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Influence of Horn Misalignment on Weld Quality
in Ultrasonic Welding of Carbon
Fiber/Polyamide 66 Composite

Experiments showed horn misalignment of more than 4 deg resulted in a significant
decrease in weld area, weld strength, and cosmetic quality

ABSTRACT

BY Q. ZH|, L. LU, Z.-X. LIU, AND P.-C. WANG

In this study, the influence of horn axial misalignment on the quality of
ultrasonic welded lapped carbon-fiber/polyamide 66 composite (C; /PA 66) was
investigated. An analytical model was derived to estimate the energy absorption
in the welding zone of the thermoplastic material and, consequently, permit the
estimation of weld size. Using this model, the effect of the horn misalignment on
the weld size was examined and validated. Results of the modeling and
experiments showed the horn misaligned by more than 4 deg resulted in a signifi-
cant decrease in weld area, weld strength, and cosmetic quality, which was
mainly attributed to the energy deviation at the faying surfaces. This study
provides a good understanding of the influence of horn misalignment on the
quasi-static characteristics of the ultrasonic welded carbon-fiber-reinforced

polyamide 66 composite.
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Introduction

Carbon-fiber-reinforced thermo-
plastics (CFRTP) have received much
attention recently due to their high
strength/elasticity-to-weight ratios, as
well as high damping capability com-
pared to metallic materials (Refs. 1-5).
To expand the application of CFRTP,
joining of CERTP to form large and
complex engineering structures is in-
evitable. Joining methods ranging
from conventional adhesive bonding
and mechanical fastening to new weld-
ing techniques, such as ultrasonic
welding (Ref. 6) and laser welding
(Ref. 7), were developed. Among these

joining methods, ultrasonic welding
seems most promising because it is
fast (Refs. 8, 9), energy efficient (Refs.
10, 11), and easy to automate for mass
production (Refs. 2, 12).

The essence of ultrasonic welding
of polymers is to form a weld at the
contact site of the surface between the
two welded workpieces. Referring to
Fig. 1A, the mechanical vibration pass-
es through the horn to the workpieces.
The intermolecular friction and dissi-
pated energy at the contact site of the
workpieces heat the contact surface up
to or above the melting point of the
thermoplastic. As the process pro-
ceeds, the contact site, which usually

consists of the surface and/or fabricat-
ed asperities, is melted and grows un-
til the vibration stops. Consequently,
the reliable contact between the horn
and the workpiece under the horn
pressure is extremely important be-
cause it affects the ultrasonic wave
transmission and energy conversion
(Refs. 13-15). Although it is critical to
maintain intimate contact between
the horn and workpiece, it is conceiv-
able that horn-to-workpiece misalign-
ment may occur because the work-
pieces may have variations in geome-
try and dimensions resulting from
compression, injection molding, and
clamping, which would affect the qual-
ity of the welds. Under service loading
conditions, the misaligned weld may
induce greater stress concentrations
and, therefore, degrade the joint per-
formance. Thus, it is essential that an
understanding of the influence of
horn misalignment on the quality of
the ultrasonic welded carbon-fiber
composite be obtained.

To further understand the ultrasonic
welding process, a method in view of ul-
trasonic wave propagation in materials
had been proposed by some researchers
(Refs. 16-18). They discovered the
propagation of ultrasonic waves in ma-
terials accompanied the wave reflecting,
transmitting, and absorbing by the ma-
terials and interfaces of materials, indi-
cating the intensity of the ultrasonic en-
ergy attenuated during its propagation.
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Fig. 1 — Schematic of ultrasonic welding: A — Normal configuration; B — with horn-to-workpiece misalignment (dimensions: mm).
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Fig. 2 — Schematic of sample preparation for examining the
microstructure of the ultrasonic welded 4-mm- (0.16-in.-) thick

injection molded C/PA 66 composite.

In addition, Khmelev et al. (Ref. 18) es-
timated the energy in a weld zone with
the wave propagation method and
found a criterion for the formation of a
quality weld. However, this study (Ref.
18) assumed there was reflecting and
transmitting on an interface of medi-
um, and neglected the absorption by
the surface of the material. Moreover,
the contact between the welding horn
and workpieces was intimate in
Khmelev’s work.

The present study was undertaken
to evaluate the effect of horn axial
misalignment on the quality of ultra-
sonic welded lapped carbon-fiber/
polyamide 66 composite (C/PA 66). A
model based on the work of Khmelev
et al. (Ref. 18) is proposed to analyze
the influence of horn misalignment on
ultrasonic wave propagation. Ultra-
sonic welded lapped carbon-
fiber/polyamide 66 (C;/PA 66) com-
posite joints with 30 wt-% fiber with-
out an energy director, shown in Fig.
1B, were made with various horn mis-
alignments encountered by the ultra-
sonic welded carbon-fiber thermoplas-
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Fig. 3 — Effect of horn axial misalignment on the strength
and weld area of the ultrasonic welded 4-mm- (0.16-in-)

thick lap C;/PA 66 composite with 30 wt-% fiber.

tic components. The influence of horn
axial misalignment on the strength,
microstructure, fracture mode, and
cosmetic quality of the welds was stud-
ied. This study provides a good under-
standing of the effect of horn mis-
alignment on the quasi-static charac-
teristics of the ultrasonic welded car-
bon-fiber polyamide 66 composite.

Experimental Procedure

Injection Molded Carbon-
Fiber Composite

Commercial polyamide 66 and car-
bon fiber (24K, T300 type, Toray Car-
bon Magic Co. Ltd.) with a length of 2
mm (0.08 in.) and a diameter of 7 um
(2.8 x10*in.) were selected in this
study. The fibers were first cleaned with
a concentrated solution of nitric acid
and then surface pretreated with 8%
diglycidyl ether of bisphenol solution in
acetone. Both polyamide 66 and pre-
treated carbon fibers were dried at 80°C
(176°F) in a vacuum condition for 3 h
before being used to fabricate C;/PA 66

composite with 30 wt-% fiber.

A twin-screw extruder with two sep-
arate inlets was used to mold C/PA 66
composite. Polyamide 66 was added to
the first hopper, and carbon fibers were
added to the second hopper. Polyamide
66 was fully melted before carbon fibers
were added to minimize the fracture of
the carbon fiber during compounding,
The processing temperature was within
270°-280°C (518~536°F), and the screw
speed was 180 rpm. After fully mixing
polyamide 66 with carbon fibers in a
twin-screw extruder, the C//PA 66 com-
posite was processed into 2-mm-long
(0.08-in.-long) pellets. The pellets were
then fed into the injection extruder to
mold into coupons with dimensions of
132 x38%x4.0mm (5.2%1.5x0.16
in.). All coupons were stored in an ambi-
ent laboratory environment (i.e., 20°C
and 50% R.H.) and dried in an oven at
80°C (176°F) for 48 h before welding to
remove moisture in the specimens. The
injection molded carbon-fiber/
polyamide 66 composite exhibited a
tensile strength of 99.2+3 MPa [(1.4
0.4) X 104 1b/in.?] and an elastic modu-
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Fig. 4 — Effect of horn axial misalignment on the weld indentation and weld area of the ultrasonic welded 4-mm- (0.16-in.-) thick C;/PA
66 composite: A— 0; B— 2, C — 4; D — 6 deg.

lus of 8936 + 3 MPa [(1.3 + 0.6) X 106
Ib/in.?], respectively.

Ultrasonic Welding

The ultrasonic welding process was
performed using a KZH-2026 multi-
function ultrasonic welding (UW) ma-
chine (Kaizheng Ultrasonic Technolo-
gies Co. Ltd., Weihai, China) with a
nominal power of 2.6 kW, nominal fre-
quency of 20 kHz, and nominal ampli-

tude of 25 um (9.8 X 10* in.). The ma-
chine was equipped with a data acqui-
sition system that combined with
pressure, horn-displacement, and time
sensors, which were integrated in the
controller of the UW machine. In addi-
tion, the weld force, weld energy, and
displacement of the horn were record-
ed online in a PC as a function of time
by the data acquisition system. The fi-
nal horn displacement, weld energy,
weld time, weld force, hold time, and

delay time were also displayed in the
control panel during the UW process.
To avoid coupon motion during weld-
ing, the coupons were held in place us-
ing a fixture.

The machine had three welding
modes: energy, time, and collapse
modes. The value of weld energy,
weld time, and horn displacement for
the three modes, respectively, were
preset to control the welding process.
The workpieces were then welded us-
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section of a weld made with a horn axial misalignment.

ing nominal power of the machine.
When the weld energy, weld time, or
horn displacement reached the preset
values for the selected weld mode, ul-
trasonic wave oscillation was stopped.
Therefore, weld quality was con-
trolled by the preset values in each se-
lected welding mode. When time/en-
ergy mode was selected, the values of
the delay time, weld force, hold time,
and weld time/energy were preset
prior to welding. When ultrasonic
triggering was performed, the horn
was pressed onto the workpieces for 2
s, and then ultrasonically vibrated un-
til the preset energy was reached. All
specimens were welded using a 7075
aluminum horn with a diameter of 18
mm (0.71 in.).

Weld Microstructure

To assess the microstructure charac-
teristics of the ultrasonic welded joints,
the specimens were prepared using the
procedures shown in Fig. 2 for the test-
ed joints. The joints were notched from
the central position of the weld first,
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then, the pre-notched specimens were
immersed in liquid nitrogen for 10 min.
The embrittled specimens were broken
off from the notched site; the broken
specimens were sputter-coated with
gold for 50 s to increase conductivity,
and the microstructures of the welds
were examined with a scanning electron
microscope (JSM6700F).

Quasi-Static Test

Quasi-static tests were performed
by loading each joint to fracture in an
MTS 810 tensile tester per ASTM
D1002-2001. To minimize bending
stresses inherent in the testing of sin-
gle-lap weld specimens, filler plates
were attached onto both ends of the
specimen using a masking tape to ac-
commodate the sample offset. Load
vs. displacement results were ob-
tained, as the specimens were loaded
at a stroke rate of 2.0 mm/min (i.e.,
0.08 in./min). Weld strength was eval-
uated by peak load. Three replicates
were performed, and the average weld
strengths were reported.

Results and Discussion

Effect of Horn Axial Misalign-
ment on Weld Strength

In the actual production of the
joints, the welds were formed in a large
plate of molded C/PA 66 composite.
The procedure for welding a large plate
was usually to form two welds at a rela-
tively large distance (larger than the dis-
tance between two normal welds) first
and then welded in the center of the
two existing welds until the needed
number of the weld for the plate was
obtained. During this procedure, there
may exist some deformations around
the existing welds, and these deforma-
tions made the whole plate deform
slightly, which may lead to the existence
of horn-to-workpiece misalignment. To
evaluate the influence of horn misalign-
ment on the weld quality, ultrasonic
welding with various horn off-angles
was studied.

To examine the effect of horn
misalignment on the quality of the ul-
trasonic welds, welding tests were per-
formed with the introduction of various
horn misalignments (i.e., 2, 4, and 6
deg), referring to Fig. 1B. Figure 3 pres-
ents the influence of horn misalign-
ment on the strength and weld area of
the ultrasonic welded 4.0-mm- (0.16-
in.-) thick C/PA 66 composite fabricat-
ed with a welding time of 2.1 sand a
horn pressure of 0.15 MPa (21.76
Ib/in.?). Referring to Fig. 3, an increase
in horn misalignment led to a decrease
in weld strength and weld area, which
was particularly pronounced for the
horn misalignment between 4 and 6
deg. Careful examination of the tested
welds indicated the welding horn and
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Fig. 7 — Effect of horn axial misalignment on the microstructures at region 1 of the ultrasonic welded 4-mm- (0.16-in.-) thick C;/PA
66 composite: A—0; B— 2, C — 4; D — 6 deg.

workpieces were not in intimate con-
tact. It is well known that the strengths
of the welds were closely correlated with
the weld areas and the microstructures
(Refs. 19, 20).

To further understand the influence
of horn axial misalignment on the weld
strength, the contact between the horn
and workpiece were examined and the
results are shown in Fig. 4. Referring to
Fig. 4, the fracture surfaces of the welds
revealed a decrease in the weld area as
the horn misalignment increased. Care-
ful examinations of the weld areas re-
vealed the intimate contacts hardly ex-
isted at the faying surfaces due to the
uneven pressure caused by the off-an-
gled horn. The uneven pressure at the
horn-workpiece interfaces resulted in
the severe uneven surface indentation
(especially for the horn misaligned by
more than 4 deg) on the surface of the
upper workpiece and the formation of
pores in the weld.

Figure 5 shows the typical mi-
crostructures of the weld area and
porous region observed in Fig. 4 for the
weld made with a 2-deg horn misalign-
ment. The combination of analysis re-

sults shown in Figs. 4 and 5 revealed the
weld contained some small pores while
rather large pores were observed at the
porous region. Referring to the experi-
mental observations, the pores in-
creased in size and density as the horn
misalignment increased. The occurrence
of pores was likely from the excessive
heat in the weld or the entrapped mois-
ture in the materials (Ref. 21). Our pre-
vious studies (Refs. 22, 23) revealed the
entrapped moisture in the C;//PA 66
composite resulted in pores during ul-
trasonic welding. Since the workpieces
were dried in a vacuum oven at 80°C for
48 h before welding (described in the
section titled Injection Molded Carbon
Fiber Composite), the majority of the
pores observed were likely from exces-
sive heating during welding rather than
entrapped moisture.

Influence of Horn Axial
Misalignment on Weld
Microstructure

It was well known that the weld
strength was correlated with the weld

microstructures (Ref. 24). To under-
stand how a horn misalignment affect-
ed the microstructure and strength of
the welds, the welds made with a horn
misalignment were cross sectioned and
examined. Figure 6A, B shows schemat-
ics of ultrasonic welding with an off-an-
gle horn and cross section of a weld
made with a horn misalignment, respec-
tively. Severe contacts developed at re-
gion 1 where the horn indented into the
upper workpiece, while loose contacts
developed at regions 2 and 3. Figures 7,
8, and 9 present the influence of horn
misalignment on the microstructures at
regions 1, 2, and 3 of the welds, respec-
tively. As shown in Fig. 7, the porous
area increased and thickness of the melt
decreased as the horn misalignment in-
creased from O to 6 deg. The expansion
of the porous zone was likely the result
of excessive heat produced at the con-
tact site of the horn to workpiece. The
reduction in melt thickness was prima-
rily attributed to the fact the molten
material was squeezed out as a result of
the high pressure at region 1 of the fay-
ing surfaces. These results agreed with
the observations shown in Fig. 4.
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While similar results shown in Fig.
8 were observed for region 2 of the
welds, hardly any weld was formed at
region 3 as shown in Fig. 9. Referring
to Fig. 9, the unfused zone increased
with an increase in horn misalign-
ment, which increased to 9 mm (0.35
in.) for 6 deg from 2 mm (0.08 in.) for
a 2-deg horn misalignment. These re-
sults suggested the misaligned weld
was the main reason for the decrease
in weld strength.

Effect of Horn Misalignment
on Fracture Mode

After the influence of horn mis-
alignment on the appearances, frac-
ture surfaces, and microstructures of
the welds was investigated, the frac-
ture modes of the welds made with
various horn misalignments were ex-
amined as well. Visual examinations of
the quasi-static tested welds indicated
the nominal welds and welds with a
smaller than 4-deg misalignment had
similar fracture modes — Fig. 10A. As
the horn misalignment increased, the
weld area at the faying surfaces de-
creased, and consequently led to an in-
terfacial fracture mode, as shown in
Fig. 10B.

The results described above indicat-
ed the intimate contacts between the
horn and workpiece produced welds
with a uniform melt thickness, which
can bear the stress evenly under the
loading and, consequently, it is more
likely to fracture through the work-
piece. These results indicated the frac-
ture mode of a weld was closely related
to the weld size. The weld size mainly
depended on the horn-to-workpiece
contact under a given set of weld vari-
ables. The horn misalignment influ-
enced ultrasonic wave transmission,
and therefore it would be necessary to
have a good part fitup to ensure prop-
er contact between the horn and work-
piece in ultrasonic welding.

Modeling Effect of Horn
Misalignment on Ultrasonic
Wave Transmission

The ultrasonic energy was continu-
ously conducted from the horn into
the workpieces in the form of ultra-
sonic waves until the end of the weld-
ing process. All the ultrasonic energy
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Fig. 8 — Microstructure at region 2 of ultrasonic welded C/PA 66 composite with a

4-deg horn axial misalignment.

was dissipated by the workpieces and
interfaces during the propagation
process. To assess the influence of
horn misalignment on weld quality, a
model based on the work of Khmelev
et al. (Ref. 18) was formulated. Figure
11 shows the schematic of the ultra-
sonic welding process where the upper
and lower workpieces are perpendicu-
lar to a horn and supported by an
anvil. During ultrasonic welding, the
ultrasonic energy in the form of ultra-
sonic waves propagate from the horn
to the workpieces and bounce back to
the horn and top surface of the upper
workpiece (i.e., interface I), which are
defined as the first cycle. The ultra-
sonic waves are attenuated during the
traveling, and the remaining ultrason-
ic waves are propagated to the work-
pieces and reflected to interface [,
which are treated as the second cycle.
Similar behavior continues and is des-
ignated as the third, fourth, and fifth
cycles and so forth. This process con-
tinues until all ultrasonic energy is dis-
sipated completely.

With the presence of a horn mis-
alignment (Fig. 12), the reflected
waves were deviated from the incident
direction at the lower workpiece and
fixture surface (i.e., interface III), and
consequently resulted in an ultrasonic
energy deviation at the faying surface
(i.e., interface II). Referring to Fig. 12,
the angles of incidence are 0, 26, 46 at
interface I and 0, 36, 56 at interface
Il in the first three cycles for the weld
made with the horn misalignments,
respectively. Furthermore, because

the coefficient of friction and horn
pressure at the horn to workpiece and
workpiece to workpiece are similar
(Refs. 25, 26), the absorption coeffi-
cient (i.e., o)) of interface I is assumed
to be the same as that of interface II
(i.e., a,=01,=01). The power of the weld
machine (i.e., output energy per unit
time) is defined as P, and S, is the con-
tact area between the horn and upper
workpiece. Hence, the energy density
(i.e., dissipated energy/unit area/unit
time), E,, can be expressed as follows:

E, = P/S, ®
The energy density inducted into

interfaces I, II, and Il in the first cycle
can be written as

E, =E,T, )
E, = E,T,e 2 ®3)
E, = B,T,T,e ™ @)

where x is the thickness of the work-
piece, T, and T, are the transmitted co-
efficients at interfaces [ and II, respec-
tively, A is the damping factor on the
amplitude of the ultrasonic welding
machine, and e?** is the damping fac-
tor (Ref. 18) of the weld energy in the
upper workpiece. As shown in Fig. 12,
the reflected energy at interface III is
conducted into interfaces Il and I
again, and then, the energy density at
interface Il in the first cycle is

Eyr= E0T1a(e_2M+T2Yse_6M) )
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Fig. 10 — Effect of horn misalignment on the fracture mode for ultrasonic welded 4- respectively; c;, ¢,, and c; are the sound
mm- (0.16-in.-) thick C/PA 66 composite: A— 2; B— 6 deg. velocities in the horn, C;/PA 66 compos-
ite, and anvil, respectively; 0, is the inci-
After one cycle, the absorptivity of the the second cycle) is dent angle (i.e., a horn off-angle); and 6,
weld energy at interface II can be ex- is the transmitted angle. The relation-
pressed as Ei. = BoT e *(1-00)%y:Y, @) ship between 6, and 6, angles can be de-
scribed with Snell’s law (Ref. 28). Since
K=%= a[e-zh +(1-a)gs e—61x] (6) The ratio of returned energy density to the coefficients of reflection (), trans-
E the initial energy density at interface I mission (T), and absorption (o) of a
(Ey), n, after one cycle and the energy wave satisfy the equationy+ T + o =1 at
At the end of the first cycle, the re- density for the m® cycle, E,,, at inter- each interface (Ref. 29), the absorption
turned energy density of ultrasonic face II during welding can be expressed coefficient o at interface Il was estimat-
waves at interface I (i.e., the energy for ~ in Equations 8 and 9, respectively, ed with the use of Equations 8 and 9.
Table 1 — Effect of Horn Axial Misalignment on the Reflection Coefficients at Interfaces | and Il
Horn Reflection coefficient (y) Reflection coefficient (y,)
misalignment
(degree)
First cycle Second cycle Third cycle First cycle Second cycle Third cycle
0 0.383 0.383 0.383 0.732 0.732 0.732
2 0.383 0.386 0.394 0.733 0.736 0.774
4 0.383 0.394 0.432 0.734 0.748 0.785
6 0.383 0.409 0.526 0.736 0.774 —
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Based on the model shown in Fig.
12, the reflected waves are deviated
from the incident directions, and thus
the decrease in weld area and weld
strength with an increase in horn mis-
alignment, shown in Fig. 4, was likely
related to the energy deviation at in-
terface II. These results indicate the
weld size was related to not only the
absorption coefficient (or) but also the
dissipated energy at interface II.

During ultrasonic wave propaga-
tion, the energy density would accu-
mulate and overlap at the faying inter-
face I resulting from a horn misalign-
ment. If ultrasonic waves are reflected
at interfaces I and I1I and propagated
along the Y direction for the joint with
a horn misalignment, the ultrasonic
wave would transmit through inter-
face II and the energy from the reflect-
ed waves would be absorbed and accu-
mulated at interface II, as shown in
Fig. 13. Referring to Fig. 13A, the red
area represents ultrasonic waves prop-
agating from interface I to interface
III, and the blue area illustrates the
waves reflected to interface I from in-
terface III. The green area shows the
waves reflected to interface III from
interface I again. The presence of the
horn misalignment results in the over-
lap of the red, blue, and green areas as
shown in Fig. 13B. Because ultrasonic
waves travel from interface I to inter-
face III (and vice versa), part of the ul-
trasonic energy is absorbed by inter-
face I, and hence the energy density
at interface I is accumulated as shown
in Fig. 13C.

The relation between the required
time for melting the material and en-
ergy density (E,) during ultrasonic
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Fig. 12 — Schematic of the effect of horn misalignment on

ultrasonic wave traveling in ultrasonic welding.

welding can also be expressed as Equa-
tion 12 (Ref. 30):

| k262
== Eﬁm (12)

m

where a is the thermal diffusivity of
the workpiece, k is the thermal con-
ductivity, 0,, is the difference between
ambient and melting temperatures,
and t,, is the required time for inter-
face Il to reach the melting tempera-
ture of the workpieces. Then, Equation
12 can be rewritten as
t,.Ef = K?0?% /a (13)

The right side of Equation 13 is re-
lated to the intrinsic material proper-
ties, while the left side is related to the
process parameters of the ultrasonic
welding process. Examination of Equa-
tion 13 indicated the melting of mate-
rials at the faying surfaces was deter-
mined by the value of TK?0,,%/a despite
the welding conditions, suggesting the
value of TK?6,,%/a was the threshold
for melting materials at the faying sur-
faces. To melt the material and form a
weld, the value of tE,;? (where t is the
weld time) must be greater than the
threshold.

Figure 13C shows the values of E;
varied along the Y direction at the fay-
ing surfaces for the joint with a horn
misalignment. Based on the above dis-
cussion, the materials would be melted
and a weld would be formed when tE?
at a specific Y position is greater than
the threshold value (mK?0,%/a). The size
of the weld was determined by compar-
ing the value of tE;? at any Y position at
the faying surfaces to the value of

nK?0,,%/a, referring to Fig. 13D. With
the procedure described above, the ef-
fect of horn misalignment on the weld
size was established.

Estimation of Weld Size

Based on the model described
above, the effect of horn misalignment
on the weld size in ultrasonic welding
of C//PA 66 composite was examined.
By plugging the densities of the horn,
C¢/PA 66 composite and anvil [i.e.,
2.81,1.22, and 7.85 g/cm? (Ref. 31),
respectively], sound velocities in the
horn, C;/PA 66 composite and anvil
[i-e., 5000, 2591, and 5200 m/s (Ref.
32), respectively] into Equations 10
and 11, the reflection coefficients (i.e.,
Y: and Y;) were estimated and the re-
sults are shown in Table 1. Referring
to Table 1, the estimated reflection co-
efficients y; and 7, at the interfaces in-
creased slightly with an increase in
horn axial misalignment.

Because the absorption coefficient o
at interface II of C/PA 66 composite
was hardly influenced by the horn mis-
alignment, it can be estimated with
Equations 8 and 9. For the joint without
a horn misalignment, the dissipated en-
ergy density at interface II was obtained
by the accumulation of Ey, as shown in
Fig. 13C. The relation between the ener-
gy density (E,,,) and total dissipated en-
ergy per unit time (P) at the faying sur-
faces can be expressed as

Py=ES;=2E,S; (14)

In fact, the dissipated energy, P,
for melting the materials at the faying
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surfaces in phase I during ultrasonic
welding, can be estimated with Equa-
tions 9 and 12 (Ref. 30). For the joint
made without a horn misalignment, S;
is the face area of the horn (i.e., 2.54 X
10™*m?), t,, is 0.3 s (obtained from Ref.
33). By plugging the values of a = 8.7 X
103cm?/s,k=1.5W/m'K,and 0, =
240k (Ref. 34) into Equations 12 and
14, the dissipated energy per unit
time (P4 =290.8 J-s™) and energy den-
sity (E,) at interface II with a horn in-
clination of 0 deg (E4, = 1.15x 10°
J-m2s7!) were estimated.

Having substituted the values of A
(0.37, damping factor on the amplitude
of the ultrasonic welding machine)
(Ref. 22), v, and 7, (i.e., reflection coef-
ficients shown in Table 1) into Equa-
tion 7, the ratios of the returned energy
density to the initial energy density (n,)
were estimated as 0.277(1 — o.)? for the
first cycle. Because the returned energy
of the ultrasonic waves at interface I at
the end of the previous cycle is the en-
ergy for the following cycle, the ratios
of the returned energy density to the
initial energy density after m cycles can
be expressed as n™ . With this deriva-
tion, the ratios of the returned energy
density to the initial energy density
were estimated and were about 27.7,
7.7,2.1, and 0.5% of the initial ultra-
sonic energy density after one, two,
three, and four cycles, respectively.
These results indicated the weld energy
was dissipated significantly after three

cycles, and therefore only the first three
cycles of ultrasonic wave propagation
were considered for the rest of this
study. The energy absorption coeffi-
cient (00 = 0.16) was obtained by substi-
tuting the number of the ultrasonic
traveling cycles (m = 3), the dissipated
energy per unit time at interface II for
the first three cycles (P4 =290.8 J-s™%),
and the energy per unit time inducted
into the materials from the welding
horn (P, = 2000 J-s™) into Equations 9
and 14 (Ref. 31). Then, the effect of
horn misalignment on the dissipated
energy per unit time (P_) at the faying
surfaces (i.e., interface II) after each cy-
cle was estimated using Equation 14
and the results are listed in Table 2. As
shown, the horn misalignment slightly
influenced the total dissipated energy
per unit time at the faying surfaces dur-
ing the welding process. It was inferred
that the weld size was influenced by the
energy density (E,) rather than the dis-
sipated energy at interface II.

To estimate the dissipated energy
density (E,), the deviation distances
after each propagated cycle resulting
from the horn misalignment were esti-
mated per the geometrical relationship
between the thickness of the work-
piece and angles of incidence ()
shown in Fig. 12. Table 3 lists the ef-
fect of horn misalignment on the devi-
ation distance and weld size. As
shown, the deviation distance at inter-
face II caused by the horn misalign-

ment increased with an increase in
horn misalignment, which was pro-
nounced for a 6-deg horn misalign-
ment. These results implied that the
deviation of the ultrasonic wave led to
the dispersion of the weld energy at
interface II (i.e., faying surfaces).

To estimate the influence of horn
misalignment on the weld size, the val-
ues of tE,? for the welds with various
horn misalignments were estimated us-
ing Equation 9 and accumulated per the
model in Fig. 13D. By plugging the val-
ues of a, k, and 0, (Ref. 32) into
nK?0,,%/a, the threshold value
(nK?6,,%/a) to form a weld at the faying
surfaces was 4.68 x 10 (J/m?)?-s™.
Once the value of tE? at any Y position
at the faying surfaces exceeded the
threshold, the material started to melt
and formed a weld with a size Y. Figure
14 presents the estimated values of tE?
as a function of Y for the joints with
various horn misalignments. The esti-
mated weld sizes were 18,13, and 11
mm (0.71, 0.51, and 0.43 in.) and 10
mm (0.39 in.) for the 0-, 2-, 4-, and 6-
deg horn misalignment, respectively. To
validate the modeling results, measured
and estimated weld sizes were com-
pared and the results are shown in Fig.
15. As shown, the estimated weld sizes
were smaller than the measured weld
sizes, which was likely attributed to the
fact the flow of the molten material at
interface Il was not considered in the
modeling.
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Fig. 14 — Estimation of weld size at interface Il (i.e., faying sur-
face) in ultrasonic welding of 4-mm- (0.16-in.-) thick C;/PA 66

composite with 30 wt-% fiber.

Summary

It is emphasized that the results pre-
sented in this study only illustrate the
reduction of quasi-static strength of ul-
trasonic welded 4 mm (0.16 in.) carbon-
fiber polyamide 66 composite with 30%
mass made with 2- to 6-deg horn mis-
alignment. The horn misalignment and
tooling (i.e., horn and fixture) reported
here are not indicative of the specific
environment and tooling encountered
by the manufacturing production. Nev-
ertheless, the present results show re-
duction of static strengths due to horn
misalignment needs to be considered
during the structural design. Therefore,
it is recommended that proper joint
strengths used in structural design be
considered and adjusted to account for
likely horn misalignment.

Fig. 15 — Comparison of the measured and estimated weld
sizes in ultrasonic welding of 4-mm- (0.16-in.-) thick C/PA 66

composite with 30 wt-% fiber.

timates derived from the analytical
model, despite the model not incorpo-
rating the flow of the molten material
at the faying surfaces and part fitup
(i.e., gap between the workpieces). The
use of the model would increase the de-
sign and manufacturing flexibility of
the ultrasonic weld assembly. Investiga-
tion of the influence of horn misalign-
ment on the weld quality in ultrasonic
welding of 4-mm- (0.16-in.-) thick C//PA
66 composite with 30 wt-% fiber by
both modeling and experimental testing
led to the following conclusions:

1. An analytical model was derived to
estimate the energy absorption in the
welding zone of the thermoplastic ma-
terial, and consequently permits the es-
timation of weld size.

2. Horn-to-workpiece axial align-
ment angle beyond 4 deg resulted in a
significant decrease in weld area, weld
strength, and cosmetic quality.

3. The presence of the horn axial
misalignment resulted in the reflected
wave deviating from the incident direc-
tion and the energy deviation at the fay-
ing surfaces, and consequently led to a
discrepant weld.
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Table 2 — Effect of Horn Axial Misalignment on the Estimated Energy Dissipated at

. Interface Il
Conclusions
Horn misalignment Energy absorption, P, (Jes) Total energy
It is important to note that the ana- (degree) absorption
lytical model developed herein is a first- Firstcycle ~ Second cycle  Third cycle Py (Jes™)
level approach to understand the trends
in weld size as affected by horn mis- 0 2870 450 88 2908
alignment. It is most interesting that 2 2375 459 8s 2923
g t ) 4 2376 462 al 292.9
the experimental results support the es- 6 2378 468 101 2947
Table 3 — Effect of Horn Misalignment on the Deviation Distance and Weld Size at Interface Il
Horn misalignment Deviation distance (mm) Total deviation Measured Contact
(degree) distance (mm) weld size (mm) area (mm?)
First Second Third
cycle cycle cycle
0 0 0 0 0 20 2543
2 0.28 14 253 4.2 18 1891
4 0.56 282 5.2 8.59 15 105.0
6 0.84 4.3 82 13.3 1l 66
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