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Introduction
     Energy saving, emission reduction,
and lightweighting have recently de-
veloped into major concerns in the au-
tomobile industry. Lightweight poly-
mers, such as carbon-fiber-reinforced
polyamide 66 (Cf/PA66), are good can-
didates for fabricating automobile
components (e.g., bumpers and body-
in-white) because of their advanta-
geous combination of light weight and
mechanical performance (Refs. 1–3).
Similar to metal component fabrica-
tion, complex plastic components of-
ten consist of small parts. 
     Among all the bonding techniques
available, ultrasonic welding (UW) is
an efficient method (Refs. 4, 5) be-

cause it avoids the disadvantages of
traditional techniques, such as exten-
sive surface preparation, long curing
time, and extra weight increase (Refs.
6, 7). This technique is fast, energy ef-
ficient, suitable for mass production,
and offers a good cosmetic quality
(Refs. 8, 9). 
     The quality of the ultrasonically
welded Cf/PA66 composite is usually
assessed by a static tensile test (Refs.
10, 11). However, the Cf/PA66 com-
posite is increasingly used in produc-
ing structural parts, such as intake
manifolds or energy mounts, that are
subjected to complex and repeated me-
chanical loading (Refs. 12, 13). There-
fore, the fatigue property of welded
plastics has become a serious issue,

and different researchers have begun
to study this problem. 
     Tsang et al. (Ref. 14) discussed the
fatigue behavior of vibration-welded,
glass-fiber-reinforced nylon 6 and ny-
lon 66 under high and low pressure
conditions. Although welding pressure
affected fatigue strength, all welded
specimens exhibited similar fatigue
behavior under the tension-tension
load ratio of R = 0.1. Additionally,
Lockwood et al. (Ref. 15) investigated
the effect of service temperature on
the fatigue strength of vibration-
welded, glass-reinforced nylon 6. In-
creasing the temperature led to a signif-
icant decrease in both tensile strength
and fatigue life, but the endurance ratio
of the fatigue strength to static tensile
strength was approximately 45% re-
gardless of the temperature under sinu-
soidal constant amplitude tension-
tension load at a stress ratio of R = 0.1. 
     According to the aforementioned
studies, welding pressure and service
temperature can affect the fatigue
property of the joint (Refs. 14, 15). In
addition to these factors, the joint
configuration can function as an influ-
ential element. A shear lap configura-
tion without an energy director is rec-
ommended to manufacture large and
complex structures in the automobile
industry, even though energy directors
are beneficial to high heating efficien-
cy and weld quality (Refs. 16, 17).
However, molding energy directors on
a large weld is difficult and can compli-
cate the molding process. 
     Shear lap joints are efficient, easy to
operate, and without strict require-
ments in part dimensions. However,
compared with the butt joint, the
stress condition for a lap joint configu-
ration is more complex. Sharifimehr et
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al. (Ref. 18) reported that the fatigue
property of welded lap shear speci-
mens was inferior to that of the butt
joint due to stress concentration.
Therefore, the fatigue property of the
lap shear joint must be improved. 
     There are numerous methods avail-
able to improve weld fatigue property
including grinding treatment (Ref. 19),
mechanical impact treatment (Ref. 20),
and preheat treatment (Ref. 21). Pre-
heat is one of the most common meth-
ods applied for pretreatment; it reduces
the temperature difference and im-
proves thermal stress in the joint, there-
by improving fatigue performance (Ref.
21). Moreover, preheating can minimize
the moisture in the specimen, which
can significantly affect the mechanical
property of polyamide (Ref. 22). 
     In this study, the potential of pre-
heat treatment to achieve desirable
mechanical properties of ultrasonic-
welded 30 wt-% Cf/PA66 composite
was investigated. The mechanical
property, temperature evolutions, and
microstructures of the ultrasonically
welded joint subjected to different pre-
heating temperatures were tested and
analyzed.

Material and Methods

InjectionMolded Carbon Fiber 
Composite

     Commercial polyamide 66 and car-
bon fiber (24 K, T300 type, Toray Car-
bon Magic Co. Ltd.) with a length of 2
mm and a diameter of 7 m were used.

The fibers were first
cleaned with a concen-
trated solution of nitric acid and then
surface pretreated using 8% diglycidyl
ether of bisphenol solution in acetone.
Both the polyamide 66 and pretreated
carbon fiber were dried at 80°C under
vacuum condition for 3 h prior to use in
fabricating the carbon fiber/ polyamide
66 composite with 30 wt-% fiber. 
     A twin-screw extruder with two sep-
arate inlets was used to mold the 30
wt-% Cf/PA66 composite with dimen-
sions of 132 × 38 × 4.0 mm. The carbon
fiber was homogenously distributed
within the polyamide matrix. All
coupons were stored in an ambient lab-
oratory environment (25°C and 50%
relative humidity) and dried in a vacu-
um oven at 80°C for 48 h before welding
to completely remove moisture in the
specimen.

Preheat Procedure
     The samples were heated to a preset
temperature and stored for 30 min in
a furnace to achieve homogenous
heating prior to welding. To maintain
the preheating temperature, a warm
air blower was turned on when the
samples were fixed. A thermocouple
was used to measure the temperature
of the workpiece, after which welding
was conducted.

Ultrasonic Welding

     The UW process was performed us-
ing a KZH-2026 multifunction machine
with a nominal power of 2.6 kW, nomi-

nal frequency of 20 kHz, and nominal
amplitude of 25 m (Weihai Kaizheng
Ultrasonic Technologies Co. Ltd., Chi-
na). The welding setup used in this
study is schematically shown in Fig. 1. 
     The machine was equipped with a
data acquisition system combined with
a pressure sensor, horn-displacement
sensor, and timer, which were integrat-
ed in the controller of the UW machine.
The welding pressure (i.e., gauge pres-
sure), welding energy, and horn dis-
placement were recorded online using a
PC as a function of time by the data ac-
quisition system. The final horn dis-
placement, welding energy, welding
time, welding pressure, hold time, and
delay time were also displayed in the
control panel during UW.  The coupons
were held in place using a fixture to
avoid motion during welding.
     The machine had three welding
modes: energy, time, and horn dis-
placement. The values of welding ener-
gy, welding time, and horn displace-
ment for the three modes were preset
to control the welding process. The
workpieces were then welded using
the nominal power of the machine.
When the welding energy, welding
time, or horn displacement reached
the preset values for the selected weld
mode, the ultrasonic wave oscillation
was stopped. Thus, weld quality was
controlled by the preset values in each
selected welding mode. When the time
mode was selected, the values of the
delay time, weld pressure, hold time,
and ultrasonic time were preset prior

Fig. 1 — Schematic for ultrasonic welding of injectionmolded carbon
fiber/polyamide 66 composite (dimensions in mm).

Fig. 2 — Sketch of the temperature measurements during
the ultrasonic welding of injectionmolded, 4mmthick
lapped carbon fiber/polyamide 66 composite without an en
ergy director (dimensions in mm).
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to welding. When ultrasonic triggering
was performed, the horn was pressed
onto the workpieces for 2 s and then
ultrasonically vibrated until the preset
time was reached. The welded work-
pieces were held for 3 s to solidify the
molten material. All specimens were
welded using a 7075 aluminum horn
with a diameter of 18 mm.

Temperature Measurement

     To analyze the influence of preheat-
ing temperature during UW on tensile
and fatigue properties, the tempera-
ture evolutions at the faying interface
near the periphery of the horn (loca-
tion 1) and in the middle of the upper
workpiece near the periphery of the
horn (location 2) were measured. Fig-
ure 2 shows the experimental setup
for temperature measurements. A
small hole with a diameter of 1.0 mm
was drilled at the side of the middle-
upper workpiece. Another hole was

drilled at 0.2 mm from the bottom
surface. Two K-type thermocouples
were embedded into the two small
holes and secured with epoxy com-
pound to fix the thermocouples. The
temperature sampling rate was at an
interval of 50 ms, and the temperature
profiles at these two locations were
recorded as a function of time using a
data acquisition system during UW.

Shear Tensile and Fatigue Tests

     The shear tensile and fatigue tests
were performed by an MTS 810 servo-
hydraulic testing machine at ambient
temperature. To minimize the bending
stresses inherent in the test, two filler
plates were attached to both ends of
the specimen using masking tape to
accommodate for sample offset. For
the shear tensile test, the specimens
were loaded at a stroke rate of 2.0
mm/min. Three replicates were per-
formed, and the average joint strength

was reported. For fatigue test, load-
controlled sinusoidal tension-tension
fatigue tests were carried out using a
sinusoidal waveform and in tension-
tension mode. The cyclic frequency
was 30 Hz, and sinusoidal load cycles
were applied with the load ratio R =
0.1. The fatigue test was either run un-
til fatigue failure or terminated when
the number of cycles reached 5 × 106

(runout). During the load controlled
fatigue tests, the axial strain was
measured. Maximum and minimum
strain values were recorded for each
load cycle, whereas full stress-strain
cycles were recorded at fixed time in-
tervals. Three joints were tested at
each maximum load.

Characterization of the Material

     The morphologies of the welds after
the fatigue tests (i.e., the fractured
workpieces and faying surfaces) were
characterized by scanning electron mi-
croscopy (SEM, JSM 6700F). All sam-
ples were sputter-coated with plat-
inum for 50 s before the SEM analysis
to induce conductivity. Thermogravi-
metric analysis of Cf/PA66 was per-
formed by TG/DTG techniques (a Lin-
seis STA PT 1600). The heating rate
was 5°C/min under air, and the initial
sample weight was approximately 
10 mg. 
     The chemical structure of the poly-
mer surface was characterized using
the fourier transform infrared spec-
troscopy (FTIR) Perkin Elmer Spec-
trum One. Pellets made of Cf/PA66
powder were diluted in KBr, and the
FTIR spectra were recorded between
4000 and 400 cm−1. The powder was
obtained by grinding in an agate mor-
tar with pestle under an infrared lamp.
     Dynamic mechanical analysis was
carried out to investigate the effects of
temperature and frequency on the vis-
coelastic properties of the Cf/PA66
composite. Specimens with dimen-
sions of 38 × 8.5 × 4 mm were subject-
ed to three-point bending with a span
length of 20 mm. An oscillating force
was applied (maximum of 4 N) to yield
a constant deflection amplitude of 30
m. Measurements were conducted
over the temperature range of 23° to
200°C with a heating rate of 2°C/min
and under fixed frequencies (1, 2, 5,
and 10 Hz). The moduli at 20 kHz were
extrapolated by time-temperature 

Fig. 3 — Effect of welding time on peak load and welding area of joints fabricated
with various preheated workpieces.

Table 1 — Fatigue SN Curve Data for UltrasonicWelded Cf/PA66 with Various 
Preheating Temperatures

  Preheating                Coefficient A        Exponent          Endurance Limit (MPa)          R2

Temperature                    (MPa)                     b                  Based on 5 × 106 Cycles
        (°C)

         25                                10.5                 –0.12                                 10                           0.94
         75                                11.5                 –0.14                                  8                            0.98
       125                               8.43                 –0.09                                 13                           0.97
       175                              10.82                –0.15                                6.6                          0.93
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superposition. 

Results and Discussion

Effect of Preheat Treatment on
Joint Tensile Strength

     Three preheating temperature levels
(i.e., 75°, 125°, and 175°C) were select-
ed to investigate the effect of preheat
treatment on the tensile strength of
the ultrasonic-welded Cf/PA66. The
nonpreheated joint (25°C, ambient
temperature) was also evaluated for
comparison. Figure 3 presents the in-
fluence of different preheating temper-
atures on the peak load and welding
area of the joints with different weld-
ing times under 0.15 MPa. 
     Both the preheated and as-welded
(i.e., nonpreheated) welds followed a
similar trend as the welding time var-
ied. In particular, the peak load initial-
ly increased with the welding time and
then decreased, whereas the welding
area increased first and then ap-
proached a plateau. As expected, the
optimal welding time for the joint with
maximum ultimate tensile strength
decreased with increasing preheating
temperature. The optimal welding
time for workpieces preheated at vari-
ous temperatures (25°, 75°, 125°, and
175°C) were 2.1, 2.1, 1.5, and 1.3 s, re-
spectively. The maximum peak loads of
all-welded workpieces were compara-
ble mainly due to the similar welding
areas (Ref. 23). 
     The failure mode of the joints was
also analyzed. Visual examinations of
the fractured joints indicated that the
joints fabricated with the optimal weld-
ing time, as well as those that exceeded
the optimal welding time, were likely to
exhibit workpiece breakage regardless of
the preheating temperature. By con-
trast, the joints with insufficient weld-
ing areas (less than the optimal welding
time) likely displayed interfacial failure
— Fig. 4A. Interfacial failure occurred
mainly because the insufficient welding
area could not bear the tensile force,
breaking through the weld. 
     With a sufficient welding area, the
stress distribution of the welded joint
during the tensile test under a given
static load was modeled with the finite
element method using the commercial
software ANSYS 15.0. The welding area
remained virtually constant at 450

mm2, and the thickness of the weld
joint was approximately 0.15 mm based
on the microstructural observation of
the ultrasonic-welded joints. Thus, a
cylinder with a diameter of 24 mm and
a height of 0.15 mm was used to simu-
late the weld area of the ultrasonic-
welded joint, and placed directly in the
weld zone to present the weld joint. 
     For simplification, the Cf/PA66
composite with 30 wt-% fiber was con-
sidered an isotropic material mainly
because of the homogenous carbon
fiber distribution in the matrix. The
type of element used for analysis was
solid-brick 8 node 185, and a free
mesh (smart size 1) was used for
meshing. To simplify the simulations
of the weld joint in favor of the ANSYS
capacity for solving these long-form-
ing path parts, the lower workpiece
was considered fixed in the x (width
direction), y (length and tensile direc-

tion), and z directions (thickness 
direction), whereas the upper work-
piece was fixed in the x and z direc-
tions as boundary conditions. The
stress distribution during the tensile
test at the faying interface is present-
ed in Fig. 4B. When the welding area
approached a plateau and carried
force, the stress was concentrated se-
verely along the vicinity of the weld re-
gion during the tensile test. The work-
piece was likely to break at the maxi-
mum stress position in the region of
stress concentration.

Effect of Preheat Treatment on
the Joint Fatigue Strength

     A shorter welding time is preferred
when the tensile strength of the joint
is similar because of its efficiency and
because a longer time would cause
thermal decomposition of the material

Fig. 4 — Failure modes and stress distribution during tensile testing of the ultrasonic
welded Cf /PA 66 composite.

Fig. 5 — Fatigue life data for the lapwelded Cf /PA66 composite with various preheating
temperatures. Each arrow denotes one runout specimen.

A B
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(Ref. 24), which is deleterious to the
mechanical properties of the joint. Ac-
cording to the results in Figs. 3 and 4,
all joints made with the optimal weld-
ing time exhibited workpiece break-
age, and the corresponding tensile
strengths were 36, 35, 37, and 32
MPa, respectively. The tensile
strengths for joints with preheating
temperatures of 75° and 175°C were
slightly lower than those of the as-
welded joint and the joint from the
workpieces preheated at 125°C.

     The ‘‘strength-life equal rank as-
sumption’’ (Refs. 25, 26) proposes that
a material with great tensile strength
will possess a long fatigue life. The joints
made with their optimal welding time
were adopted to investigate the fatigue
property of the ultrasonic-welded
Cf/PA66 composite. Notably, thermal
fatigue occurred when the surface tem-
perature in the lap section during the
fatigue test approached or exceeded the
glass transition temperature (Tg) (Refs.
14, 27, and 28). 

     Therefore, the temperature in the
lap section during the fatigue test was
measured by an infrared thermometer
and fluctuated within 25° and 33°C,
which was below Tg of the Cf/PA66
composite (73°C). This characteristic
confirmed the absence of thermal fa-
tigue, and all specimens failed by me-
chanical fatigue. Figure 5 presents the
results from the fatigue test of the
welded specimens. 
     The S–N curves (stress vs. number
of cycles to failure) were fitted with a
Basquin equation of the following
form (Ref. 14):

                     Smax = ANb
f                         (1)

where Nf is the number of cycles to
failure, and A and b are coefficients ob-
tained from the experimental data.
The coefficients, endurance limits, and
correlation coefficients (R2) are listed
in Table 1. These coefficients are strict-
ly fitting parameters that are valid
within the high-cycle testing range
and do not necessarily possess a physi-
cal meaning. Values of A varied with
the preheating temperature, and the
exponent b showed comparable values.
The S–N curves of different preheating
temperatures were nearly parallel to
one another.
     As shown in Fig. 5 and Table 1,
stress decreased with the number of
cycles under all conditions. The pre-
heating temperature exerted a com-
plex effect on the fatigue life and fa-
tigue strength of the joint. Compared
with the as-welded joint, the en-
durance limit decreased from 10 MPa
of the as-welded joint to 8 and 6.6
MPa for the joints with preheating
temperatures of 75° and 175°C, re-
spectively. By contrast, the preheating
temperature of 125°C improved fa-
tigue performance.
     The joints after the fatigue test
showed a fracture mode of workpiece
breakage, which usually occurred in
the upper workpiece. This was proba-
bly because the upper workpiece dissi-
pated more heat than the lower work-
piece. The fracture surfaces of the bro-
ken workpieces with various preheat-
ing temperatures were examined, and
the results are shown in Fig. 6. 
     The morphologies of the fractured
workpiece surfaces preheated at 25°
and 125°C were similar, and both
macrostructure and microstructure

Fig. 6 — Morphology of the fractured surface for upper workpieces with various preheat
ing temperatures after the fatigue test.

Fig. 7 — Temperature histories at locations 1 and 2 for joints made with various preheat
ing temperatures: A — 25C; B — 75C; C — 125C; D — 175C. 

A

C D

B
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appeared to be compact. By contrast,
for workpieces preheated at 75° and
175°C, some pores distributed in the
middle of the workpieces. The pres-
ence of pores in the workpiece may de-
crease the mechanical property of
Cf/PA66. Thus, the tensile strengths
for joints with preheating tempera-
tures of 75° and 175°C were slightly
lower than those of workpieces with-
out pores. These characteristics may be
related to the temperature history of
the joint during welding, which will be
discussed in the following section.

Effect of Preheat Treatment on
the Temperature Profile

     Based on the aforementioned re-
sults, preheating exerted a more pro-
found effect on the fatigue property
than on the tensile strength of the joint.
The maximum tensile strength for
joints made with preheated and nonpre-
heated workpieces ranged within 32 to
37 MPa, whereas the fatigue life differed
significantly. The difference in the ten-
sile strength and fatigue property was
probably correlated with the tempera-
ture history of the joint. To investigate
the effect of the preheating temperature
on the material and joint, the tempera-
ture distribution at locations 1 and 2
(Fig. 2) were measured. The results are
shown in Fig. 7A–D.
     The thermogravimetric analysis of
the Cf/PA66 composite with 30 wt-%
carbon fiber was conducted to show the
thermal property of Cf/PA66. The deriv-
ative weight curve is the differential of

the weight curve,
which denotes the
change in the
weight loss rate.
The mass loss and
the derivative
weight of the com-
posite as a func-
tion of tempera-
ture are presented
in Fig. 8. The de-
composition of
PA66 started at ap-
proximately 375°C
(5% weight loss),
and the rate of de-
composition in-
creased with the
increasing temper-
ature.
     According to
the temperature
profiles shown in Fig. 7, the tempera-
ture at locations 1 and 2 initially in-
creased with the welding time and de-
creased after the vibration stopped.
The temperature at location 1 in-
creased faster than that at location 2,
which was mainly because of existing
frictional heat and viscoelastic dissipa-
tion at the faying interface, whereas
only viscoelastic dissipation was pres-
ent in 
location 2. 
     A comparison of the temperature
histories of joints made of workpieces
preheated at 25° and 75°C revealed
that the temperature in location 2 in-
creased more rapidly, and the peak
temperature exceeded the thermal de-
composition temperature of the

Cf/PA66 composite. This quick increase
was likely related to the viscoelastic
property of the material. Figure 9
shows the storage and loss moduli of
the Cf/PA66 composite as a function of
temperature at 20 kHz. 
     The maximum loss modulus oc-
curred at about 73°C, which is Tg. The
correlation between the loss modulus
and viscoelastic heat could be expressed
as the following equation (Ref. 29):

where Q is the average power dissipat-
ed,  = 2f, f is the applied frequency,
 is the maximum of the strain, and E
is the loss modulus. The welding time
of the ultrasonic process was short

Q = ��2E''
2

(2)

Fig. 8 — Weight and derivative weight curves for the carbon
fiber/polyamide 66 composite with 30 wt% fiber. 

Fig. 9 — Temperature dependence of the storage and loss moduli
of the Cf /PA66 composite at 20 kHz.

Fig. 10 — FTIR spectra of the Cf /PA66 composite at the middle of
the fractured upper workpiece.

Derivative
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(several seconds), and the temperature
of the material increased rapidly. This
duration was too short for the materi-
al to transform its state during weld-
ing, so the initial loss modulus of
Cf/PA66 (after preheating and before
UW) was applied as the loss modulus
of the composite during welding. 
     For the joint made with the work-
pieces preheated at 75°C, a large loss
modulus was observed, indicating great
viscoelastic dissipation within the mate-
rial. Therefore, the temperature in loca-
tion 2 increased faster than that in loca-
tion 1. The energy conducted to the
weld zone decreased because more ener-
gy was dissipated by the material. Thus,
the temperature rising rate at the faying
interface (i.e., location 1) decreased (Fig.
5B). As the preheating temperature fur-
ther increased to 125°C, the loss modu-
lus decreased, and the temperature at
location 2 decreased below the decom-
position point. The loss modulus
changed slightly with a preheating tem-
perature of 175°C. However, the initial
temperature of the workpiece was high,
so decomposition temperature was easi-
ly reached or exceeded under ultrasonic
vibration. 
     Based on the temperature profiles
in Fig. 7B and D, it can be reasonably
assumed that the pores in the upper
workpiece (shown in Fig. 6) were at-
tributed to the thermal decomposition
of the polyamide 66 composite. To val-
idate this assumption, the materials in
location 2 for joints subjected to vari-
ous preheating temperatures were

characterized using FTIR. The results
are presented in Fig. 10. 
     Absorption bands around 3300
and 3400 cm−1 in Cf/PA66 correspond-
ed to hydrogen-bonded N-H stretching
and free N-H stretching, respectively
(Ref. 30). The peaks at 1650 cm−1 were
ascribed to C = O stretching (Ref. 31).
Comparing these spectra, the intensi-
ties of absorption peaked at 3300 to
3400 cm−1, and 1650 cm−1 changed
with the preheating temperature. The
intensities of the peaks were similar
for 25° and 125°C preheating tempera-
tures, and decreased gradually for pre-
heating temperatures of 7° and 175°C.
These characteristics indicated that
the number of hydrogen-bonded N-H
groups decreased, demonstrating that
the polyamide was partly thermally
decomposed (Ref. 30). This character-
istic would cause a loose structure and
decrease the properties of the Cf/PA66
composite (Ref. 32). As observed from
Fig. 6, a relatively large amount of
pores formed during welding, especial-
ly for a short duration of 1.3 s. This
phenomenon will be elaborated upon
later in this study.

Effect of Preheat Treatment on
the Faying Surface

     The different temperature profiles
during welding could produce a pro-
found influence on the structure and
properties of the joint, which were
closely correlated with the structure of
the weld joint. Thus, the faying sur-

faces of the joints after fatigue tensile
testing were examined. The results are
presented in Fig. 11. 
     Some small voids were observed in
the faying interfaces of the workpieces
subjected to 25° and 125°C preheating,
whereas the small voids grew into
large pores (marked as porous region)
for those treated at 75° and 175°C. A
porous region appeared within the
weld region. The microstructure of the
weld region was relatively compact
with a small quantity of voids, which
was likely due to slight decomposition
or shrinkage cavities (Ref. 31). The car-
bon fibers at the faying interface reori-
ented themselves toward parallel dis-
tribution to the weld joint. The mi-
crostructure of the porous region was
loose with large pores and cracks.
Combining the temperature profile
and microstructure shown in Figs. 6
and 7, the porous region was probably
caused by the thermal decomposition.
In addition, the porous region was
mainly concentrated within the weld
region, which could be explained by
the simple illustration in Fig. 12.
     As noted from the aforementioned
results, the faying interface exhibited
the maximum temperature, which in-
creased through friction and viscoelas-
tic dissipation. The melted material at
the faying interface flew along the
weld joint bilaterally under the weld
force. Some voids appeared in the weld
joint, as shown in Fig. 12A. For joints
made with workpieces pretreated at 
25° and 125°C, the temperature in the
middle-upper workpiece was below the
decomposition temperature, and no
obvious pores were observed. Thus,
the weld formation process was simi-
lar to that shown in Fig. 12A, and no
evident porous region was observed at
the faying interface.
     Figure 12B shows the weld forma-
tion for joints with temperatures
above the decomposition point in the
middle of the upper workpiece. The
material in the middle of the upper
workpiece produced some voids due to
polyamide decomposition, but the
voids could not have been instantly ex-
pelled out. The voids grew into large
pores, and the melt fluidity increased
with the increase in temperature. The
pressure in these pores was large, and
the large pores extended to the faying
interface, which squeezed the melted
material out. As the welding proceed-

Fig. 11 — Morphology of the fractured faying surface for welded workpieces with various
preheating temperatures after fatigue testing.
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ed, an increasing amount of the mate-
rial was squeezed out. As a result, a
loose porous region appeared in the
weld region, and a large amount of
pores was produced in the middle of
the material. 
     Figure 12C shows the microstructure
of the joint made with the workpieces
preheated at 175°C, thereby confirming
the assumption on weld formation.
These results indicated that a high tem-
perature (i.e., above the decomposition
temperature of 375°C) within the upper
workpiece was detrimental to the weld.
The temperature within the upper work-
piece mainly depended on the viscoelas-
tic dissipation of the material. As a re-
sult, the suggested preheating tempera-
ture should focus on those ranges where
the loss modulus of the material is rela-
tively small. 
     According to the above results, the
joints fabricated from workpieces
without preheating and subjected to a
preheating temperature of 125°C
showed superior microstructure and
mechanical properties. In theory, the
larger temperature gradient in the ma-
terial is more likely to introduce ther-
mal stress concentration (Ref. 33).
Consequently, pretreatment at 125°C
is supposed to be an effective method
in terms of efficiency and long-term
service. 
     To validate this theory, the mi-
crostructures of these joints subjected
to 1.75 kN after 1 × 106 cycles were ex-
amined. Notably, the stress concentra-
tion at the final solidification zone
(weld end) was the most severe posi-
tion due to the inhomogeneous heat-
ing (Ref. 34, 35). Thus, the microstruc-
tures of the weld ends with and with-
out preheating are shown in Fig. 13.
Cracks were present in the upper
workpiece after 1 × 106 fatigue cycles
for the joint without preheating,
whereas no visible cracks were pro-

duced for the joint
fabricated from the
preheated work-
piece of 125°C.
     With the preheat
treatment, the tem-
perature gradients
in the thickness di-
rection (perpendicu-
lar to the tensile di-
rection) and length
direction (tensile di-
rection) were small-
er during cooling
compared with the nonpreheated weld
(Fig. 7A and C). Accordingly, the tem-
perature gradient at location 1 for pre-
heating temperature of 125°C was
smaller than that at 25°C, which mini-
mized thermal stress and hindered
crack initiation and propagation.
These results confirmed that preheat-
ing at 125°C was a suitable method to
improve the fatigue life of ultrasoni-
cally welded Cf/PA66 composite.

Selection of Preheating 
Temperature 

     Preheat treatment significantly in-
fluences the fatigue property of ultra-
sonic-welded joints. Therefore, select-
ing the optimal preheat temperature
should be a priority. According to a
previous study (Ref. 23) and experi-
mental results, the fatigue property of
the joint is closely related to the
nugget size and decomposition in the
upper workpiece. Thus, an optimal
preheating process should provide the
joint with a stable maximum welding
area and avoid decomposition at loca-
tion 2, which means the required time
to obtain a stable maximum welding
area (t1) should be smaller than the
time for decomposition at location 2
(t2). 
     Extensive experiments (with various

preheating temperatures) were conduct-
ed, and the corresponding temperature
profiles were recorded. The correlation
between preheating temperature and
t1/t2 is shown in Fig. 14. 
     The overall tendency of these times
decreased with the increase in pre-
heating temperature. The decrease rate
of t2 was quicker than that of t1 main-
ly because a certain duration at a high
temperature (above melting tempera-
ture) was required to obtain a stable
maximum welding area. 
     A distinct characteristic presented
in Fig. 14 shows that a peak and valley
occurred in the curves of t1 and t2 in
the range of 55° to 95°C, respectively.
This phenomenon was closely related
to the loss modulus of the material. At
this preheating temperature range
(55° to 95°C), the loss modulus in-
creased to its maximum, leading to the
maximum viscoelastic dissipation in
the material, which accelerated the
temperature increase at location 2 and
decreased t2. 
     More heat was dissipated in the
material, so a longer welding time was
required for the faying interface to ob-
tain a stable maximum welding area.
Therefore, three intersection points di-
vided the preheating temperature
range into four regions: R1 (25° to
55°C), R2 (55° to 95°C), R3 (95° to

Fig. 12 — Schematic diagrams showing the effect of preheat
treatment on the formation of the weld region. 
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145°C), and R4 (145° to 175°C). 
     In the R2 and R4 ranges, t2 was
smaller than t1, indicating that de-
composition occurred before the sta-
ble maximum welding area ap-
proached. Thermal decomposition re-
sulted in a porous region in the joint,
which was detrimental to the fatigue
property of the joint. For the R1 and
R3 ranges, t2 was larger than t1, sug-
gesting that slight or no decomposi-
tion occurred in the joint when the
stable maximum welding area was
reached, which was applicable temper-
ature ranges for the preheating. As dis-
cussed in the previous section, a high-
er preheating temperature could de-
crease the temperature gradient in the

joint and the cracking tendency. Ac-
cordingly, the preheating temperature
for ultrasonic-welded, carbon-fiber-
reinforced polyamide 66 should be se-
lected from R3 (95° to 145°C).

Conclusions
     1) With preheating at different
temperatures, the joints made with
the optimal welding time presented
similar tensile strengths and exhibited
workpiece breakage, which was attrib-
uted to the similar weld areas. The op-
timal welding time for the preheating
temperatures of 25°, 75°, 125°, and
175°C were 2.1, 2.1, 1.5, and 1.3 s, 
respectively.

     2) When the temperature in the
middle of the upper workpiece near
the periphery of the horn exceeded
the decomposition point of the com-
posite (375°C) during welding for the
joints made of workpieces with differ-
ent preheating temperatures, the com-
posite decomposed and the fatigue
property of the joint deteriorated.
     3) The joint welded with preheated
workpieces of 125°C exhibited the
highest endurance limit, which in-
creased by 30% of that without pre-
heating. The good fatigue performance
was attributed to the avoidance of de-
composition in the composite as well
as the decrease in the temperature gra-
dient in the joint during ultrasonic
welding.
     4) The suitable preheating tempera-
ture for ultrasonic-welded, carbon-
fiber-reinforced polyamide 66 was
within the range of 95° to 145 °C.
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