Single-Sided Ultrasonic Welding of CF/Nylon 6
Composite without Energy Directors

An analytical model to explain the weldability of single-sided
ultrasonic welded 2.5-mm-thick carbon-fiber-reinforced
nylon 6 compositewith 30% mass fiber was formulated
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ABSTRACT

In this study, single-sided ultrasonic welding along with conventional ultrasonic
welding of 2.5-mm-thick carbon-fiber-reinforced nylon 6 composite with 30%
mass fiber without energy directors was evaluated. An analytical model to
estimate the heat generation in single-sided ultrasonic welding was developed.
Testing and modeling results demonstrated that single-sided ultrasonic welded
(SSUW) joints had greater weld area and strength than conventional ultrasonic
welds (UWSs) under the given process parameters. The differences in weld area
and weld strength were primarily attributed to severe Coulomb friction at the fay-
ing surfaces. The bending deformation in single-sided ultrasonic welding
generated significant friction heat, resulting in an increase in weld area and weld
strength. This study provided a fundamental understanding of single-sided ultra-
sonic welding that would improve the design flexibility of ultrasonic welded

assemblies.
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Introduction

In recent years, with the develop-
ment of manufacturing and processing
technologies, fiber-reinforced (e.g.,
glass or carbon fiber) nylon matrix
composites have been extensively ap-
plied to high technology fields such as
aviation/aerospace and automotive in-
dustries (Refs. 1-5). A critical step in
the assembly of fiber-reinforced ther-
moplastic composite for structural ap-
plications is joining. Traditional join-
ing methods for metals and ther-
mosets, such as mechanical fastening
(Ref. 6) and adhesive bonding (Ref. 7),
are feasible but not ideal because they
can initiate several irregularities in the
structures. For example, mechanical
fastening may cause fiber breakage
(Ref. 6), stress concentration (Ref. 8),
delamination (Ref. 9), internal stress

caused by different thermal expansion
of the fasteners relative to the com-
posites (Ref. 10), and possible galvanic
corrosion (Ref. 11). Adhesive bonding
often requires surface pretreatment
and heat curing (Refs. 7, 11); the
strength of the bonded joints are sen-
sitive to the moisture (Ref. 7), temper-
ature, and other environmental factors
(Ref. 12). Other than mechanical fas-
tening and adhesive bonding, a few
studies in fusion methods (Refs. 10,
13-15) demonstrated their potential
for joining fiber-reinforced thermo-
plastic composites. Among all these
potential methods, ultrasonic welding
is one of the most promising tech-
niques in automotive manufacturing
because it is relatively fast, economi-
cal, easily automated, and suitable for
mass production (Refs. 13, 16-20).
Ultrasonic welding is a process

where workpieces are placed between a
horn and anvil. Mechanical vibration
passes between the horn and anvil
through the workpieces under a given
horn force. Heat is generated within
the workpieces by intermolecular fric-
tion at the joint interface, and energy
dissipation is concentrated at the fay-
ing surfaces between the workpieces,
forming a weld (Refs. 18-20). The key
control parameters in ultrasonic weld-
ing are the frequency, amplitude of the
vibratory motion, horn pressure, and
welding time (Ref. 21).

Although many joint configurations
were used in the ultrasonic welding of
thermoplastics (Refs. 22-24), the lap
joint is the most widely used for auto-
motive applications (Ref. 22). In the
practical production, the welding of
the workpieces may be constrained by
part geometry and designs. Single-
sided ultrasonic welding is needed in
such conditions where it is difficult to
access the backside of the lower work-
pieces in conventional ultrasonic weld-
ing. Therefore, the difference between
single-sided ultrasonic welding and
conventional ultrasonic welding is that
there is no anvil underneath the lower
workpiece — Fig. 1.

In the single-sided ultrasonic weld-
ing process, ultrasonic vibration is
conducted through the horn, and the
vibration wave is transmitted through
the upper and lower workpieces to the
clamp. Whether the absence of an
anvil would affect weld formation is a
major concern. To implement single-
sided ultrasonic welding, it is neces-
sary that the development and under-
standing of the single-sided ultrasonic
welding process be obtained.

The present study was undertaken to
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Fig. 1 — Schematics of ultrasonic welding: A — Conventional; B — single-sided ultra-

sonic welding.
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Fig. 2 — Schematic of ultrasonic welding of injection-molded carbon-fiber-reinforced

nylon 6 composite (dimensions in mm).

develop a single-sided ultrasonic weld-
ing process for joining lapped carbon-
fiber-reinforced nylon 6 composite with
30% mass fiber. First, we evaluated the
effect of suspension distance on the
weldability of single-sided ultrasonic
welding of 2.5-mm- (0.08-in.-) thick car-
bon-fiber-reinforced nylon 6 composite
with 30% mass fiber without energy di-
rectors. Then, the correlation between
the weld formation and transient horn
displacement was analyzed, and the in-
fluence of process parameters on the

transient horn displacement was as-
sessed. Finally, an analytical model was
proposed and formulated to explain the
weld formation mechanism in single-
sided ultrasonic welding.

Experimental Procedure

Materials

Commercial pellets of nylon 6 rein-
forced with 30 wt-% carbon-fiber com-

Table 1 — Mechanical Properties of Molded 2.5-mm- (0.099-in.-) Thick Carbon-Fiber-
Reinforced Nylon 6 Composite Coupons with 30% Mass Carbon Fiber

Tensile Strength

Elastic Modulus

(MPa)
89.2+3

(Ib/in.2)
(1.3 4 0.4) x 10

(Ib/in.?)
(1.1 4 0.6) x 10°

(MPa)
7532 £ 412
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posite with a length of 2 mm were
supplied by Poliblend Engineering
Plastics, Italy. The pellets were injec-
tion-molded and formed carbon-fiber-
reinforced nylon 6 composite with the
dimensions of 132 X 38 X 2.5 mm (5.2
x1.5%0.08 in.). The mechanical prop-
erties of the injection-molded work-
pieces were measured and the results
are shown in Table 1.

Ultrasonic Welding Process

The ultrasonic welding process was
performed using a KZH-2026 multi-
function ultrasonic weld (UW) ma-
chine (Ref. 25) with a nominal power
of 2.6 kW and a nominal frequency of
20 kHz. The output amplitude of the
transducer used in this study was 25
pm (9.8 X 10*in.), which was fixed
during the welding process. The gain
ratios of the booster and horn were
1:1.2 and 1:1.5, respectively. The dis-
placement amplitude of the assembled
stack was obtained with a sensor that
was integrated in the welding ma-
chine. Figure 2 shows the welding set-
up used in this study.

The piezoelectric converter converts
the electrical signal into mechanical vi-
brations. To transfer the ultrasonic
waves to the workpiece, the transducer
is connected to the horn that is placed
at right angles in contact with the work-
pieces to be welded. The support frame
of the transducer-booster-horn system
is attached to a pneumatic piston that
provides vertical movement along with
the static force (i.e., horn pressure) ap-
plied through the horn to the work-
pieces. The machine was also equipped
with a data acquisition system com-
bined with a pressure sensor; a horn-
displacement sensor and timer were in-
tegrated in the controller of the UW ma-
chine, while the horn pressure, weld en-
ergy, and displacement of horn were
recorded online in a personal computer
as a function of time by the data acqui-
sition system. The final horn displace-
ment, weld energy, welding time, horn
pressure, hold time, and delay time were
also displayed in the control panel dur-
ing the ultrasonic welding process. The
workpieces were clamped with a fixture
as shown in Fig. 2.

The machine includes three welding
modes: energy, time, and horn-
displacement modes. The value of the
weld energy for energy mode, the



welding time for time mode, and the
horn displacement for horn-displace-
ment mode were preset to control the
welding process. The workpieces were
then welded using nominal power of
the machine. To keep the stable con-
tact among the horn, upper, and lower
workpieces at the beginning of ultra-
sonic oscillation, the ultrasonic wave
generator was triggered after the horn
was in contact with the upper work-
piece for 2 s (i.e., a trigger time of 2 s).
When the weld energy, welding time,
or horn displacement reached the pre-
set values for the selected weld mode,
the ultrasonic wave oscillation was
stopped. Therefore, the weld quality
was controlled by the preset values in
each selected welding mode.

Single-Sided Ultrasonic
Welding

Figure 3 shows a single-sided ultra-
sonic welding process. As shown, the
workpiece was placed against another
workpiece, with the lower workpiece
resting upon a fixture. The horn was
then placed against the upper work-
piece. Ultrasonic vibration was conduct-
ed to the horn, and the vibration waves
were transmitted through the upper
and lower workpieces to the backup fix-
ture that underlined the lower work-
piece. A weld was formed at the faying
interface between the workpieces.

To simulate the single-sided ultra-
sonic welding process, shims were
used to create a gap of 2 mm between
the bottom surface of the lower work-
piece and fixture. A lap-shear joint
with the dimensions of 25 X 38 mm
(0.99 x 1.5 in.) shown in Fig. 3A was
selected in this study. By spacing the
distance between the shims, various
degrees of single-sided ultrasonic
welding were achieved — Fig. 3B. Not-
ed in Figs. 2 and 3, the difference be-
tween single-sided ultrasonic welding
and conventional ultrasonic welding
was that the lower workpiece was sup-
ported with one fixed fixture for con-
ventional ultrasonic welding (0 mm
suspension distance), while the work-
pieces were supported with two
clamps on both ends of the overlap in
single-sided ultrasonic welding. Ultra-
sonic welding was performed using the
KZH-2026 multifunction ultrasonic
welding machine (Ref. 25) with nomi-
nal power and the preset process pa-
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Fig. 3 — Schematics of: A — Lap-shear specimen; B — single-sided ultrasonic weld-

ing (dimensions in mm).

rameters (i.e., ultrasonic time, horn
pressure, and hold time). When the
weld time approached the preset value,
the ultrasonic wave oscillation was
stopped and the welded joints were
cooled for 5 s. All joints were welded
with a horn pressure of 0.3 MPa
(43.52 1b/in.?) and a welding time of
1.3 s using a 7075 aluminum horn
with a diameter of 10 mm. The weld
area and weld strength were used as an
indicator of weld quality. The weld
area and weld strength were deter-
mined by the average value of three
replicates for each welding condition.

Transient Temperature
Measurement

To analyze weld initiation and
growth during ultrasonic welding, the
temperature evolutions at the loca-
tions near the horn-workpiece inter-
face and faying surfaces were meas-
ured. Figure 4 shows the experimental

setup for temperature measurements.
As shown, two small holes with a di-
ameter of 0.8 mm (0.032 in.) and a
depth of 12.5 mm (0.49 in.), located at
0.2 mm (0.008 in.) from the top and
bottom surfaces of the upper work-
piece, were drilled. Two K-type ther-
mocouples were imbedded in two
small holes and secured with epoxy
compound. The temperature evolu-
tions at these two locations were
recorded as a function of time by a
data acquisition system during ultra-
sonic welding.

Quasi-Static Test

Quasi-static tests were performed by
loading each specimen to failure in an
MTS 810 tensile tester per ASTM
D1002-2001 for the joint strength of
the weld joint. To minimize the bending
stresses inherent in the testing of sin-
gle-lap weld specimens, filler plates
shown in Fig. 3A were attached to both
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Fig. 4 — Schematics of the temperature measurements during
ultrasonic welding of 2.5-mm- (0.099-in.-) thick lapped carbon-
fiber-reinforced nylon 6 composite without energy directors (di-

mensions in mm).

(inch)
4

————— 3000

<2700

Dissipated energy(J)

- 2400

| P rar——— b V1,1

0.0 2
1.0 I —@— Weld area
600 - —— Dissipated energy

. 8F
< L
o 3
o
£ 400 |
= 6 &
5 £
s E
o)
s 4F L
= 200 |

2k

ool ol

0 5

10 15 20

Suspension distance (mm)

Fig. 6 — Effect of suspension distance on the weld area and dissipated energy in
ultrasonic welding of 2.5-mm- (0.099-in.-) thick carbon-fiber-reinforced nylon 6

composite without energy directors.

ends of the specimen using masking
tape to accommodate the sample offset.
Load vs. displacement results were ac-
quired as the specimens were loaded at
a stroke rate of 2 mm/min (0.08 in./
min). The joint strength was evaluated
by the peak load. Three replicates were
performed, and the average peak loads
were reported.

Results and Discussion

Weldability of Single-Sided
Ultrasonic Welding

For single-sided ultrasonic welding,
the workpieces were clamped on both

20-s

ends, and there was no anvil on the
underside of the lower workpiece —
Fig. 3B. One concern was that ultra-
sonic waves would not properly trans-
mit and reflect, and form a weld dur-
ing ultrasonic welding.

To examine the weldability of sin-
gle-sided ultrasonic welding of 2.5-
mm- (0.099-in.-) thick carbon-fiber -
reinforced nylon 6 composite with
30% mass fiber without energy direc-
tors, experiments were performed
with various suspension distances, re-
ferred to in Fig. 3B. Figure 5 presents
the effect of suspension distance on
the strength of single-sided ultrasonic
welded joints. While the strength of
single-sided ultrasonic welded (SSUW)
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Fig. 5 — Effect of suspension distance on the strength of
ultrasonic welded 2.5-mm- (0.099-in.-) thick carbon-fiber-
reinforced nylon 6 composite without energy directors.

joints changed little as the suspension
distance increased from O (i.e., con-
ventional ultrasonic welding) to 7 mm
(0.276 in.) and 15 (0.591) to 19 mm
(0.749 in.), it increased significantly as
the suspension distance increased
from 7 (0.276) to 15 mm (0.591 in.).

To understand why the strengths of
the SSUW joints were hardly degraded
by the absence of an anvil, the weld ar-
eas of the SSUW workpieces were
measured and heat dissipation of the
weld controller was recorded. Figure 6
presents the effect of suspension dis-
tance on the weld area and heat dissi-
pation in ultrasonic welding. As
shown, an increase in suspension dis-
tance resulted in an increase in weld
area that was closely related to the dis-
sipated energy absorbed by the welded
workpieces. Similar results were ob-
served by Bates et al. (Refs. 26, 27).
Combining the results shown in Figs. 5
and 6 indicated that an increase in dis-
sipated energy during ultrasonic weld-
ing resulted in an increase in weld
area. These results inferred that weld
formation in single-sided ultrasonic
welding likely differed from that of
conventional ultrasonic welding.

To understand the increase in weld
area and dissipated energy in single-
sided ultrasonic welding, the transient
temperature histories near the horn-
workpiece interface and faying sur-
faces were measured with the setup
shown in Fig. 4, and the results are
shown in Fig. 7. As shown, it took
about 0.8 s for conventional ultrasonic
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Fig. 7 — Transient temperature-time histories of the near
horn-workpiece interface and faying surface of ultrasonic
welding (0 mm suspension distance) and single-sided ul-

trasonic welding (19 mm (0.749 in.) suspension distance)

of 2.5-mm- (0.099-in.-) thick carbon-fiber-reinforced

nylon 6 composite.

welding and 0.5 s for single-sided ul-
trasonic welding to reach the melting
point of nylon 6 (i.e., 240°C/464°F)
near the faying surfaces, respectively.
The higher peak temperature and
heating rate observed in single-sided
ultrasonic welding suggested that
more dissipated energy was absorbed
by the SSUW joints (Refs. 28, 29),
which was consistent with the results
found in Fig. 6.

Transient Horn Displacement
in Ultrasonic Welding

In Fig. 7, the suspension distance
influenced the temperature evolutions
that may correlate with weld initiation
and growth. To understand how the
suspension distance would influence
the weld growth mechanism in ultra-
sonic welding, the transient horn dis-
placements were measured with the
data acquisition system connected to
the UW machine, and the results are
presented in Fig. 8. As shown, the
horn moved downwards under a given
horn pressure during ultrasonic weld-
ing as the result of heat generation at
the faying surfaces, which softened
and melted the workpieces. Therefore,
the weld growth evolutions were likely
reflected by the variations of transient
horn movement. Careful examination
of the results shown in Fig. 8 indicated
that the transient horn displacement
during ultrasonic welding could be di-
vided into four phases (Refs. 30, 31).

Phase I was the solid
Coulomb friction
stage ranging from 0
to ~0.3 s; Phase II was
the unsteady penetration stage rang-
ing from 0.3 to ~0.8 s; Phase III was
the steady penetration stage ranging
from 0.8 to ~1.3 s; and Phase IV was
the cooling stage starting from 1.3 s.
In addition to these four phases, at the
beginning of the single-sided ultrason-
ic welding process, there was an initial
horn displacement, identified as Phase
0 (0 to 0.3 s), which increased with an
increase in suspension distance. Com-
pared to the conventional ultrasonic
welding process, as the suspension dis-
tances were above 11 mm (0.433 in.)
in single-sided ultrasonic welding, the
rate of increase in the penetrate phase
increased significantly. These results
suggested that the weld not only initi-
ated early but also grew rapidly in sin-
gle-sided ultrasonic welding, which
were consistent with the findings ob-
served in Fig. 7.

Weld Formation in Ultrasonic
Welding

As the results described, the weld
initiated early and grew rapidly as the
suspension distance increased in
single-sided ultrasonic welding. Because
there was no anvil underneath the lower
workpiece, the workpieces were under
bending under an applied horn pressure
during single-sided ultrasonic welding.
This affected the contacts at the faying
surfaces of the workpieces, and thus in-
fluenced the weld formation (Ref. 29).

Fig. 8 — Effect of suspension distance on the horn displacement
in ultrasonic welding of 2.5-mm- (0.099-in.-) thick carbon-fiber-
reinforced nylon 6 composite.

To understand how the suspension dis-
tance affected the weld formation, the
fracture surfaces of the quasi-static test-
ed ultrasonic welded specimens were
examined.

Figure 9A-E show the weld areas
for the welds made with the suspen-
sion distances of 0, 7,11, 15, and 19
mm (0, 0.276, 0.433, 0.591, and 0.749
in.), respectively. As shown, while a
single weld was fabricated in conven-
tional ultrasonic welding, multiple iso-
lated welds were formed for a suspen-
sion distance of 7 mm (0.276 in.), re-
ferring to Fig. 9A and B. These results
demonstrated that the welds made
with a suspension distance of 7 mm
(0.276 in. < a 10-mm (0.394-in.) diam-
eter horn) had a similar welding mech-
anism to that of conventional ultra-
sonic welding. Because the upper and
lower workpieces were constrained un-
der the horn or near the clamps, the
resistance to vibrations rose for the
workpieces adjacent to the clamps.

The ultrasonic waves likely trans-
mitted through the clamp-to-work-
piece interface and led to the welded
workpieces vibrating, and consequent-
ly produced the major welds along the
clamps. As the suspension distance in-
creased to 11 mm (0.433 in.), quite
different findings were observed in
Fig. 9C. While the minor welds formed
along the clamps, the major welds
were formed at the faying surfaces un-
derneath the periphery of the horn-to-
workpiece interface. These results sug-
gested that there likely existed anoth-
er welding mechanism other than the
conventional ultrasonic welding mech-
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than in the length
direction (i.e.,
longer axis of the
workpiece), and
the bending de-
formation caused
an additional rel-
ative movement
on the faying sur-
faces along the

anism. Referring to Fig. 9C, the work-
pieces began to bend downward under
a given horn pressure when the sus-
pension distance of 11 mm (0.433 in.)
was slightly larger than the horn diam-
eter (i.e., 10 mm (0.394 in.)). The
workpieces deformed easier in the

tangent direction
of the deformed workpieces during ul-
trasonic oscillations.

The heat generated due to Coulomb
friction resulting from relative move-
ment of the workpieces could be com-
bined with the heat produced due to in-
termolecular friction to melt the mate-
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rials at the faying surfaces. It is noted
that the bending deformation in the
width direction resulted in an asymmet-
rical contact at the faying surfaces (la-
beled as B in Fig. 9C), which likely led to
an intimate contact (at site B) between
the workpieces. As discussed earlier, the
constrained site between the upper and
lower workpieces had large resistance to
vibrations, and the power dissipated in
ultrasonic welding was related to the
pressure at the contact regions (Refs.
21, 30, 31). Hence, the heat was gener-
ated and formed the weld pools at site
B. Meanwhile, two minor welds (Iabeled
Ain Fig. 9C) were resulted from the
heat produced due to intermolecular
friction at the faying surfaces near two
clamps.
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With an increase in suspension dis-
tance from 11 (0.433) to 15 mm (0.591
in.) and 19 mm (0.749 in.), more bend-
ing deformation was produced under a
given horn pressure, and consequently
the contact areas between the horn and
upper workpiece gradually evolved to
form a weld — Fig. 9D and E. The weld
initiated at the faying surfaces near the
periphery the of horn-to-workpiece in-
terface (i.e., labeled A in Fig. 9D and E)
and grew toward the clamps rather than
forming near the clamps. These results
suggested that the heat due to Coulomb
friction was produced at the faying sur-
faces as the suspension distance in-
creased. Furthermore, Coulomb friction
was more severe in the width direction
than in the suspension direction due to
their difference in bending deforma-
tion, which resulted in more friction
heat in the width direction. Additional-
ly, the weld formed at the intersection
of the clamps and the periphery of the
horn-to-workpiece interface as shown
in Fig. 9D and E. These results inferred
that the change of suspension distance
affected the contacts between the horn-
to-workpiece and workpiece-to-work-
piece, and consequently the heat gener-
ation at the faying surfaces.

Modeling of Single-Sided
Ultrasonic Welding

As the results described, the work-
pieces deformed during squeeze cycle
prior to ultrasonic oscillations, and the

deformed workpieces sprung back
once the horn was retrieved. It was as-
sumed that a relative motion devel-
oped at the faying surfaces along both
width and length directions. The tan-
gential and normal motions between
the workpieces led to Coulomb friction
and intermolecular friction, respec-
tively, which resulted in heat genera-
tion at the faying surfaces during ul-
trasonic welding. To understand the
heat generation, an analytical model
shown in Fig. 10 was derived. For sim-
plification, the workpieces between
two clamps were assumed deformed
independently in directions of coupon
width and length. The deformed re-
gions in width and suspension direc-
tions of the workpieces were repre-
sented as Apy, and Apg, respectively —
Fig. 10B. A ring-like superimposed de-
formed region (plaid region in Fig. 10)
was formed between the horn and
clamps, in which the materials were
under severe deformation and had a
relative tangent movement at the fay-
ing surfaces during ultrasonic welding.
Referring to Figs. 9 and 10, as the
suspension distances increased from
11 to 19 mm (0.433 to 0.749 in.), the
workpieces had more compliance in
width direction than in the length di-
rection and consequently deformed
easier in the width direction than in
the suspension direction. The normal
motion and tangential motion at su-
perimposed regions Agg,, (dark plaid
region ABCA in Fig. 10B) generated

Fig. 1 — Sketch of force and ampli-
tude analysis during squeeze cycle in
single-sided ultrasonic welding.

heat due to intermolecular friction
and Coulomb friction of the work-
pieces, which melted the workpieces at
the faying surfaces. The weld area,
Agquw, can be estimated from the area
difference between the sectoral region
OABC and triangular region OAC in
Fig. 10B as follows:

2
L Dy
Ao :ZXWC(COS(T))

-0 J1*-p3 @

where L is the suspension distance and
D, is the horn diameter. By substitut-
ing the horn diameter (i.e., 10 mm
(0.394 in.)) and suspension distances
(i.e., 11 (0.433), 15 (0.591), and 19
mm (0.749 in.)) into Equation 1, it
clearly shows that an increase in sus-
pension distance resulted in an in-
crease in weld area (Agqyy), which
agreed with the experimental results
observed in Fig. 9C-E.

Once the weld formation in single-
sided ultrasonic welding was analyzed,
the next question was how the heat
generation at the faying surfaces was
influenced by the changes in suspen-
sion distance. Careful examination of
the experimental setup indicated that
the changes in suspension distance
would result in complex horn pressure
distribution on the workpieces, and a
finite element analysis would be desir-
able to understand the correlation be-
tween the suspension distance and

JANUARY 2018 / WELDING JOURNAL  23-s



heat generation. However, due to the
lack of the coefficients of friction be-
tween the objects (e.g., the work-
pieces-to-clamps), a simplified analy-
sis was adopted in this study.

Examination of the results in Fig. 9C
and D indicated that the weld forma-
tion near the periphery of the horn-to-
workpiece interface (i.e., regions A)
likely came from the heat due to
Coulomb friction resulting from the
bending deformation of the workpieces
under a horn pressure. Since Coulomb
friction heat in single-sided ultrasonic
welding of polymeric composite is likely
similar to that of ultrasonic welding of
metallic workpieces, the heat genera-
tion model (Refs. 32-34) for metallic
workpieces was adopted in this study.

Per the model of Elangovan (Ref.
32), Ding (Ref. 33), and De Vries (Ref.
34), the heat generated, W,,.;, in ultra-
sonic welding of metallic material was
primarily from the deformation of
workpieces and friction at the faying
surfaces of the workpieces, which can
be expressed as follows (Ref. 34):

W, etal :4a0f

m

where g, is the horn amplitude; fis the
horn frequency; P, is the horn pressure;
and o, i, and A, are the yield strength,
coefficient of static friction, and weld
area of metallic material, respectively.

Referring to 10B, Coulomb friction
in this study was from the tangent
movement of the workpieces at the
faying surfaces during ultrasonic oscil-
lation, and the resultant heat formed a
weld in the dark plaid region ABCA.
Because the workpieces had a fixed
width (38 mm), the horn pressure and
amplitude in single-sided ultrasonic
welding can be estimated using the
four-point bending beam shown in
Fig. 11. As shown, the vertical compo-
nent (P,,) of the horn pressure P,, and
the normal (a,,) component and tan-
gential component (a,,) of the horn
amplitude (a,) can be expressed, re-
spectively, as follows:

By, =Bycoso 3
ag; = ag sino. 4)
ag, =ag coso. )

where o is the angle of rotation of the
workpiece under an applied horn pres-
sure in single-sided ultrasonic welding,
which can be estimated per classical
mechanics of material:

Ry(1?-D3)
T 16H

where L is the suspension distance, D,
is the horn diameter, and El is the
rigidity of the welded workpieces. Re-
placed P, and a, in Equation 2 with P,,
in Equation 3 and a,, in Equation 4, re-
spectively, the power dissipated,

W ouiomp» i the sectoral region ABCA of
the SSUW workpieces (Fig. 10B) to
generate Coulomb frictional heat can
be expressed as follows:

©)

Wooulomp = 4fag sinotx A

ssuw

(0, /22 = ((Ppcosor/ Ay} /2)°

(deformation power)
1 .
+ EMPO sin20L

(friction power) 7)

Because the heat generated due to
intermolecular friction from the nor-
mal motion of the workpieces was like
that of conventional ultrasonic weld-
ing of polymer, the power dissipated
to produce intermolecular friction,

W termotecutars 1S Telated to the frequency
of ultrasonic oscillation, normal ampli-
tude (a,,) of the horn, and loss modu-
lus of the carbon-fiber nylon compos-
ite shown below (Ref. 30):

W = 2nfagE "cosaL (€)

intermolecular

where E” is the loss modulus of the
carbon-fiber composite. The combina-
tion of Equations 1, 6, 7, and 8 re-
vealed that an increase in suspension
distance resulted in an increase in an-
gle of rotation of the workpiece (or)
and A, Therefore, as the power dis-
sipated for generation of the Coulomb
friction heat increased (i.e., Equation
7), the power dissipated for producing
the intermolecular friction heat de-
creased (i.e., Equation 8). The total
power dissipated, Wygyy, in single-
sided ultrasonic welding of workpieces
can be obtained as

WSSUW = T/Vinter‘rrlolecular +Wc0ulomb ©

The results in Fig. 6 indicated that
an increase in suspension distance re-
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sulted in an increase in dissipated
power (Wsgyy) in SSUW workpieces.
However, based on Equations 7-9, an
increase in suspension distance result-
ed in an increase in W, (Equation
8) but a decrease in W, mopcier (Equa-
tion 7). Thus, the increase in Wyg,
likely resulted from the increase in

W, uoms that overrode the decrease in
W ormotecutar &S the suspension distance
increased, which led to additional heat
at the faying surfaces.

Summary

In this study, the weldability of
single-sided ultrasonic welding of 2.5-
mm- (0.099-in.-) thick carbon-fiber-
reinforced nylon 6 composite with 30%
mass fiber without energy directors
was studied. Modeling and experimen-
tal results demonstrated that the sin-
gle-sided ultrasonic welded (SSUW)
joints possessed greater heat genera-
tion, weld area, and weld strength than
conventional ultrasonic welded joints
for the given process variables. The use
of this process can increase the design
and manufacturing flexibility of ultra-
sonic welded assemblies. However, the
single-sided ultrasonic welding process
developed in this study had some no-
table limitations in practical applica-
tion. The bending deformation of the
workpieces in single-sided ultrasonic
welding induced coulomb friction that
would likely produce warpage and
residual stresses in the welded work-
pieces. The warpage and residual stress-
es may result in dimensional issues and
weakened mechanical strengths of the
welded workpieces. Therefore, more
studies, such as part assembly and fa-
tigue strength of the SSUW workpieces,
are required before the implementation
of the process for practical application.

Conclusions

1) For the given process variables,
the SSUW 2.5-mm- (0.099-in.-) thick
carbon-fiber-reinforced nylon 6 com-
posite had greater heat generation, weld
area, and weld strength than the con-
ventional ultrasonic welded joints.

2) The bending deformation in
squeeze cycle in single-sided ultrasonic
welding of 2.5-mm-thick carbon-fiber-
reinforced nylon 6 composite resulted
in severe contacts at the faying surfaces



and likely produced significant Coulomb
friction under ultrasonic oscillations,
and consequently generated significant
friction heat that was increased with an
increase in suspension distance (i.e.,
distance between the clamping fixture)
in single-sided ultrasonic welding,

3) The welds formed in single-sided
ultrasonic welding of 2.5-mm-thick car-
bon-fiber-reinforced nylon 6 composite
resulted from the combination of
Coulomb friction heat from relative
movement of the workpieces and inter-
molecular friction heat at the faying
surfaces.
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