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This paper addresses the sensitivity of the ultrasonic welding process for joining dissimilar composites to varia-
tions in either the welding force or amplitude of vibrations. For that, carbon fibre (CF)/epoxy specimens were
welded to CF/polyetheretherketone (PEEK) specimens, through a polyetheretherimide (PEI) coupling layer co-
cured with the CF/epoxy material. It was found that reducing either the welding force or the amplitude of
vibrations caused an increase in the heating time and maximum temperatures between the coupling layer and

CF/epoxy adherend. In addition, local signs of thermal degradation were found in the CF/epoxy adherend even
at welding conditions that resulted in the highest strength. However, such alterations were not significant enough
to have an apparent effect on the maximum lap shear strength of the welded joints.

1. Introduction

In the last decades the aerospace industry has been showing an in-
creasing interest in thermoplastic composites not only due to their ap-
pealing properties like fast processing, high damage tolerance, virtually
infinite shelf life and chemical resistance but also because they can be
welded. Welding can lead to much shorter assembly times as compared
to adhesive bonding in which long curing cycles are normally required,
and can eliminate the drilling of holes (which is not composite friendly,
as it adds complexity in the manufacturing process and introduces dis-
continuities in the fiber reinforcement and point loads) as in mechanical
fastening [1,2]. Even though welding is primary used for thermoplastic
materials, it can also be applied to join thermoset to thermoplastic com-
posites. Thus, it could, for instance, constitute a good alternative to the
mechanical fastening process currently used to attach the thousands of
carbon fiber (CF)/polyetheretherketone (PEEK) clips and brackets to the
CF/epoxy skin of the Airbus A350 and Boeing 787 aircraft [3].

Thermoset composites can be welded indirectly through a thermo-
plastic medium. As a common practice, a thermoplastic film, hereafter
referred to as coupling layer, is attached on top of the surface of the
thermoset composite that needs to be welded. There are several ways to
achieve a bond between the coupling layer and the thermoset compos-
ite. One is to use a fiber fabric reinforcement partially impregnated with
a thermoplastic resin. The rest of the fabric is impregnated with the ther-
moset resin during the curing process leading to mechanical interlock-
ing as the primary bonding mechanism [4]. Another method is to treat
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the thermoplastic film with ultraviolet ozone (i.e. a surface treatment in
which contaminations on the surface of the specimens are dissociated
after absorbing UV rays) in order to enhance its adhesion with the ther-
moset composite [5]. Finally, using a thermoplastic film that is partially
miscible with the thermoset resin, as in the case of polyetherimide (PEI)
and epoxy resins [3,6,7], results in the creation of a gradient interphase,
i.e. a gradient transition from one material to the other, during the cur-
ing process. This last method is considered a reliable way to bond the
thermoplastic coupling layer with the thermoset composite adherend
[8].

One of the main challenges when welding advanced thermoset to
thermoplastic composites is that in order to melt the thermoplastic ma-
trix high temperatures need to be reached. This could pose a great risk
for thermal degradation of the thermoset composite, since those tem-
peratures are generally above its operational temperatures. One way
to significantly limit this risk is by generating heat in a very fast man-
ner, to prevent the degradation mechanisms from occurring [5]. Among
the well-known thermoplastic composite welding techniques, ultrasonic
welding offers the shortest heating times (even less than 500 ms when
high welding force and amplitude of vibrations, e.g. 1200 N and 86 pm
(peak-to-peak) were chosen) [9], thus it is an excellent candidate for
joining the two dissimilar composites. Ultrasonic welding is a joining
process based on the introduction of high-frequency and low-amplitude
vibrations transverse to the interface to be welded [10,11]. In order to
promote local heat generation an energy director (ED), either resin pro-
trusions molded on the adherends or a loose neat resin film, is commonly
placed at the welding interface [12]. Ultrasonic heat generation is based
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on surface friction and viscoelastic heating [13,14], which are mainly
driven by the static force and by the amplitude of the vibrations applied
during the welding process [15]. A combination of high welding force
and high amplitude of vibrations (in this context the highest values in
which the maximum consumed power does not exceed the limits of the
specific welding machine in use) leads to short heating times, even be-
low 500 ms, which, as indicated before, is regarded as beneficial when
welding thermoset to thermoplastic composites.

The suitability of ultrasonic welding for welding thermoplastic and
thermoset composites has been shown in a number of studies. A study
by Villegas and van Moorleghem [3] on ultrasonic welding of CF/epoxy
and CF/PEEK adherends through a PEI coupling layer showed a promis-
ing average lap shear strength (LSS) of 28.6 + 2.3 (average + standard
deviation) MPa. Lionetto et al. [16] presented a comparison between ul-
trasonic and induction welding as potential solutions to join CF/epoxy
specimens through poly-vynil-butyral coupling layers. That study re-
vealed superior mechanical performance and overall weld quality of the
ultrasonically welded specimens. The authors of the present study in-
vestigated in [8] the possibility of ultrasonically welding CF/epoxy to
CF/PEI specimens solely through the PEI coupling layer. The conclu-
sion was that an ED is required at the interface to help generate heat
locally, without risking excessive bulk heating and thermal degrada-
tion in any of the adherends. Moreover, the LSS of welded CF/epoxy to
CF/PEI specimens through a PEI film acting as ED plus a 60 pm-thick
PEI coupling layer was found to be similar to that of reference co-cured
CF/epoxy and CF/PEI composites. In a later study [17], the authors of
this study assessed the effects of the material of the ED and the thick-
ness of the PEI coupling layer on ultrasonic welding of CF/epoxy to
CF/PEEK adherends. It was shown that, for that specific material combi-
nation, a 250 um-thick PEI coupling layer results in higher LSS than the
60 um-thick coupling layer. In particular, the LSS of the specimens with
a 250 pm-thick layer was comparable to the LSS of reference CF/PEEK
welded specimens. Compared to the study in [8] in which a 60 pm-
thick PEI coupling layer was sufficient to produce welds with accept-
able mechanical performance, the PEEK matrix has a higher melting
temperature than the softening temperature of PEL, which increases the
risk of thermal degradation of the epoxy resin. Finally Villegas and Ru-
bio showed in their study [5] that using a combination of high welding
force and high amplitude of vibrations to join CF/epoxy to CF/PEEK ad-
herends, resulted in short heating times and consequently in absence of
thermal degradation in the CF/epoxy adherend. On the contrary, long
heating times induced by selecting a low welding force and low am-
plitude of vibrations caused visible signs of thermal degradation in the
CF/epoxy adherend.

All the above-mentioned studies on ultrasonic welding of thermo-
plastic to thermoset composites were carried out using the highest weld-
ing force and amplitude combinations allowed by the ultrasonic welder
(i.e., those in which the maximum consumed power did not exceed the
limit of the machine) combined with an optimum vibration time, defined
as that which lead to maximum weld strength. Studies on the flexibility
of the process with regards to variations on any of those three parame-
ters are still scarce. They are however important in order to establish the
robustness of the process, especially when considering future industrial
applications. In a recent study [18], we investigated the sensitivity of
ultrasonic welding of CF/epoxy to CF/PEEK composites to the heating
time. It was shown that high-strength welds could be obtained for a rela-
tively wide range of heating times, indicating that ultrasonic welding of
dissimilar composites is not as sensitive to the heating time as originally
suspected. It is however still unknown whether the process could also
allow some flexibility regarding variations on the welding force and the
vibrational amplitude.

Therefore, the main focus of the present study is to determine the
sensitivity of the ultrasonic welding process of CF/epoxy to CF/PEEK
composites to variations in the welding force and the amplitude of vi-
brations, in particular a decrease from the high values used for both
parameters in previous studies. Firstly, the effect of a decrease in either
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Table 1

Thermal properties of the PEI and PEEK resins.
Material T, (°C) T, CC)
PEI 2152 -
PEEK 143° 343b

2 Technical datasheet of LITE PEL
b Technical datasheet of Victrex PEEK.

the welding force or the vibration amplitude on the welding process was
assessed through i) analyzing the welding output, i.e., dissipated power
and displacement of the sonotrode, provided by the welder and ii) mea-
suring the temperature in between the coupling layer and the CF/epoxy
material, since the latter is the one at higher risk of thermal degrada-
tion. Secondly, the effects of a decrease in the force or the amplitude on
(i) the maximum achievable LSS and (ii) in the heating time resulting
in the highest strength. The mechanical performance of the welds was
assessed through single-lap shear tests and fractographic analysis.

2. Experimental procedure
2.1. Materials and manufacturing

In this study, Cetex® CF/PEEK (carbon fiber/polyetheretherketone)
prepreg with a 5-harness satin fabric reinforcement, manufactured by
TenCate Advanced Composites (the Netherlands) was used as the TPC
adherend. Its thermal properties can be found in Table 1. CF/PEEK
prepreg plies arranged in a [0/90]5, stacking sequence were consoli-
dated in a hot-platen press at 385 °C and 1 MPa for 30 min. The thickness
of the consolidated laminates was1.88 + 0.01 mm (average + standard
deviation, measured at 6 locations).

A T800S/3911 unidirectional CF/epoxy prepreg provided by TORAY
(Japan) was used as the TSC adherend. Individual plies were manually
laid up in a [0/90], ¢ configuration. A 175 + 2 pm-thick PEI film (10
measurement locations on the as-received film) from LITE (Germany)
was used as the coupling layer. The PEI material was chosen due to its
partial miscibility with most epoxy resins [6] as well as miscibility with
the PEEK resin at the melting temperature of the latter [19]. It should
be noted that co-curing the 175 pm-thick coupling layer on only one
surface of the TSC laminate resulted in post-cure warpage, possibly be-
cause of the different thermal expansion coefficient of the CF/epoxy and
PEI materials. Hence, the PEI film was co-cured to both outer surfaces
of the CF/epoxy laminates, leading to flat laminates. Annealing would
be an interesting alternative to release some of the residual stresses that
result in warpage of the laminates. However, it should be further inves-
tigated to which extent annealing would solve the problem. Prior to its
application on the pre-preg stack, the PEI coupling layer was degreased
with isopropanol. The thermal properties of the PEI film can be found in
Table 1. The CF/epoxy laminate with the PEI films was cured in an auto-
clave at 180 °C and 7 bars for 120 min, according to the specifications of
the manufacturer. To ensure smooth surfaces on both sides of the lami-
nate, an aluminum caul plate was used on the side of the vacuum bag.
The final thickness of the CF/epoxy/PEI laminate was2.46 + 0.01 mm
(average + standard deviation, measured at 6 locations). In our pre-
vious study [8] we found that an approximately 25 ym-thick gradient
epoxy/PEI interphase was formed between these epoxy and PEI materi-
als during the curing process. The gradient interphase consisted of epoxy
spheres dispersed in the PEI resin. The diameter of these spheres was
smaller closer to the PEI film than in the region with high epoxy resin
content. More information on how the interphase was developed and its
main features can be found in [8].

CF/PEEK and CF/epoxy/PEI adherends with dimensions 25.4 mm
X 106 mm were cut from the laminates using a water-cooled circular
diamond saw. The CF/PEEK adherends were cut with their longitudi-
nal direction parallel to the main apparent orientation of the fibers. The
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CF/epoxy/PEI adherends were cut with their longitudinal direction par-
allel to the 0° fibers on the outer surfaces of the laminate.

2.2. Welding process

Individual specimens were welded with a HiQ DIALOG SpeedControl
ultrasonic welder (Herrmann Ultraschal, Germany) using the custom-
made clamping jig shown in Fig. 1a. The jig comprised two separate
clamping systems for the top and bottom adherend and was designed
to minimize bending of the top adherend during the welding process.
Displacement-controlled welding was used, which means that the vi-
bration time was indirectly controlled by stopping the process at spe-
cific displacements of the sonotrode. The specimens were welded in
a single-lap configuration with a 12.7 mm long and 25.4 mm wide
overlap and using a 250+2 ym-thick (based on 10 different measure-
ments) PEEK film provided by Victrex (the Netherlands) as energy di-
rector (ED). The ED was cut 4 mm longer than the overlap and attached
on the CF/epoxy specimen with adhesive tape. A standard rectangular
sonotrode with contact surface dimensions 30 mm x 16 mm was uti-
lized. Note that the contact surface of the sonotrode was slightly bigger
than the overlap (i.e., 25.4 mm x 12.7 mm) in order to ensure welding of
the complete overlap (see Fig. 1b). Five welding combinations of weld-
ing force and peak-to-peak amplitude of vibrations were considered,
namely 1200 N/86 pym, 1200 N/70 pm, 1200 N/60 um, 800 N/86 ym
and 400 N/86 ym. 1200 N and 400 N were the highest and lowest force
values that could be selected to stay within the operating limits of the
machine, i.e., 5000 W maximum power. Likewise, 86 ym and 60 ym
were the highest and lowest peak-to-peak amplitude of vibrations that
could be selected. The middle values of 800 N and 70 ym were selected
for completion. The consolidation force was the same as the welding
force for each configuration and the consolidation time was fixed to 4 s.

2.3. Process characterization

Output provided by the welder in terms of consumed power and ver-
tical displacement of the sonotrode throughout the process was used to
evaluate the effect of changes in the welding force and amplitude of
vibration on the welding process. Furthermore, temperature measure-
ments at the interface between the coupling layer and the CF/epoxy
adherend were performed in order to evaluate effects on the way heat
was transferred from the welding interface to the CF/epoxy adherend.
For this purpose, K-type thermocouples with 100 um diameter were
placed between the coupling layer and CF/epoxy laminate prior to the
co-curing process. After the co-curing process, specimens were cut from
the laminate such that they had one thermocouple with its tip located
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Fig. 2. Schematic representation of the welding stacking sequence and the ther-
mocouple location in CF/epoxy adherends. Dimensions are not to scale.

in the center of the overlap (see Fig. 2). A data acquisition system built
into the ultrasonic welder was used to monitor the temperature at a sam-
pling rate of 1000 Hz. The temperature was measured in at least three
specimens per combination of welding force and amplitude. Note that
the results of the temperature measurements could not be directly re-
lated to the power consumed during the welding process (in particular,
energy or integral of the power over the welding time) since it not only
computes the actual power invested in the creation of the weld but also
power losses to the surroundings (adherends, welding jig and base).

2.4. Mechanical testing and fractography

The mechanical performance of the welded specimens was assessed
through single lap shear tests (ASTM D 1002 standard) performed in
a Zwick 250 kN universal testing machine. The apparent lap shear
strength (LSS) of the joints was calculated as the maximum load mea-
sured during testing divided by the overlap area. Note that even when
unwelded areas were present, the whole overlap was chosen to calculate
the lap shear strength since welding the whole overlap was the target.
At least five specimens were welded per combination of welding force
and amplitude to determine an average LSS value and its correspond-
ing standard deviation. Images of matching fracture surfaces taken via
a digital camera were used for the fractographic analysis of the welded
joints after mechanical testing. An optical microscope (Zeiss Axiovert
40) was used for cross-sectional analysis of as-welded specimens.

3. Results
3.1. Process characterization

Changes in either the welding force or amplitude of the vibrations
are expected to have an impact on the welding process and subsequently
the welding output. As part of this output, Fig. 3 shows representa-
tive power and displacement curves of specimens welded with different
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Fig. 3. Representative power (solid lines) and displacement (dashed lines) curves of the 1200/86, 800/86 and 400/86 configurations (3 welded specimens per

configuration). All specimens were welded up to 0.28 mm displacement.
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Fig. 4. Representative power (solid lines) and displacement (dashed lines) curves of the 1200/86, 1200/70 and 1200/60 configurations (3 welded specimens per

configuration). All specimens were welded up to 0.28 mm displacement.

welding forces and the same amplitude of vibrations (86 um peak-to-
peak). A first observation is that the initial constant value of the displace-
ment prior to the onset of the squeeze, most likely non-Newtonian, flow
dropped below 0 mm when the welding force was lower than 1200 N. In
particular, the initial displacement was around —0.08 mm in the 400/86
configuration; and between —0.02 mm and —0.04 mm in the 800/86
configuration. The time until the onset of the squeeze flow was sim-
ilar in the 1200/86 and 800/86 configurations, whilst in the 400/86
configuration it was approximately 100 ms longer. After this onset, the
displacement generally increased at a slower pace with decreasing force.
Regarding the power consumed during the welding process, a relatively
high variability and no clear trend on the effect of decreasing welding
force could be observed. The observed variability, which probably re-
sulted in masking of any potential trends, is attributed to variations in
the microscopic contact between ED and adherends which would lead
to variations in the amount of material initially welded and hence the
magnitude of the power peak.

Fig. 4 shows representative power and displacement curves of spec-
imens that were welded with different amplitude of vibrations and
the same welding force (1200 N). As seen in this figure, the time un-

til the onset of the downward displacement of the sonotrode, i.e. the
time until squeeze flow occurs at the welding interface [15], signifi-
cantly increased with decreasing amplitude. In particular, the time un-
til the displacement onset increased from an average of around 200 ms
in the 1200/86 configuration to around 450 ms in the 1200/70 con-
figuration and to around 700 ms in the 1200/60 configuration. Note
that the notation F/A refers to a welding process in which the welding
force amounted to “F” N and the peak-to-peak amplitude amounted to
“A” um. After its onset, the displacement increased at a slower pace
for decreasing amplitude, i.e., lower squeeze-flow rate for decreasing
amplitude. Regarding the evolution of the power consumed during the
process, the main difference was that the level at which the power sta-
bilized after a first pronounced power peak(s) was lower for decreasing
amplitude of vibrations.

Fig. 5 and Fig. 6 illustrate the temperature evolution at the interface
between the PEI coupling layer and the CF/epoxy adherend in configu-
rations welded with different welding forces and different amplitudes,
respectively. Regarding changes in the welding force, in the 1200/86
and 400/86 configurations the temperature increased at a similar pace.
However, the temperature in the 800/86 configuration increased sig-
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Fig. 5. Effect of decreasing force on temperature evolution at the interface between the PEI coupling layer and CF/epoxy adherend (three welding specimens per
configuration, up to 0.28 mm displacement in the 1200/86 and 800/86 cases, up to 0.18 mm in the 400/86 case). Diagonal arrows indicate the end of the vibration.
Vertical arrows indicate the end of the welding process (i.e., 4000 ms-long consolidation after the end of the vibration).
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Fig. 6. Effect of decreasing amplitude on temperature at the interface between PEI coupling layer and CF/epoxy adherend (three welding specimens per configuration,
up to 0.28 mm in all cases). Diagonal arrows indicate the end of the vibration. Vertical arrows indicate the end of the welding process (i.e., 4000 ms-long consolidation
after the end of the vibration). Note that the third measurement for the 1200/70 case contained significant noise and has not been included for clarity.

Table 2
Average temperatures reached in each configuration.

Configuration d (mm) T (average + stdv, °C)
1200/86 0.28 203 + 4

1200/70 0.28 274 £ 18

1200/60 0.28 338 + 24

800/86 0.28 339 + 27

400/86 0.20 254 + 19

nificantly faster. Regarding changes in the amplitude of vibrations, the
temperature increased at a similar rate in the 1200/86 and 1200/70
configurations. In the 1200/60 configuration the temperature increased
generally at a slower pace than the other two configurations. The maxi-
mum temperatures reached in all cases are found in Table 2. These max-
imum values were obtained when welding up to 0.28 mm displacement

(1200/86, 800/86, 1200/70 and 1200/60 configurations) and 0.18 mm
displacement (400/86 configuration), which, as shown in the next sub-
section, are the values beyond the displacement that resulted in the max-
imum average LSS (hereafter referred to as d,,), but that resulted in the
most significant differences in LSS. Note that in all cases the maximum
temperatures were reached moments after switching off the vibrations,
which is consistent with the fact that the temperatures measured re-
sulted from heat conduction through the PEI coupling layer.

3.2. Mechanical performance

Fig. 7 shows the LSS evolution versus the displacement of the
sonotrode for configurations welded with different welding forces. Note
that in our previous study [18], displacement values between 0.2 and
0.28 mm were considered to be within the processing window for weld-
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Fig. 7. Evolution of the LSS versus displacement of the sonotrode in the 1200/86, 800/86 and 400/86 configurations.

Table 3

Displacement values for maximum LSS, (d,,;), maximum LSS (LSS,,,,), corresponding heating times (t,,;) and ANOVA results that determined the d; range in each
configuration. Note that in ANOVA the F value indicates whether the variance between the means of two populations is significantly different. The p value is the
probability the results could have happened by chance. The hypothesis that the results were significantly different was rejected when the p value was lower than

0.05.
LSS« (average + stdv,

Configuration d,,, (mm) MPa) tns (average + stdv, ms) ANOVA results
1200/86 0.24-0.26 387 £22 467 + 57 - 494 + 57 F(1,14)= 0.6,

p = 0.44
1200/70 0.24-0.26 39.2 + 3.6 717 + 37 - 754 + 30 F(1,8)= 0.00,

p =0.99
1200/60 0.24-0.26 379 + 4.6 1053 + 45 - 1080 + 47 F(1,10)= 0.33, p = 0.57
800/86 0.22-0.26 40.2 + 2 471 + 12 - 543 + 17 F(2,12)= 1.63, p = 0.23
400/86 0.14-0.16 36.6 £ 1.2 571 + 18 - 604 + 16 F(1,8)= 2.7,

p =0.13

ing same type of adherends as in the current study and according to the
1200/86 configuration. As seen in this figure, decreasing welding forces
shifted the process towards lower displacement values. This shift was
particularly significant in the 400/86 configuration. The maximum av-
erage LSS values and corresponding displacements that were determined
using analysis of variance (ANOVA) (i.e., d;;;s) can be found in Table 3.
In both the 800/86 and the 400/86 configurations the LSS drop after
the maximum (at 0.28 mm displacement for 800/86 and at 0.18 mm
displacement for 400/86) was more pronounced than in the 1200/86
configuration.

The effect of changing the amplitude of vibrations on the average LSS
can be seen in Fig. 8 which represents LSS data for different sonotrode
displacement values in the 1200/86, 1200/70 and 1200/60 configura-
tions. As shown in this figure, the LSS values for all three configurations
were practically overlapped for displacement values up to 0.26 mm.
The maximum average LSS values were achieved in all configurations
at 0.24 mm and 0.26 mm according to ANOVA (see Table 3). After
0.26 mm the LSS drop was much more pronounced for the 1200/70
and 1200/60 configurations than for the 1200 N/86 configuration.

Table 3 also shows the range of the heating times corresponding to
the displacement values resulting in the maximum LSS (see Figs. 7 and
8) as provided by the ultrasonic welder. Decreasing the welding force
while keeping the amplitude constant resulted in a moderate increase of
the heating time, namely less than 10% time increase by decreasing the
welding force from 1200 to 800 N and an additional 20% time increase
by further decreasing the welding force from 800 to 400 N. Decreasing

the amplitude while keeping the welding force constant significantly
increased the heating time needed to reach the maximum LSS, namely
around 50% time increase by decreasing the amplitude from 86 to 70 yum
and a further 40-50% time increase by further decreasing the amplitude
from 70 to 60 ym.

3.3. Fractography

The fracture surfaces of tested samples were used to better under-
stand the evolution of the LSS. Fig. 9 presents fracture surfaces of
1200/86 specimens welded at different displacement values. For all the
displacement values considered in this study, the predominant type of
failure was first-ply failure in the CF/PEEK adherend. At 0.24 mm the
specimens presented unwelded areas covering around 6% of the overlap.
Above 0.26 mm, failure also occurred in the CF/epoxy adherend. When
the welding force was decreased to 800 and further to 400 N (Fig. 10)
unwelded areas could not be found at d,;. In the 800/86 configuration,
specimens welded at d;,; (0.22 mm and 0.26 mm) featured a combina-
tion of first-ply failure in the CF/PEEK and in the CF/epoxy adherend.
In the 400/86 configuration, specimens welded at d;,; (0.14 mm and
0.16 mm) featured first-ply failure in the CF/PEEK adherend as well as
porosity and matrix failure (predominantly at the edges of the overlap
and covering approximately 50% of its total surface). Increasing the dis-
placement to 0.28 mm and to 0.18 mm in the 800/86 and 400/86 config-
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Fig. 8. Evolution of the LSS versus displacement of the sonotrode in 1200/86, 1200/70 and 1200/60 configurations.

Fig. 9. Representative matching fracture surfaces (CF/PEEK adherend at the top and CF/epoxy adherend at the bottom) of 1200/86 specimens welded at different
displacement values. The 0.24 mm and 0.26 mm displacements correspond to the maximum weld strength. The welded overlap is highlighted by the dashed lines.
The highlighted areas indicate unwelded areas. The arrows point at failure in the CF/epoxy adherend.

urations, respectively, resulted in predominant failure in the CF/epoxy
adherend.

Decreasing the amplitude while keeping the welding force at 1200 N
(Fig. 11) resulted in unwelded areas at 0.24 mm (around 6% and 10% of
the overlap in the 1200/70 and 1200/60 configurations, respectively),
similarly to the 1200/86 configuration. More importantly, decreasing
the amplitude resulted in local failure in the CF/epoxy adherend even
at d;; values, i.e., 0.24 and 0.26 mm. Further increasing the displace-
ment to 0.28 mm shifted the predominant failure locus to the CF/epoxy
adherend.

3.4. Cross-sectional analysis

Fig. 12 shows cross-sectional micrographs from approximately
the center of the overlap of specimens corresponding to each
force/amplitude configuration. In all cases the specimens were welded
at a displacement value that resulted in maximum LSS. The thickness of
the weld line (defined as the resin-rich area between the two composite
adherends) was 127 + 16 pm, 116 + 14 pm, 125 + 16 um, 128 + 13 um
and 126 + 11 pm in the 1200/86, 1200/70, 1200/60, 800/86 and
400/86 configuration, respectively. The thickness of the weld line was

hence lower than the initial thickness of both the PEEK ED (250 ym)
and of the PEI coupling layer (175 um), individually. Moreover, in all
cases, the weld line was composed of two distinct bands of roughly com-
parable thicknesses displaying different shades of grey. The dark grey
band was identified as PEI whilst the light grey band was identified as
PEEK.

4. Discussion

In previous work we looked into ultrasonic welding of CF/PEEK and
CF/epoxy composites through a PEI coupling layer at high welding force
and high amplitude values [3,17,18]. This procedure was based on the
hypothesis that the welding process needs to be as fast as possible (ac-
complished by using high force and high amplitude) to prevent the oc-
currence of thermal degradation in the CF/epoxy adherend [5]. This
would occur through a two-fold mechanism: i) short welding times can
limit the amount of heat transferred to the CF/epoxy adherend across
the coupling layer; and ii) short welding times would not allow for ther-
mal degradation reactions to occur even when the material is exposed
to high temperatures. In our previous study [18] we showed that, for a
combination of high force and high amplitude, the process offers some
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a) 800/86

b) 400/86

Fig. 10. Representative matching fracture surfaces (CF/PEEK adherend at the top and CF/epoxy adherend at the bottom) of a) 800/86 specimens and b) 400/86
specimens welded at different displacement values. The 0.22, 0.24 and 0.26 mm in a) and 0.16 mm in b) correspond to the maximum weld strength. The welded
overlap is highlighted by the dashed lines. The white arrows point at failure in the CF/epoxy adherend. The black arrows point at the areas with porosity.

flexibility in terms of heating time, with a processing interval of around
170 ms width. The question posed in the present paper is whether the
process also offers some flexibility in terms of variations (i.e., decrease)
of either the welding force or the amplitude.

4.1. Welding force variations (welding at d,;)

Decreasing the welding force from 1200 N to 800 N at a high vi-
bration amplitude (86 pm) did not significantly affect the maximum

achievable LSS (see ANOVA results in Table 4), which is consistent with
no significant changes in the heating times resulting in LSS, ,,, either
(Table 3). It did however cause changes in the way the welds failed: from
first-ply failure exclusively in the CF/PEEK adherend to also local first-
ply failure in the CF/epoxy adherend (Fig. 10a). Firstly, the insensitivity
of the heating time to the change in the welding force was surprising
considering prior research [12] in which the effect of the welding force
on the heating time was found to be very significant. That was mostly at-
tributed to the effect of the welding force on the contact at microscopic
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b) 1200/60

Fig. 11. Representative matching fracture surfaces (CF/PEEK adherend at the top and CF/epoxy adherend at the bottom) of a) 1200/70 specimens and b) 1200/60
specimens, welded at different displacement values. The 0.24 mm and 0.26 mm displacements correspond to the maximum weld strength. The welded overlap is
highlighted by the dashed lines. The highlighted areas indicate unwelded areas. The arrows point at failure in the CF/epoxy adherend.

Table 4
Analysis of variance (ANOVA) of maximum LSS values relative to the 1200/86
configuration.

Configuration Results

1200/70 F(1,12)= 0.11,p = 0.7
1200/60 F(1,15)= 0.21, p = 0.7
800/86 F(1,14)= 177, p = 0.2
400/86 F(1,12)= 3.64, p = 0.08

level between ED and adherends and hence on friction between the two.
In the particular configuration studied in the present paper, however,
the higher compliance of the ED-coupling layer interface could result in
a significantly lower effect of the force in the heating time. Secondly, the
occurrence of local failure in the CF/epoxy adherend is consistent with
the decrease in interlaminar strength associated with the occurrence of
thermal degradation [20] linked to the higher temperatures registered at
the interface between the coupling layer and the CF/epoxy adherend in
the 800/86 configuration. Indeed, by superimposing the heating times
resulting in LSS, (Table 3) to the temperature graphs in Fig. 5, one
can see that the temperature in the 800/86 configuration could be ex-
pected to reach around 280 °C at the d;, while it would be significantly
lower, around 150 °C, in the 1200/86 configuration. Nevertheless, the

occurrence of thermal degradation in these specimens welded at d
was apparently small enough to not have a measurable impact on the
maximum achievable LSS.

A further decrease in the welding force to 400 N caused a moder-
ate decrease in the maximum achievable LSS, which is consistent with
the longer heating times resulting in LSS,,. According to the results
of our statistical analysis (see Table 4), this LSS value was however not
significantly different from that obtained in the 1200/86 configuration.
Fracture surfaces (Fig. 10b) showed increased occurrence of matrix fail-
ure linked to porosity at the edges of the overlap, whilst first-ply failure
in the CF/PEEK adherend, and occasionally in the CF/epoxy adherend,
remained the main sources of failure in the center of the overlap. Poros-
ity at the edges of the overlap seemed to be linked to the combination
of high temperature and low pressure due to the lower consolidation
force. In fact, the temperature measured in the center of the overlap
was higher than that in the 1200/86 configuration (Fig. 5). On top of
that, as known from previous work [14], the temperature at the edges
of the overlap can be expected to be higher than that in the center of
the overlap owing to increased slippage.

It is interesting to note that decreasing the welding force did not
show a consistent trend on the temperatures measured at the interface
between the coupling layer and the CF/epoxy adhered (Fig. 5). On one
hand, decreasing the force from 1200 N to 800 N caused an increase in
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Fig. 12. Cross-sectional micrographs of representative specimens welded in different force/amplitude configurations and at the displacement value that resulted in
maximum LSS: a) 1200/86 (0.24 mm, b) 800/86 (0.24 mm), c) 400/86 (0.16 mm), d) 1200/70 (0.24 mm) and e) 1200/60 (0.24 mm), Arrows indicate the resin-rich

weld line between the two composite materials.

the maximum temperature (both at the d,; as well as the displacement
used in Fig. 5). On the other hand, further decreasing the force from
800 N to 400 N caused a decrease in the maximum temperature. Two
could be the reasons for this apparently inconsistent behavior. Firstly,
changing from 1200 N to 800 N welding force did not seem to affect
the time until onset of squeeze flow at the welding interface but it did
affect the squeeze flow rate (Fig. 3). Note that in this particular study,
both the energy director and the coupling layer experienced squeeze
flow, as evidenced by the decreased thickness and the somewhat wavy
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boundary between the two polymers evidenced in the cross-section mi-
crographs in Fig. 12. We hence believe that heat generation rates were
similar in both cases, as also evidenced by the fact that the temperature
curves were overlapping until approximately 250 ms into the welding
process (Fig. 5), which roughly corresponds with the time at which on-
set of squeeze flow occurred (Fig. 3). However, slower squeeze flow of
the molten polymer at the welding interface led to higher temperature
increase after the onset at 800 N welding force. Secondly, at 400 N weld-
ing force a longer time was needed for squeeze flow to occur (Fig. 3),
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which indicates slower heat generation. This might be related to in-
creased hammering causing less efficient amplitude transmission to the
welding interface(s) and hence less efficient heating during the initial
stages of the welding process [21]. It should be noted that the hammer-
ing phenomenon is known to be more pronounced when the welding
force is low [14], which would explain why it could have been more ap-
parent at 400 N than at 800 N welding force. Less efficient heating could
hence be the cause of the decrease in maximum temperatures observed
when decreasing the welding force from 800 N to 400 N.

4.2. Amplitude variations (welding at d,;,,)

The effect of decreasing the amplitude had a much more pronounced
effect on the heating time than decreasing the welding force (Table 3).
However, the maximum achievable LSS did not seem to be significantly
affected by the changes in amplitude either (Table 4). As already ob-
served when decreasing the welding force, decreasing the amplitude
did cause increased local first-ply failure in the CF/epoxy composite
(see Fig. 11). Similarly, the changes in failure were consistent with a
gradual increase of the maximum temperature at the interface between
the coupling layer and the CF/epoxy adherend (see Table 2 and Fig. 6).
The fact that, despite the significantly longer heating times, the effect
of lowering the amplitude did not differ much from that of lowering the
welding force could be attributed to the decrease in viscoelastic heat-
ing rate resulting from decreased amplitude. Indeed, viscoelastic heat
generation is proportional to the cyclic strain, or in other words the am-
plitude, squared [15]. This slower heat generation was evident from the
observation that reducing the amplitude mostly affected (increased) the
time until the onset of squeeze flow (Fig. 4).

4.3. LSS versus displacement

When looking at the sensitivity of the welding process to variations
in the controlling parameter, i.e., displacement of the sonotrode, in the
different force and amplitude combinations investigated in this study
(Figs. 7 and 8), there are two main apparent effects. Firstly, decreasing
the force or the amplitude caused a more severe drop of the LSS be-
yond d,;. This is linked to the prevalent occurrence of CF/epoxy failure
in those instances (Figs. 10 and 11). Secondly, decreasing the welding
force seemed to have a more pronounced effect on the LSS versus dis-
placement curves, by shifting the curves to lower displacement values.
However, that shift can be firstly linked to the decrease in the initial
constant value of the displacement caused by the lowering of the force
(Fig. 3). The fact that there was no statistically significant difference in
the weld line thickness (according to ANOVA: F(4,16)=0.47, p = 0.75)
also supports the previous statement. The changes in the initial con-
stant displacement values are likely related to a more notorious effect
of thermal expansion of the welding stack when the welding force is low
(especially evident in the 400/86 configuration).

5. Conclusion

The present study focused on assessing the sensitivity of ultrasonic
welding of CF/epoxy to CF/PEEK composites to decreasing either the
welding force (from 1200 N to 800 N and 400 N) or the amplitude of
vibrations (from 86 ym to 70 ym and 60 xm). As expected, decreasing
the welding force or the amplitude generally caused an increase of the
heating times required to obtain maximum weld strength, which was
attributed to a decrease in the heat generation rates. Additionally, the
temperature to which the CF/epoxy material was exposed during weld-
ing increased with decreasing force or amplitude. This temperature in-
crease resulted in partial shift of the locus of failure from the CF/PEEK
to the CF/epoxy adherend, interpreted as a sign of thermal degradation
in the latter. The maximum achievable lap shear strength was insensi-
tive to the above-mentioned changes, but faster degradation of the weld
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strength beyond that point was found in all the cases with lower force
or amplitude than the reference case.
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