mold a perfectly sharp point on a fisajor
contributors to inconsistency in ED shape are chuse
unavoidable differences in steel machining for efiéht
cavities, problems with venting of some cavities,
accumulation of debris in the cavities and machin
and molding machine equipment ageing. As the
requirements for part tolerances become more sninig
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modern manufacturing these factors translate teeased
QA and maintenance cost for molded parts suppliers.
Sharp ED details also present an added expens@loh m
making. In order to make them as sharp as possible
EDM (electro-discharge machining) process is used a
adds additional engineering, set-up, and machisteg@s

to the mold making process.

Cavity-to-cavity variation in ED shape and sizeais
everyday challenge for users of these parts. The
sophistication and accuracy of modern ultrasonic
equipment allows for a highly repeatable weldinggasss
based on joint design geometry and material. ®apart
variation in the size and shape of the ED presents
challenge in maintaining welding the weld process
consistency, aesthetics and functional performanier
industries such as medical device manufacturing,
electronics, automotive, and others, a more robdasign

of an ED that eliminates this source of variapilit the
joining process could aid manufacturing in meetitggct
quality requirements and improved assembly line
performance, leading to reduced operations coghehi
efficiencies and better quality.

Experimentation

The purpose of this experimentation was to evalaaid
compare the performance of round and sharp EDegusi
Dukane’s "ISTeP” molded test parts, (Figures 1n& ).
Another goal was to further investigate the proaesgrol
capabilities of the servo-driven ultrasonic weldens
improving the welding process and understand theces
of variability in weld strength and the ways to tohand
eliminate them.

The approach was to develop a welding processvittiat
generate the strongest and most repeatable wekibjms
for both ED designs and to understand what makes th
weld strong based on analyzing the welder's gragbhic
output and microscopic characterization of the veelde.

Materials

The parts used for this experimentation are Duk&ieP
parts with a 90° (sharp) and R 0.7 mm half rounds ED
molded of a common Sabic grade Lexan 121R
polycarbonate. This part was developed by Dukane t



provide a test specimen for ultrasonic welding with
changeabile joint designs. [10]

Figure 1: Innovative ISTeP Test Part.
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Figure 2. ISTeP ED designs- 60, 90° and round.
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Figure 3. A cross-section of a 90° ED on an ISTaR p
prior to welding.

Equipment

Experiments were conducted using Dukane 30 kHz 1800
W 1Q Servo Ultrasonic Welder, model # 30HS180-2Q-P7
with Melt-Match® technology, and an HMI running iQ
Explorer Il software for data collection and anéysThe
tooling is a flat face high gain horn (gain fact@yand a
gustom made drop-in style fixture. Figure 4.

Figure 4. Welder and tooling used in experimentatio

For pull testing, a Com-Ten Industries ComTouchal ot
Control System with Variable Speed Test Stand and
TSB3A load cell with 22,250 N capacity, accuracy+of
0.5%, was used with a custom designed fixture, reigu

Figure 5. Custom pull test fixture.

Several advanced control features offered by thiscs
driven system were utilized in this experiment,luidking
Melt- Detect™ which allows the press to hold itsition

on the assembly, following the initiation of weldin
before continuing further downward movement until a
drop in force is detected. The drop in force iatlks the
presence of an initial molten layer [5]. Contrdl tbe
material displacement rate was done by controNvgld
Velocity. These features are significantly diffetrehan
those traditionally utilized in pneumatic welderada
based on previous research [3, 4, 5, 6, 7, 9, @R}e
expected to provide precise control of the welding
process.

Establishing Preliminary Process Settings for
Parts with Sharp and Round ED Using Full
Factorial DOE.

These trials were planned as a continuation ofékearch
conducted by Dukane in 2012 and reported at ANTEC
2013[8]. The data generated in that study was dsed
setting initial ranges of parameters in a full &aiztl DOE

for both sharp and round ED parts.

While the full factorial design requires more tsiand is
more costly and labor intensive than other desigradso
provides a more comprehensive evaluation of thialvler
factors investigated and contains all possible
combinations of a set of factors. For this inijldase of
experimentation a 3 level and 3 factor design (3%Xap
selected. The variables Trigger Force, Melt-Déteeind
Weld Velocity, which exhibited the highest effect the
weld strength in the earlier study [10] were used.

The Weld Distance was set at constant value of40n2&
for both, a 0.4 mm tall round ED and a 0.38 mmghHrp
(90-deg.) ED to assure that the failure will octlutough
the weld during the testing. The sample size Wwaidd



to six replications to keep the experiments to a

manageable number. Welds were evaluated by tensile ™

testing, using the ComTouch Total Control System. =z
Failure load was peak tensile force at break.
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The DOE results show that at a constant amplittitke,
main factors affecting weld strength for both sharm
round EDs are Weld Velocity and Trigger Forc&he
data shows that Weld Velocity appears to be playing
the most important role in the weld strength, although
Trigger Force also had a significant effect. Higher weld
strength was associated with lower Weld Velocity an
higher Trigger Force, regardless of the ED shape. _:w
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Diagrams in Figures 6A, 6B, 7A, 7B, and 8A, 8B show =
the effects of Trigger Force, Weld Velocity and Mel 17
Detect™ on weld strength.The effect of the Melt- L
Detect™ value in these trials wasn’t significant and :
needed to be investigated in further experiments. See :
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The data related to this process parameters’ effegteld
strength consistency had a limited value in thiseseof
experimentations based on a relatively small nundfer
samples in each trial. The purpose of this DOE matgo



identify the “best” settings for ISTeP parts, bather to

establish a base and direction for further process

refinement for joints with both types of EDs, byliaing
the capabilities of the servo-driven ultrasonic dirg
system. Even at this preliminary stage the dalecated
that it is possible to produce as strong a weldh watund
EDs as with the sharp ones.

Investigating the Effect of Trigger Force

Based on the DOE results the effect of Trigger Earn
weld strength is significant, which is in agreemsiith
the findings reported in [10]. In the range fronBIN to
356 N investigated in this DOE, the highest welérsgth

values correlate with high Trigger Force. Conseguen

experimentation allowed further refining of Triggeorce
value to 400 N, which was based on improved coerscst
of the test results for both types of ED. See FguBA,

and 6B. The sharp ED is not damaged by the Trigger
Forces of 400N, as parts were inspected under the

microscope after applying Trigger Force, but nodive)
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Figure 9. Average Failure Load and Standard Depniadis

Cyc|e was performed, and no damage to ED was obderv a Function of Amplltude in Pl’eliminary Trials. Stkmd

in these parts.
Investigating the Effect of Amplitude

The welding amplitude is critical in initiating neatal
melting at the tip of the ED in the initial phaséthe
ultrasonic welding cycle.[1] As the ED is designtxd
have a small initial contact area to concentratesbnic
energy, its shape, sharpness or roundness, oedkatof
the tip, becomes an important factor. These getraét
features and the specific material properties thctae
selection of the appropriate amplitude level. Hois
reason it was critical to identify a preliminaryngge of
amplitudes for the round EDs and investigate tiecebf
the amplitude setting on weld strength.

The results of the welding trials in which amplieudias
varied, while the rest of the parameters stayedsteoi,

Deviation percentages in bold.
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Figure 10. Round ED: Average Failure Load and Sieshd
Deviation as a Function of Amplitude after Weld @ty

demonstrate that in the range investigated, wekhgth was Optimized. Standard Deviation percentagesia. b

increases with increased amplitude. The best tsesul

correlated with the highest value, i.e., 36 microns For ISTeP parts with the sharp EDs, some very gtron
However, in a later stage, when the weld speed was Welds, some failing through parent material, were
further optimized, reducing the amplitude to 32 nois produced at all three amplitude levels tested 8and
allowed greater repeatability of the welding pracesdich 36 microns). See Figure 11. However, the highest

resulted in a higher Average Failure Load and reduc Average Failure Load (calculated on a sample nurober
Standard Deviation. See Figures 9, 10. 5 parts) was recorded at 28 microns as shown inr&ig

11. This amplitude setting was used in follow-up
experiments focused on weld velocity optimizatioAn
ED with a round tip requires slightly higher ampdie to
initiate melting than a part with a sharp tip.



Effect of Ampitude on Sharp Energy Director

4735
quq[ssm

32 microns

Load, N

6000

4841

5000
4379

IAishzm

36 microns

4000

®Amplitude, microns

3000

mAv Failure Load, N
Load 5t Dev, N
2000

1000

28 microns

Amplitude

Figure 11. Sharp ED. Average Failure Load and Stahd
Deviation as a Function of Amplitude. Standard Bé&gen
percentages in bold.

Investigating the Effect of Weld Velocity

Special attention was given to identifying the optm
weld velocity as the DOE results and the previduslys
demonstrated that it is one of the most criticaltdes
affecting weld strength. During the first stage of
experimentation the effort focused on maximizingldve
strength  without fully collapsing the ED (weld
displacement was set at 0.254 mm for both designs).

Initially a number of constant and profiled weldogaties
were selected based on DOE results and tested asing
sample number of 5 for each setting. Next, whesm th
preliminary weld velocity settings which produceeélds
with the highest strength were identified, the skmp
number was increased to 20 in order to assess gwoce
consistency. Finally, in the last set of triale tsample
number was increased to 30 to confirm the perfooaani
the best settings.

The Force and Distance diagrams generated by the
welding system were analyzed for each weld and
correlated to weld strength. By comparing graphated

to a strong weld and those associated with the greak
ones, an attempt was made to gain a better unddista

of how to control material melting and displacement
during different stages of weld formation in order
produce a strong weld. The effect of weld veloaty
weld formation was also assessed by microscopic
characterization of the weld zone. Representatieédsv
were cross-sectioned, inspected and photographedr un
the microscope. Plots of the Force and Distanagrdims
and a microphotograph of welded part cross-sectien
shown in Figures 14-15.

Results and Observations

The best results in strength and consistency (Egde,
13) were achieved using a profiled weld velocityewtit

was gradually increased from 0.25 to 0.40 mm/sier a
allowing formation of an initial melt layer in theterface
during the Melt-Detect™ phase. Application of low
forces to the molten material after the initial tmelas
detected by the system results in a prolonged lowef
phase observed on the Force and Distance diagraan as
distinct dip in the Force curve. This 120- 140 msg
phase, as shown in the graphs, allows for meltggation
and melt layer build up in both type of EDs andatsthe
mating part, which is evident by the melt zone shap
observed under the microscope (Fig. 15). The eatitin

of moderate forces at the later stages of the psoce
generated a steady linear displacement rate (sgtaride
diagram on Figure 14) while preventing excessive
material displacement during the weld.
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Figure 14. Typical Force Distance Diagram for Véeld Investigating the Effect of Melt-Detect™.

Produced with Weld Velocity Profile 0.25 to 0.40

mm/sec. In general, it was observed that the specific pesge of
the force reduction necessary to confirm the presei

The importance of a steady melt rate which creates the melt layer in the interface of the joining gaibes not

homogenous molecular structure and a stronger watd have a noticeable effect on the weld strength vdieer

noted in earlier publications [1, 11] and was conéd by process settings remain constant. The experiments

the results of these trials. While the total quila included four settings of the Melt-Det&¢tfeature; 2%,

(including the cooling time) recorded for these dgelvas 5% and 10% and a “No Melt Detect” (Melt Detect™

in the range of 0.274 mm to 0.279 mm, for weldswit feature was switched off). The data show thatetieno

optimized weld velocity profile, the microscopic significant difference in the Average Failure Load

characterization of the weld zone shows that thi inaes between 2%, 5% and 10% with the corresponding

formed a consistent layer proliferating into bodrtp, strengths of 5223N, 5032N and 5118N respectively.

fusing them into one part along the whole interfatthe However, the consistency of the results was béite2%

assembly. See Figure 15. setting — 5.84% vs. 8.27% and 9.53%. When the-Melt

Detect™ feature was switched off, a noticeable dinop
the weld strength and increased Standard Deviatene
recorded — 4585N and 14.82%. See Figures 17.

Effect of Melt Detect on Average
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Figure 15. Melt layer image for weld velocity piefD.25
to 0.4 mm/sec. Note the large homogenous areactettir

4000 -

W Av Failure Load, N
3000 -

During a typical ultrasonic welding cycle most dfet Wload:sE Devy N

plastic melting takes place in the ED body, andritdten
material forms a bond [1]. If the total weld travel
(collapse) at the end of the weld cycle is less ti@ ED
height, the ED wouldn’t melt fully, which would aifft ey %] 275
weld strength, and its tightness and appearaneeksin
these trials the total weld collapse at the entthefcooling 0 -
cycle was programmed to be significantly less thdh
height but the process was programmed to allow the
molten material to propagate through the interface
forming a uniform melt layer between both partsisTh ~ Figure 17. Av Failure Load as a Function of Melt-
uniform melt zone extended into both parts and thas Detect™ Setting. Velocity Profile 0.25 to 0.4 mnuse
main source of high strength of these welds. Aifigant Standard Deviation percentages in bold.

number of the welds failed through parent matefés

shown by the failure of the part walls in Figure.16

2000 -

0.02 0.05 01 No MD
Melt Detect




The Force diagram typical for such welds also shesvg

different melting conditions compared to welds fedn
while this feature was activated, regardless of akie

set. See Figures 18 and 19.
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Figure 19. Force Distance Diagram for No Melt Detec
Setting (darker red and blue lines) compared totMel
Detect™ at 2% (lighter red and blue). Velocity Heobf
0.25 to 0.40 mm/sec.

The previous figure shows higher forces being a&gpli
during the initial stage of melting. Note that temples
made with the Melt-Detect™ feature de-activatedwsho

reduced Average Failure Load and poorer Standard

welding parameters at which the strongest and most
consistent welds were produced were the same fibr bo
designs: Trigger Force 400 N, Melt-Detect™ at 2%d a
Weld Velocity profiled from 0.25 to 0.4 mm/sec. Mot
that the Weld Distance was limited to 0.25 mm fothb
types of ED. See the last column in Figures 12 téed
last two columns in Figure 13.

The best Average Failure Load values recorded #otsp
with round ED were 9% higher than for parts witke th
sharp ED — 4766N vs. 5223N. The strength of welitls
the round energy directors was also more consistéht
Standard Deviation data for welds with the roundl an
sharp EDs calculated for 30 samples tested aré&®ba8H
10.59% respectively. See Figure 20. A likely exgltion
to the superior strength and consistency of weldthe
round EDs is that this shape provides a larger amot
material to form the bond than a 90-deg. ED ofshme
height. Having more material available for formitige
bond presents a critical advantage to the joiniracgss
on a very basic level presenting as higher stremagith
better consistency.

Sharp E. D. vs. Round E.D., Av. Load & St. Dev.
for "Best" Settings
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Figure 20. Best Average Failure Load and Standard
Deviation results generated for sharp and round.EDs
Standard Deviation percentages in bold.

Melt Behavior of Round vs. Sharp ED:

controlling initial melt generation in the interfacand
confirms what was learned prior about the corretatf
forces applied at the early stage of the weldingecyo
weld strength. The Melt-Detect™ feature facilisatbe
accomplishment of this task.

Comparing Results for the Round and Sharp
EDs.

Although slightly higher amplitude was needed fbe t
round EDs (32 microns vs. 28 microns) the balarfcbe®
welding factors investigated were found to havéndlar
effect on weld strength of both designs of ED. Eheof

joints with round and sharp EDs, it was observed the
melt behavior of these EDs during the weld cyclpeaps

to be different even if the process settings aemtidal.
The Distance diagrams represent the rate of mhbteria
displacement for both processes and are practically
identical but the forces applied to achieve the
programmed Weld Velocity and Weld Distance are
significantly lower for the part with the round EBee
Figure 21.

One of the possible explanations of this phenomeson
that the round ED, with its higher volume, accurteda
more heat in its body during the Melt-Detect™ phase
This additional heat lowers the viscosity of thelter



material resulting in a reduction of the force rieed to
achieve the programmed velocity.
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Figure 21. Comparison of Force Distance Diagram for
sharp (dark blue) and round (light blue) EDs Welded
Using Weld Velocity Profile 0.25 to 0.40 mm/sec

Conclusions

Performance evaluations of the round ED have cmefit
that parts with this type of ED can be successfuyded
with weld strength and consistency matching andneve
exceeding similar parts that have a 90-deg ED.
Parameters that produced the strongest welds asd be
Standard Deviation values for both types were fonide
similar with the exception of amplitude. For pawgh
sharp EDs the best results were achieved with an
amplitude of 28 microns, while a setting of 32 roits
was best for the parts with round EDs. Considetirag
both types of parts are made from the same matéhnial
difference in amplitude is based on fact that andbtip of

ED requires slightly higher amplitude to initiateslting
than a sharp tip.

The Average Failure Load values for parts with rinend

ED welded at optimized conditions were 9% highemth
for parts with a 90-deg ED — 5223 N vs. 4766 N.eTh
Standard Deviation of the pull strength results tloé
round EDs were also better at 5.85% vs. 10.59%Her
sharp EDs over the 30 samples tested. A likely
explanation for the superior strength and conststesf
welds for the round ED is that this shape proviaésrger
amount of material to form the bond than the 90-d&D

of the same height. This presents a critical athgeto
the joining process on a very basic level whichultesin
higher strength and better consistency.

Considering that implementation of a round energy
director design could also significantly simplify

molding operations and increase parts consistency,
the round energy director can present an attractive

alternative to a sharp energy director and is
recommended for further evaluation by the industry.
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