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The effect of temperature on the lap shear strength (LSS) and failure mechanisms of ultrasonically welded carbon
fibre reinforced polyphenylene sulphide (CF/PPS) joints was investigated, correlating the weld performance to
the crystallinity degree of PPS at the weldline. The single-lap shear tests were carried out at temperatures ranging
from -50 °C to 120 °C on three series, one with amorphous and two with semi-crystalline weldline. The overall

Temperature . P . .
Failupre mechanism trend was decreasing LSS with increasing temperature and the largest LSS reduction was observed above the
Crystallinity glass transition temperature. Fractographic analysis revealed that the main failure mechanism at -50 °C was

matrix fracture while fibre/matrix debonding became more pronounced with increasing temperature. It was
demonstrated that higher degree of crystallinity of PPS at the weldline was beneficial at high temperatures (90 °C
and 120 °C) most likely due to the higher fibre/matrix interfacial strength compared to amorphous PPS. The
amorphous weldline was shown to be advantageous at -50 °C, probably due to the higher toughness and ductility

of amorphous PPS.

1. Introduction

To date, the effect of temperature on the mechanical performance
of thermoplastic composites (TPC) welded joints has not been stud-
ied extensively. The work presented in [1] demonstrated that the
strength of resistance welded glass fibre reinforced polyphenylene sul-
phide (GF/PPS) joints was governed by the strength of fibre/matrix in-
terface at all temperatures. In addition, it was also suggested that the
increase in testing temperature may partially relieve the compressive
radial stresses, formed between the fibres and the matrix during cool-
ing, and weaken the mechanical interlocking of the matrix around the
fibres. Rohart et al [2] found that resistance welded CF/PPS joints ex-
posed to a wide range of temperatures above room temperature (RT)
primarily failed at the interface between the heating element and the
matrix. In both studies, the largest reduction in lap shear strength (LSS)
occurred at temperatures higher than the glass transition temperature
(Tg) of PPS.

To the authors’ knowledge, no studies on the effect of temperature on
ultrasonically welded (UW) TPC joints have been published. Thus far,
much research on ultrasonic welding of thermoplastic composites has
been published focusing on the fundamental phenomena of the process
[3-6],0n the optimisation of the process [7-11], and on the development
and optimisation of continuous ultrasonic welding [12,13]. Fracture of
UW TPC joints at RT conditions primarily occurs within the composite
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substrates as broken fibres bundles can be seen on the fracture surfaces
[7,8]. It is well known that increasing temperature can cause strength
and modulus reductions in polymers [14,15], having also a detrimen-
tal effect on the fibre/matrix interfacial strength [16-19]. Considering
the effect of temperature on the elastic modulus of the matrix and the
fibre/matrix interfacial strength, as well as the effect of temperature on
resistance welded TPC joints, it seems plausible to expect that tempera-
ture could have a detrimental effect on UW TPC joints as well.

Apart from the temperature-dependent properties of TPC, another
important factor that can influence the performance of UW TPC joints
is the physical state of the polymer at the weldline. In a previous study
[20], it was shown that the ultrasonic welding process parameters had
a profound effect on the matrix crystallinity; depending on the welding
force and the vibration amplitude, the PPS matrix at the weldline of UW
CF/PPS joints could be predominantly amorphous or semi-crystalline.
The changes in crystallinity can have a significant effect on properties
such as the elastic modulus, the fibre/matrix interfacial strength, the
fracture toughness and the glass transition temperature. Gao and Kim
showed that increasing cooling rates had a negative effect on the in-
terfacial shear strength of carbon fibre reinforced polyetheretherketone
(CF/PEEK) composites [21,22]. Likewise, annealing of CF/PPS led to
enhanced fibre/matrix interfacial shear strength [23,24]. On the con-
trary, a lower crystallinity degree was found to result in higher Mode-I
interlaminar fracture toughness for CF/PEEK and CF/PPS laminates, as
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Table 1
Preparation conditions of single-lap joints.
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Specimen series Welding force (N)

Vibration amplitude (ym)

Optimum travel (mm) Thermal treatment (post welding)

ASW_F 1000 86.2
ASW_S 300 51.8
ANN_F 1000 86.2

0.15 -
0.13 -
0.15 2 h, 200 °C

reported by several researchers [21,25,26]. Furthermore, lower crys-
tallinity degree has been found to cause a reduction in the Tg of the
matrix by several degrees Celsius [27-29]. Hence, in view of the effect
of the ultrasonic welding process parameters on the matrix crystallinity
at the weldline of UW joints, it is of interest to investigate the weld per-
formance with respect to the crystallinity degree of the matrix weldline.
Considering the very few studies on thermal effects on TPC welded
joints, in conjunction with the use of high performance thermoplastics
in demanding applications, operating in a wide range of temperatures, it
becomes clear that the exposure of UW TPC joints to low and high tem-
peratures is of significant importance. With this background in mind,
this paper investigates the effect of temperature on the lap shear strength
and the failure mechanisms of ultrasonically welded CF/PPS joints by
linking the weld performance to the degree of crystallinity of PPS at the
weldline. This paper also provides a clear view of the advantages and
disadvantages of amorphous and semi-crystalline weldlines of ultrasoni-
cally welded CF/PPS joints, with respect to the weld performance at dif-
ferent service temperatures. A thorough experimental research plan con-
sisting of three series of ultrasonically welded CF/PPS single-lap joints,
of varying crystallinity degrees at the weldline, was carried out at a wide
range of temperatures measuring the lap shear strength of the joints, ac-
companied by micrographic analysis of the fracture surfaces.

2. Experimental procedure
2.1. Materials & laminate manufacturing

The material used in this study was Cetex® woven (five harness
satin) CF/PPS supplied by Ten Cate Advanced Composites, The Nether-
lands. [(0°/90%);]¢ laminates were produced using a hot platen press at
320 °C and 1 MPa pressure for 20 min and subsequently cooled down at a
cooling rate of 15 °C/min. The details of the manufacturing method can
be found in [20]. 0° is the direction of the warp yarns and 90° is the direc-
tion of the weft yarns of the woven fabric. The consolidated laminates
had a final measured thickness of 1.9 mm, with a nominal 50% fibre
volume content. The welding adherends, measuring 101 mm in length
and 25.4 mm in width, were cut from the consolidated laminates us-
ing a water-cooled diamond blade. The main apparent fibre orientation
on the outer surfaces of the adherends was parallel to the longitudinal
direction. Flat energy director (ED) films were also prepared using the
hot platen press at 270 °C and 1 MPa pressure for 20 min. The ED films
are made of the same polymer as the adherends’ matrix and are placed
between the adherends prior to welding in order to concentrate the heat
generation during ultrasonic welding [7-9]. The ED films were cooled
down at 15 °C/min and their final measured thickness was 0.24 mm.

3. Ultrasonic welding

All the joints in this study were welded in a single-lap configuration
using a 20 kHz Rinco 3000 microprocessor-controlled ultrasonic welder
with maximum power output of 3000 W (Rinco Ultrasonics, Roman-
shorn, Switzerland). The overlap area of the joints was 25.4 mm long
and 12.7 mm wide. The ultrasonic welding process was displacement-
controlled and the optimum travel values are summarised in Table 1.
Further information on the ultrasonic welding process followed in this
work can be found in [20] where the process has been described in more
detail.

Table 2
Number of single-lap joint specimens tested at each temperature.

Specimen Series # of specimens

-50 °C 20 °C 50 °C 70 °C 90 °C 120 °C
ASW_F 5 5 5 6 14 10
ASW_S 7 6 6 7 6
ANN_F 9 5 8 10 10 8

As mentioned in the introduction section, three series of single-lap
joints of varying crystallinity degrees at the weldline were prepared un-
der different conditions. One series was prepared using a set of high
welding force and high vibration amplitude, (1000 N, 86.2 xm), rep-
resenting the fast welding process, and one using a set of low welding
force and low vibration amplitude, (300 N, 51.8 um), representing the
slow welding process. According to the results shown in [20], the for-
mer yielded predominantly amorphous PPS at the weldline (2.4%) while
the latter yielded a weldline of moderate PPS crystallinity (14.6%). A
third series was prepared by annealing the welded joints, which were
obtained using the fast welding process, for 2 hours at 200 °C inside an
oven. It should be noted that the specimens were “free-standing” in the
oven (i.e. no applied pressure) during the annealing process. The weld-
ing and annealing conditions for the three series of joints used in this
study are summarised in Table 1. Regarding the nomenclature of the
specimen series, ASW stands for as-welded, ANN stands for annealed, F
stands for fast welding process and S stands for slow welding process.

3.1. Characterisation of Welded Joints

3.1.1. Lap Shear Tests

Single-lap shear (SLS) tests based on the ASTM D1002 standard
[30] were performed at different temperatures within the -50 °C to
120 °C range. A 250kN Zwick/Roell universal testing machine operating
at 1.3 mm/min cross-head speed and a temperature chamber were used
for the tests. Prior to each test, the temperature chamber was pre-heated
for 1 h at the test temperature. All specimens were maintained at each
test temperature for 10 min prior to the tests in order to reach thermal
equilibrium. The tests at -50 °C were performed using liquid nitrogen
to reach cryogenic temperatures. The apparent LSS of the welded joints
was calculated as the maximum load divided by the average overlap
area (25.4 mm x 12.7 mm). A minimum of 5 specimens were tested
per joint type and testing temperature. The total number of specimens
tested at each temperature are summarised in Table 2.

3.1.2. Fractography

Fractographic analysis was conducted through a stereo microscope
(Zeiss stereo Discovery V8) and a scanning electron microscope (SEM)
from JEOL (JSM-7500F) in order to investigate the failure mechanisms
of the welded joints. The macroscopic images of the fracture surfaces
were captured using the stereo microscope, while the detailed images at
high magnification were captured using the SEM. Prior to the SEM anal-
ysis, the fracture surfaces were sputter coated with a thin layer of gold
to prevent charging. It is important to note that the stereo-microscope
images are of limited relevance in the fractographic analysis presented
in Section 3.2.2. The purpose of the stereo-microscope images is to as-
sist the analysis by providing the view of the entire fracture surfaces,
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Table 3
Preparation conditions of DSC specimens.
Series ID Welding conditions Post-welding conditions LSS series correspondence
Welding force (N) Vibration amplitude (ym) Thermal treatment
ED_Ref! n/a n/a - n.a.
ED_F! 1000 86.2 - ASW_F
ED_S! 300 51.8 - ASW_S
ANN_Ref n/a n/a 2 h, 200 °C ANN_F
CON_F 1000 86.2 10 min, 120 °C ASW_F at 120 °C
CON_S 300 51.8 10 min, 120 °C ASW_S at 120 °C

1 Specimens measured and presented in [20].

illustrating macroscopic features such as voids and resin rich areas and
showing the exact locations where the SEM images were captured.

3.2. Thermal analysis

Differential Scanning Calorimetry (DSC) was used in order to deter-
mine the degree of crystallinity of PPS specimens prepared under dif-
ferent conditions in order to complement the work presented in [20].
All DSC specimens were heated from 25 °C to 310 °C at 10 °C/min, in
a Sapphire DSC from Perkin Elmer. The degree of crystallinity, Xc, was
determined from the heating run and was computed using the following
equation:

x, = 2Hn = A 00 @) )
¢ AH/”,

Where AH,, is the measured specific melting enthalpy in J/g, AH. is the

specific energy associated with the cold crystallization peak in J/g, and

AHY, is the specific melting enthalpy of an ideal crystal (AHY = 112J/g)

[31]. The melting peak temperature and the specific melting enthalpy

were calibrated prior to the experiments by using Indium standard.

Table 3 presents the DSC series investigated in this study. The first
three series of Table 3 were tested and presented in a previous study
[20], while the other three series were prepared and tested during this
study. Four series were ED films removed from the weldline, from which,
two were subjected to thermal treatment after welding. Two series were
ED films prior to welding, one as the reference material and one as the
annealed material. The preparation conditions (when applicable) are
presented in Table 3, in which the correspondence of each DSC series to
the LSS series is also shown.

Since the Tg of PPS is below 120°C [1], both CON_F and CON_S were
prepared in order to examine the influence of conditioning — prior to the
SLS tests — for 10 min at 120 °C on the crystallinity degree of PPS. The
abbreviation CON stands for “conditioned”. It must be noted that due
to the lack of ANN_Ref samples at the time of DSC tests, the annealing
effect was studied on fully amorphous PPS films (same PPS films used
to produce the ED). Considering the very low X of ASW_F (2.4% as
reported in [20]), it was expected that annealing at 200 °C for 2 h should
yield similar levels of X.. Nonetheless, the main objective of this study
was to compare specimens of crystallinity levels that differ significantly
and not by just below 5%. The ED films were easily removed from the
weldline due to the use of Kapton films between each adherend and the
ED: prior to ultrasonic welding, two 25 um thick Kapton films were fixed
with an adhesive tape to each adherend and the ED was sandwiched
between them. The method to remove the ED films after welding has
been described in detail in [20].

Dynamic Mechanical Analysis (DMA) was carried out using a Pyris
Diamond DMA from Perkin Elmer to determine the glass transition tem-
perature and the evolution of the storage and loss moduli of neat PPS
films with temperature. One amorphous PPS film and one annealed
PPS film were tested in tension. All tests were performed within the
temperature range of -50 °C to 200 °C, at a frequency of 1 Hz and a
heating rate of 2 °C/min. The dimensions of the neat PPS films were
20 mm X 10 mm x 0.08 mm.

Thermomechanical Analysis (TMA) was used to measure the coef-
ficient of thermal expansion (CTE) of neat PPS films. The TMA speci-
mens were cut in 15 mm X 3 mm x 0.08 mm films and the experiments
were performed at a heating rate of 2 °C/min in a Diamond TMA from
Perkin Elmer. Similarly to the DMA tests, the films tested were amor-
phous PPS, within the -50 °C to 150 °C range and annealed PPS (2 h at
200 °C), within the 20 °C to 140 °C range. The TMA measurements on
amorphous PPS films have already been presented in [1]. Liquid nitro-
gen was used in both DMA and TMA tests in order to reach the cryo-
genic temperatures, however, at the moment of performing the TMA
tests on annealed PPS it was not possible to reach cryogenic tempera-
tures due to technical issues. It must be noted that it was not possible to
test the removed ED films on TMA and DMA since the films were physi-
cally distorted from the welding process (i.e. showing creases and being
slightly buckled), which could have influenced the accuracy of the DMA
and TMA measurements. Therefore, it was decided to proceed with test-
ing only amorphous and annealed PPS films, as the two extreme cases
of crystallinity degree. The behaviour of ASW_F was considered to be
closer to the one of amorphous PPS, due to the low crystallinity degree
of the former, and the behaviour of ASW_S somewhere in between amor-
phous PPS and annealed PPS due to its moderate value of crystallinity
degree.

4. Results
4.1. Thermal analysis

Fig. 1 illustrates the degree of crystallinity as obtained from the DSC
measurements on the PPS films listed in Table 3. It can be seen that
ANN _Ref had a similar X (23.4%) to ED_Ref (26%) while ED_S showed a
moderate X (14.6%) and ED_F was predominantly amorphous exhibit-
ing a X¢ of 2.4%. Annealing for 10 min at 120 °C brought about a sig-
nificant increase in the crystallinity of the removed ED films, as demon-
strated by CON_F and CON_S, which both exhibited a X of 21.3%. In
addition, annealing for 10 min at 120 °C also resulted in lower scatter.
An important point to be made, though, is that CON_F showed larger
scatter than CON_S. This could potentially mean that, during annealing,
the crystallization of PPS across the ED_F film was not as uniform as
the one across the ED_S film. Considering the small size of DSC sam-
ples (less than 10 mg), and that not all areas of CON_F had the same
crystallinity degree amongst them, it is possible to have a larger scatter
in the measurements. The non-uniform crystallization was most likely
the reason for the large scatter in ED_S measurements as well. As it was
presented in [20], the appearance of ED_S films was opaque with some
transparent areas, indicating that not all areas across ED_S were of equal
crystallinity.

The DMA measurements on amorphous and annealed PPS are shown
in Fig. 2, where the storage modulus (E”) and loss modulus (E”) curves
of both specimens are presented. Obtained from the E” peak, the Tg of
ANN _Ref was found to be higher than the Tg of amorphous PPS, 108 °C
and 91 °C, respectively. The difference in the glass transition tempera-
ture is also demonstrated in the E’ curves, as the drop in E’ corresponding
to the Tg, occurred below 90 °C in amorphous PPS and close to 100 °C
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Fig. 1. Crystallinity degree of PPS films calculated from DSC
measurements.

CON_F

Fig. 2. Dynamic mechanical analysis of amorphous PPS and an-
nealed PPS.
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in annealed PPS. Furthermore, the E’ of amorphous PPS started to in-
crease around 120 °C, an increase that continued until 130 °C, where
E’ reached a plateau. On the contrary, the E’ of annealed PPS continu-
ously decreased until it reached a plateau around 130 °C. The increase
in E’ of amorphous PPS could be attributed to the cold crystallization of
PPS which occurs around 120 °C, as shown in previous studies [20,32].
The mobility of the molecular chains increases at temperatures above
the Tg, and around 120 °C the molecular chains have obtained enough
mobility which allows them to rearrange into crystals. Another feature
of Fig. 2 is the slight increase in E’ of both films, just before the drop
in E’ that corresponds to the Tg. This increase is not so common but
has been observed before [33,34]. Barnes and Byerly [33] considered
it as a test artefact, having a negligible effect on their results. Menard
[34] attributed the phenomenon to molecular rearrangement causing
stress relief at the glass transition temperature. This phenomenon, ei-
ther being simply a test artefact or molecular rearrangement, did not
interfere with the interpretation of the DMA results, having a negligible
effect on them. Furthermore, it is worthwhile to comment on the abrupt
decrease of the storage modulus of amorphous PPS. While the drop in
E’ signifies the glass transition, the reduction was much higher than
expected. This of course can be attributed partially to the high chain
mobility of amorphous PPS in the absence of crystalline domains, how-
ever, it can also be attributed to the presence of frozen stresses which

200

were relieved as the polymer entered its glass transition region. The
DMA measurements were carried out on as-received amorphous PPS
films without any prior thermal treatment after film processing. During
quenching (processing) of the films, thermal stresses developed and re-
mained in the films (as residual stresses). Thus, upon heating during the
DMA tests, those stresses were relieved, causing molecular rearrange-
ment and possibly contributing to this large drop in E’.

The thermal expansion of amorphous and annealed PPS measured
through TMA are illustrated in Fig. 3. The amorphous PPS expanded
significantly above 83 °C, while the annealed PPS exhibited an increase
in its expansion rate at a higher temperature (above 92 °C), an increase
that was much smaller than the one of amorphous PPS. It is important
to mention, though, that this much larger increase in the thermal ex-
pansion of the amorphous PPS film compared to the thermal expansion
of the annealed PPS film could have its origin not only in the enhanced
chain mobility of amorphous polymers due to the absence of crystalline
domains, but also in the presence of frozen stresses that were relieved
close to the Tg. Similarly to the DMA measurements, the TMA measure-
ments were carried out on as-received amorphous PPS films without
prior thermal treatment after film processing. Hence, similarly to the
abrupt drop in E’ of amorphous PPS in Fig. 2, it could be possible that
the large thermal expansion was caused by molecular rearrangement
as well. Two additional points to be noted from this graph are the lo-
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Fig. 3. Thermal expansion of amorphous PPS (a) and an-
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Fig. 4. Temperature dependence of lap shear strength of ASW_F.
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Fig. 5. Temperature dependence of lap shear strength of ASW_S.

cal maximum at 110 °C in the amorphous specimen, a behaviour that
was not observed in the annealed specimen and could be attributed to
shrinkage caused by cold crystallization, and the significant decrease in
thermal expansion rate following this local maximum.

4.2. Single-lap shear tests

4.2.1. Lap shear strength
Figs. 4 and 5 illustrate the temperature dependence of the LSS of
ASW_F and ASW_S, respectively. The highest LSS was obtained at -50 °C

Temperature (°C)

Fig. 6. Temperature dependence of lap shear strength of ANN_F.

for both series (28% and 14% higher than at RT for ASW_F and ASW_S,
respectively). Both series exhibited a linear decrease between RT and 70
°C, with ASW_S having a smaller slope compared to ASW_F, indicating
a lower decrease in LSS of ASW_S within this temperature range. How-
ever, at 90 °C the reduction in LSS was significant for both series, not
following the initial linear trend: about 60% and 47% reduction com-
pared to RT for ASW_F and ASW_S, respectively.. Further increase in
temperature did not lead to further strength reduction for ASW_F and
only resulted in a minor decrease for ASW_S. Another notable feature in
Fig. 4 is the relatively high scatter of the LSS of ASW_F at 90 °C (coef-
ficient of variation, CoV, of 15%, as opposed to below10%% and 4% at
120 °C and at the other testing temperatures, respectively). In the case
of ASW_S, the scatter was below 10% at all testing temperatures, with
the highest CoV amounting to 9% at -50 °C.

Fig. 6 illustrates the temperature dependence of LSS of ANN_F. The
behaviour of the annealed series differs notably from the behaviour of
both as-welded series. The LSS of the annealed series between -50 °C
and 50 °C remained almost constant, while the reduction at 90 °C with
respect to RT (equal to 24%) was not as high as in the other two series.
Furthermore, increasing the temperature to 120 °C caused a LSS reduc-
tion of 22% with respect to 90 °C, as opposed to the minor or negligible
reduction found in the other two series (Figs. 4 and 5). Moreover, the
scatter of the annealed series was high at most temperatures (i.e. CoV
higher than 10%) except at RT and 120 °C (CoV lower than 7%). The
origin of the larger scatter of ANN_F is briefly discussed in Section 4,
also in light of the fractographic analysis presented in Section 3.2.2.
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Summary of SLS test results on UW CF/PPS joints showing the average LSS together with the standard deviation at each temperature.

Specimen series Lap shear strength (MPa)

-50°C RT 50 °C 70 °C 90 °C 120 °C
ASW_F 46.9 + 1.6 36.6 + 0.8 303 £ 1.0 25.0 £ 0.7 145 + 2.2 143 + 14
ASW_S 403 + 3.8 355+ 24 314 + 0.9 274 + 1.4 188 + 14 173 £ 0.7
ANN_F 34.7 + 3.6 335+23 342 + 3.7 28.0 + 3.0 256 + 2.7 200 + 1.3

The comparison of the LSS at each temperature amongst the three se-
ries (Table 4), shows that at -50 °C and at RT, ASW_F exhibited the high-
est LSS followed by ASW_S. At 50 °C and above, the ANN_F specimens
exhibited the highest LSS amongst the three series, while the ASW_F
exhibited the lowest.

4.2.2. Fractography

In the present section, the results from the fractographic inspection
are presented. First, a summary of the most important fractographic fea-
tures and failure mechanisms at all testing temperatures is provided,
followed by a detailed fractographic analysis on representative fracture
surfaces at -50 °C and 120 °C for each series. The fracture surfaces at
-50 °C and at 120 °C represent the extreme cases of this study, thus,
the more representative ones. From the inspection of the fracture sur-
faces at temperatures equal or higher than RT, it was observed that
the primary failure mechanisms of ASW_F and ASW_S specimens was
fibre/matrix debonding, which became more prominent with increas-
ing temperature. Furthermore, the failure locus was always in the 1%
ply. Fibre/matrix debonding occurred at -50 °C as well, however, to a
much lesser degree since most of the carbon fibres had residual matrix
on their surfaces, suggesting matrix fracture as the main failure mech-
anism. Regarding the failure location, both 1%t ply and 2™ ply failure
were observed at -50 °C. Increasing temperature also rendered the ma-
trix more ductile, as the occurrence of ductile matrix failure increased,
especially at 90 °C and 120 °C, where limited brittle failure could be
observed. The analysis of the fracture surfaces of ANN_F specimens re-
vealed that cohesive failure (i.e. failure within the resin rich area of the
weldline) and 1%t ply failure occurred in all specimens at all tempera-
tures. Cohesive failure was the dominant failure mechanism at -50 °C
but its occurrence diminished with increasing temperature, whereas fi-
bre/matrix debonding became more pronounced. Similarly to the other
two series, matrix ductility was also more pronounced with increasing
temperature. Furthermore, a significant amount of voids was observed
in all cases of ANN_F specimens regardless the testing temperature. It is
suggested that the formation of voids was a consequence of the anneal-
ing process since the porosity levels in the ANN_F joints was much higher
than the porosity in the ASW_F joints, which was limited to the overlap
edges. This is suggested because both series were welded using the same
welding process parameters, however, only ANN_F exhibited high poros-
ity. Only at 120 °C, ASW_F specimens exhibited similar porosity levels to
ANN_F specimens. This was probably due to the 10 min pre-conditioning
at 120 °C of the ASW_F joints prior to testing, which, in fact, supports
the idea that the voids were a product of the annealing process. It fol-
lows a detailed analysis of representative fracture surfaces of specimens
tested at -50 °C and 120 °C, the two extreme testing temperatures in this
study.

4.2.2.1. Fracture surfaces at-50 °C. Figs. 7 and 8 illustrate, respectively,
the fracture surfaces of one ASW_F specimen and one ASW_S specimen,
both tested at -50 °C. The 24 ply failure can be seen in almost half of the
fracture surfaces of both specimens (enclosed in the dashed squares). A
secondary feature of the fracture surface of ASW_S (Fig. 8) is the pres-
ence of voids in some areas at the overlap edges.

With the assistance of SEM, closer looks of the fracture surfaces
in Figs. 7 and Fig. 8 were captured and shown in Fig. 9 and Fig. 10,

Fig. 7. Fracture surface of an ASW_F specimen tested at —50 °C showing 1%
ply failure and 2" ply failure (the 2" ply failure is enclosed within the dashed
square). A-D represent the locations at which the SEM micrographs were cap-
tured.

respectively. Both fracture surfaces exhibited very similar fractographic
features, mainly matrix fracture and occasionally fibre/matrix debond-
ing. The SEM micrographs revealed exposed carbon fibres, which indi-
cated the occurrence of fibre/matrix debonding, however, in most ar-
eas the carbon fibres had matrix remnants on their surfaces (Fig. 9A,
Fig. 10A and Fig. 10B). In Fig. 9B, extensive fibre/matrix debonding
can also be observed, however, the features in Fig. 9B were less domi-
nant throughout the entire fracture surface than the features in Fig. 9A.
Furthermore, both ductile and brittle matrix failure modes were identi-
fied. Matrix ductility was signified by deformed matrix which was drawn
over the carbon fibres surfaces, a fractographic feature that was ob-
served in several locations and illustrated here in Figs. 9B and 10B.
In the work of D. Purslow on matrix fractography of fibre-reinforced
thermoplastics [35], large amount of plastic deformation and matrix
drawing prior to failure were identified as characteristics of a ductile
failure. In Fig. 9B, the matrix has been drawn, resulting in bare fibres
surrounded by plastically deformed matrix (“elongated” features). An-
other manifestation of matrix ductility can be seen in Fig. 9C where
deformed matrix was smeared across the fracture surface. Brittle matrix
failure appeared to occur more frequently than ductile matrix failure,
especially in ASW_F specimens. Brittle failure was identified by charac-
teristic features like cusps (Fig. 10A) while plastic deformation was lim-
ited (Figs. 9D, 10C and 10D). It is interesting to note that brittle failure
features were mainly found in areas where failure occurred in the 2nd
ply.

Fig. 11 illustrates the fracture surface of an ANN_F specimen tested
at -50 °C where both 15¢ ply failure and cohesive failure at the weldline
occurred. The fracture surface appears to have a substantial amount of
resin rich areas, and the occurrence of cohesive failure was confirmed by
the SEM micrographs (Fig. 12). An important point to be made from is
the significant amount of voids that are present in the fracture surfaces
of ANN_F joints.

A more detailed view of the voids is shown in Figs. 12A and 12B; the
voids were randomly distributed across the entire fracture surface and
their size ranged from tens to a few hundred microns. Most fibres were
covered by thick resin layers (Fig. 12C), however, fibre/matrix debond-
ing was also observed (Fig. 12D). The latter was not the most dominant
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Fig. 8. Fracture surface of an ASW_S specimen
tested at —50 °C showing 1%t ply failure and 2"d
ply failure (the 2™ ply failure is enclosed within
the dashed square). In addition, voids were also
observed (e.g. the two circled areas), a magnifica-
tion of which is shown at the smaller left image. A,
B and C represent the locations at which the SEM
micrographs were captured.

=
— 3 a7 Elongated

features

Fig. 9. SEM micrographs of locations A-D of Fig. 7: (A) Broken and exposed fibres that still have matrix remnants on their surfaces. (B) Extensive fibre/matrix debond-
ing accompanied by considerable matrix drawing. (C) Smeared matrix indicating ductile failure. (D) Brittle failure as indicated by the limited plastic deformation.

The arrow at the top right of each image indicates the warp direction.

failure mode as most of the failure occurred within the bulk matrix of
the weldline (cohesive failure). Ductile matrix failure took place as the
smeared matrix (Fig. 12C) and the localised matrix drawing (Fig. 12D)
demonstrate, however, brittle matrix failure was more prevalent, as the
overall limited plastic deformation of the matrix signified. Two exam-

ples of brittle failure can be seen in Figs. 12A and 12B, where cracks
were formed within resin-rich areas of the weldline.

4.2.2.2. Fracture surfaces at 120 °C. Representative fracture surfaces of
ASW_F and ASW_S tested at 120 °C are depicted in Fig. 13 and Fig. 14,
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Fig. 10. SEM micrographs of locations A and B of Fig. 8: (A) Cusps, indicating brittle failure, and fibres still covered with resin. (B) Broken fibre bundle with most
fibres still covered with resin. (C) Resin rich area dominated by brittle failure. (D) Magnification of location D of Fig. 10C, showing a resin rich area.

Fig. 11. Fracture surface of an ANN_F specimen tested at —50 °C showing co-
hesive failure accompanied by extensive areas of voids (e.g. circled area). A-D
represent the locations at which the SEM micrographs were captured.

respectively. The failure occurred only in the 15 ply. In addition, the
presence of voids in some areas was also observed. It is important to note
that voids were present at the edges of the overlap at all temperatures,

however, at 120 °C their presence was extended to other areas of the
overlap and their size was similar to that of ANN_F, ranging from tens
to a few hundred microns.

Closer looks at the fracture surfaces of Figs. 13 and 14 are illustrated
in Fig. 15 and Fig. 16, respectively. Extensive fibre/matrix debonding,
with no residual matrix left on the surfaces of the carbon fibres, ap-
peared to be prevalent throughout the entire fracture surfaces of ASW_F
and ASW_S (Fig. 15A, Fig. 15B, Fig. 16A and Fig. 16B). The occurrence of
fibre/matrix debonding is demonstrated once more in Fig. 15D where
the fibre imprints on the matrix can be seen. Both ASW_F and ASW_S
exhibited ductile matrix failure as the substantial matrix drawing in
Fig. 15B, Fig. 15D and Fig. 16B indicates. Fig. 15C shows a large amount
of voids, accompanied by ductile matrix failure. The characteristic fea-
tures of ductile matrix failure were seen throughout the entire fracture
surface, while fractographic features associated to brittle matrix failure
like cusps, as well as limited plastic deformation, were observed in lim-
ited areas.

The fracture surface of an ANN_F specimen, tested at 120 °C, is il-
lustrated in Fig. 17 where 1%t ply failure and cohesive failure occurred.
The failure was accompanied by extensive areas of voids, similarly to
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Fig. 12. SEM micrographs of locations A—D of Fig. 11: (A) & (B) Extensive areas of small and large voids, randomly distributed. Arrows point at cracks formed with
limited plastic deformation. (C) Smeared matrix indicating ductile failure. (D) Combination of brittle failure, as it can be seen at the top of the picture, and ductile
failure indicated by matrix drawing. Some exposed fibres can also be observed indicating fibre/matrix debonding. The arrow at the top right of each image indicates

the warp direction.

Fig. 13. Fracture surface of an ASW_F specimen tested at 120 °C showing 1%
ply failure accompanied by extensive areas of voids (e.g. the two circled areas).
A—C represent the locations at which the SEM micrographs were captured.

ANN_F specimens tested at all temperatures (including -50 °C). Contrar-
ily to ANN_F specimens tested at -50 °C, at 120 °C fibre/matrix debond-
ing was more prevalent, as Fig. 18A and Fig. 18B demonstrate. Ductile

V()i(ls/v

Fig. 14. Fracture surface of an ASW_S specimen tested at 120 °C showing 1%
ply failure accompanied by areas of voids (e.g. the two circled areas). A and B
represent the locations at which the SEM micrographs (Fig. 16) were captured.

failure of the matrix was also prevalent at this temperature; an example
of ductile failure can be seen in Fig. 18A in which a large area of matrix
between the fibres is deformed.
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Fig. 15. SEM micrographs of locations A-C of Fig. 13: (A) & (B) Extensive fibre/matrix debonding accompanied by matrix drawing. (C) Large amount of voids
accompanied by ductile failure. (D) Magnification of location D of Fig. 15C, showing substantial matrix drawing and fibre imprints.
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Fig. 16. SEM micrographs of locations A and B of Fig. 14: (A) & (B) Extensive fibre/matrix debonding accompanied by ductile failure.
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Fig. 17. Fracture surface of an ANN_F specimen tested at 120 °C showing cohe-
sive failure accompanied by extensive areas of voids (e.g. the two circled areas).
A and B represent the locations at which the SEM micrographs were captured.

5. Discussion

In this section, the influence of temperature on the LSS and the fail-
ure mechanisms of UW CF/PPS joints are discussed, followed by the
correlation of the degree of crystallinity of PPS to the LSS and to the
failure mechanisms.

The overall trend of the SLS tests was decreasing LSS with increasing
temperature. In order to summarise the results and facilitate the reader,
Fig. 19 unifies the three previous LSS graphs (Fig. 4-Fig. 6) into one
chart. The main points deduced from Fig. 19 are the following:

(i) The highest LSS was obtained at -50 °C by ASW_F.

(i) At -50 °C and RT, ASW_F showed higher LSS compared to the
other two series, while at 50 °C and above, ANN_F exhibited
higher LSS than the two as-welded series.

(iii) At 90 °C, the LSS of ANN_F was substantially higher than the LSS
of both as-welded series, namely 43% higher than ASW_F and
26% higher than ASW_S.

(iv) The LSS of ASW_F and ASW_S remained virtually constant at 90 °C
and 120 °C, while the LSS of ANN_F showed a further decrease.
At 120 °C, the difference between the LSS of ANN_F and the two
as-welded series decreased significantly with respect to 90 °C; the
LSS of ANN_F was 28% and 13% higher than that of ASW_F and
ASW_S, respectively.

(v) At high temperatures (90 °C and 120 °C) the specimens welded
with the slowest welding process (ASW_S) exhibited better me-

10pm 12/7/2017

WD 9mm 11:55:38
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chanical performance than the ones with the fastest welding pro-
cess (ASW_F).

The primary failure mechanism at all temperatures has been iden-
tified as fibre/matrix debonding except for -50 °C where the failure
mechanism was primarily matrix fracture. The fracture morphologies
of bare fibres or fibres with little amount of residual matrix on their
surfaces indicate that the failure can be associated with the strength of
the fibre/matrix interface. Such fractographic features were even more
prevalent at higher temperatures. On these grounds, it seems fair to sug-
gest that the LSS of UW CF/PPS joints can be related to the fibre/matrix
interfacial strength and that the latter deteriorated with increasing tem-
perature, contributing to the reduction in LSS.

As described in [1], the main mechanism governing the fibre/matrix
interfacial strength in TPC is of physical (mechanical) nature which re-
lies on the formation of compressive radial stresses around the fibres as
well as on the static friction at the fibre/matrix interface. In essence,
the physical bond created is the mechanical interlocking of the matrix
around the fibres. As it was suggested in [1], the increase in testing tem-
perature reduces the difference (AT) from the stress-free temperature
and may partially relieve the compressive radial stresses and weaken the
mechanical interlocking. In addition, the static frictional stresses at the
fibre/matrix interface will decrease due to the reduction of the compres-
sive radial stresses (since the frictional stresses are proportional to the
radial stresses) and further reduce the interfacial shear strength (IFSS)
[16,19]. The increase of temperature also diminished the ability of the
matrix to transfer load to the fibres, by causing a significant drop in the
elastic modulus of the matrix at temperatures above the Tg (as shown in
Fig. 2). An effective stress transfer between the matrix and the fibres is
vital for a high IFSS and is directly related to the matrix elastic modulus,
as it has been previously demonstrated in literature [17,18,36,37].

All series showed a large drop in LSS at high temperatures, a drop
that was in line with the evolution of the elastic modulus of PPS with
temperature (Fig. 2); this phenomenon demonstrates the heavy depen-
dence of LSS on the elastic modulus of the matrix. However, the elastic
modulus of the matrix is not only influenced by the temperature but by
the crystallinity degree of the matrix as well [14,15]. The latter varied
substantially between the three series (Fig. 1) and, as shown in Fig. 2 and
in Fig. 19, the temperature dependence of elastic modulus and LSS were
also different among the three series. The next paragraphs attempt to
connect the LSS of the three series to the crystallinity degree of PPS at
the weldline.

The role of crystallinity on the weld performance appeared to be
more critical at low and high temperatures (-50 °C, 90 °C and 120 °C).

1opm 12/7/2017

oe—
5.0kV LEI SEM

(B)

WD 9mm 12:08:05

Fig. 18. SEM micrographs of locations A and B of Fig. 17: (A) & (B) Extensive fibre/matrix debonding accompanied by ductile failure.

11



N. Koutras, R. Benedictus and LF. Villegas

mASW_F mASW_.S ANN_F

50
45
40
35 ]
30
25
20
15

LSS (MPa)

10

-50
Temperature (°C)

In Fig. 19 it can be seen that between RT and 70 °C there were small
differences in LSS among the three series at each temperature, while
at the extreme temperatures significant differences were observed. At
-50 °C, the higher toughness and ductility of amorphous PPS [26] was
probably favourable for the ASW_F specimens, thus, contributing to the
higher LSS. The examination of the fracture surfaces revealed that at
-50 °C the matrix failure was both ductile and brittle in all three series.
However, ASW_F exhibited more areas of ductile failure at -50 °C than
both ASW_S and ANN_F, which could be attributed to the amorphous
state of PPS at the weldline of ASW_F specimens. It is noted though,
that the occurrence of brittle fracture can also be promoted by a num-
ber of additional factors: (i) in the as-welded joints the failure progressed
in the 2" ply, where the cooling rate during welding could have been
lower than it was in the weldline and, therefore, the degree of crys-
tallinity would have been higher, leading to a stiffer and more brittle
matrix; and (ii) the failure in a SLS test is sudden, thus, a more unstable
crack occurred promoting brittle fracture [35,38,39], especially at low
temperatures where the failure loads were high. The occurrence of 2"
ply failure in both ASW_F and ASW_S joints could also indicate a higher
(interlaminar) peel strength of the former, considering the higher LSS
of ASW_F. Taking into account the high cooling rates measured at the
weldline of ASW_F [20] it could be argued that the matrix in the ond
ply of ASW_F adherends was of lower crystallinity than that of ASW_S,
resulting in higher peel strength. However, the X of PPS in the plies
adjacent to the weldline of either ASW_F or ASW_S has not been mea-
sured; therefore, it remains unclear whether the peel strength inside the
ASW _F adherends was higher than the peel strength inside the ASW_S
adherends. Further investigation is required in order to characterise the
crystallinity and the mechanical performance of the inner plies of the
adherends.

Regarding the LSS of ANN _F at —50 °C it seems that it was also com-
promised by the presence of voids which most likely formed during an-
nealing. The failure propagated easier through the voids, instead of oc-
curring in the 15t and 2" plies as in the as-welded joints, resulting in
lower strength. In addition, the presence of voids was most likely the
reason for the high scatter in the LSS of the ANN_F specimens at most
temperatures, since the size and location of the voids were distributed
across the overlap, leading to variations in strength. The cause of void
formation is not clear to the authors, however, two possibilities are the
shrinkage due to crystallization, and/or the absence of pressure during
the annealing process. Further investigation is required to determine the
origin of the voids, however, it goes beyond the scope of this study.

At high temperatures (90 °C and 120 °C) the presence of crystallinity
appeared to be beneficial. The decrease in LSS at 90 °C with respect to
RT was smaller for ANN_F, than the one for ASW_F (Fig. 19), a behaviour
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Fig. 19. Temperature dependence of lap shear
strength of ASW_F, ASW_S, and ANN_F.
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that could be associated to the higher crystallinity of the former, as ex-
plained in what follows. As discussed previously, the significant drop
in the elastic modulus of the matrix at temperatures higher than the Tg
can deteriorate the stress transfer between the matrix and the fibres and
eventually cause a reduction in LSS. As illustrated in Fig. 2, the Tg of an-
nealed PPS is higher than the Tg of amorphous PPS. Thus, in the vicinity
of 90 °C, the stress transfer between PPS and CF would be more efficient
for ANN_F than ASW_F, resulting in a stronger fibre/matrix interfacial
strength for the former and, essentially, in a higher LSS. However, the
glass transition temperature is closely related to the crystallinity degree
of the matrix: in Figs. 1 and 2 it can be seen that higher crystallinity
degree is linked to a higher Tg. The shift of the glass transition to higher
temperatures with increasing crystallinity has been observed by several
researchers as well [27-29]. The mobility of the non-crystalline chain
segments is hindered by the crystalline lamellae, especially in polymers
with a semi-rigid backbone like PPS [28]. The effect of crystallinity on
LSS is also demonstrated in the LSS of ASW_S at 90 °C (Fig. 19), which
was in between the LSS of ASW_F and ANN_F. As shown in Fig. 1, the
slower welding process resulted in PPS of moderate crystallinity degree,
higher than that of ED_F and lower than that of ANN_Ref.

Another demonstration of the influence of crystallinity degree on the
weld performance in relation with temperature, is the thermal expansion
behaviour of PPS: the increase in the thermal expansion rate of annealed
PPS took place around 92 °C due to the restrictions imposed by the crys-
talline domains on the chain mobility. On the contrary, the significant
thermal expansion of amorphous PPS occurred at a lower temperature,
around 83 °C, contributing to the reduction in LSS of ASW_F at 90 °C.

Furthermore, at 120 °C the negligible LSS reduction of ASW_F with
respect to 90 °C occurred primarily due to the cold crystallization of PPS
at 120 °C (during conditioning of the welded joints prior to mechanical
testing). Fig. 1 shows a major increase in X due to conditioning of the
welded joints at 120 °C for 10 minutes, Fig. 2 shows a sharp increase
in the elastic modulus of PPS around 120 °C, and Fig. 3 illustrates a
decrease in the thermal expansion rate of PPS right after the shrinkage
corresponding to cold crystallization. On the basis of this evidence, and
taking into consideration the earlier discussion on the mechanisms gov-
erning the IFSS, it can be argued that the increase in X of PPS due to
cold crystallization acted as a competing mechanism against the nega-
tive effect of the further decrease in AT, by increasing the elastic modu-
lus of PPS and the IFSS of CF/PPS. A similar behaviour was observed for
the ASW_S specimens at 120 °C, which displayed a minor decrease in LSS
of 8% with respect to 90 °C. The ASW_S specimens were cold-crystallized
as well during conditioning prior to testing (Fig. 1), however, contrar-
ily to the ASW_F specimens which changed from an amorphous state to
a semi-crystalline state, the former already possessed a moderate crys-
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tallinity, therefore, the increase in X was probably not as pivotal as
it was for the LSS of ASW_F specimens. It is worth noting that despite
the equal crystallinity degree of CON_F and CON_S (Fig. 1), the LSS of
ASW S at 120 °C was higher than the one of ASW_F. One would expect
that the LSS of both series would be equal considering the equal X¢
of CON_F and CON_S. However, as explained in section 3.1, the small
size of the DSC samples (less than 10 mg) and the non-uniform crystal-
lization might have caused a larger scatter in the DSC measurements of
CON_F. This, perhaps, could have resulted in overestimating the X of
CON_F. Another possibility is that, apart from the crystallinity degree,
the crystal size and perfection might have also affected the weld per-
formance. Considering that ED_S had already a moderate crystallinity
degree while ED_F was nearly amorphous, it could be possible that de-
spite the identical annealing conditions (10 min, 120 °C) and similar, if
not equal, crystallinity degree, ASW_S obtained a different — and more
favourable — crystalline structure than ASW_F. In addition, the larger
scatter in the LSS between the two series (around 10% for ASW_F and
4% for ASW_S) also indicates larger variations in the weldline structure
of ASW_F compared to the weldline structure of ASW_S. On the con-
trary, no changes in crystallinity were expected for ANN_F which was
annealed at a high temperature and for a long duration (200 °C, 2 h);
thus, 10 minutes of conditioning at 120 °C would not bring significant
changes in the PPS state. Hence, as the Tg of annealed PPS occurred well
below 120 °C (close to 100 °C, taken from the drop in storage modulus
shown in Fig. 2), a sharp reduction in the LSS of ANN_F took place at
120 °C.

As it was previously mentioned, the higher toughness and ductility
of amorphous PPS were proven to be beneficial for the LSS at —50 °C,
however, their impact at high temperatures appears to be negligible. The
effects of toughness and ductility at high temperatures have been stud-
ied by several researchers who reported that the G, propagation values
increased with temperature due to increased matrix ductility [40-42].
However, since the failure in SLS tests is sudden, since the joint is mainly
loaded in shear in the middle of the overlap [43], and considering the
high peel stresses at the overlap edges of SLS joints [11], the Gy¢ initi-
ation values are considered to be more relevant for the SLS tests than
the Gyc propagation values. With respect to the former, Kim and Ye
[40] found that at high temperatures the initiation values decreased,
a phenomenon that they attributed to the weakened IFSS. Therefore,
it is suggested that the beneficial effect of higher matrix ductility on
the Mode-I interlaminar fracture toughness at high temperatures was
negated by the poor IFSS.

Finally, taking into account the discussion on the benefits of amor-
phous PPS state and semi-crystalline PPS state at the weldline, it is sug-
gested that between RT and 70 °C the higher toughness and ductility
of amorphous PPS counterbalanced the higher stiffness and higher IFSS
of semi-crystalline PPS, resulting in minor differences in LSS among the
three series.

6. Conclusions

This study elucidated the effect of temperature on the lap shear
strength and the failure mechanisms of ultrasonically welded CF/PPS
joints by linking the weld performance to the degree of crystallinity of
PPS at the weldline. Single-lap shear tests were performed at tempera-
tures ranging from -50 °C to 120 °C on two series of welded joints (as-
welded), one with amorphous and one with semi-crystalline weldline,
and on one series of annealed welded joints.

The single-lap shear tests showed an overall trend of decreasing lap
shear strength with increasing temperature, with the exception of two
temperature regions: —50 °C to 50 °C for the annealed series, and 90 °C
to 120 °C for the two as-welded series, where the LSS remained virtually
constant. It was suggested that the primary failure mechanism of the two
as-welded series at all temperatures, except —50 °C where matrix frac-
ture occurred, was fibre/matrix debonding, a failure mode that became
more prevalent with increasing temperature, especially at and above
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the glass transition temperature of PPS. The annealed series exhibited
cohesive failure in all specimens at all temperatures but its occurrence
diminished with increasing temperature, while fibre/matrix debonding
became more pronounced. It was also found that the annealed specimens
exhibited porosity in the weldline, which was related to the annealing
process, and played a primary role in causing cohesive failure.

Higher degree of crystallinity of PPS at the weldline was found to
be beneficial at high temperatures (90 °C and 120 °C) probably due to
the higher elastic modulus and, hence, to the higher fibre/matrix in-
terfacial strength compared to amorphous PPS. Cold crystallization of
both as-welded series due to conditioning at 120 °C prior to mechanical
testing was found to have a profound effect on the LSS, causing the LSS
of both series to remain virtually constant at 90 °C and 120 °C. How-
ever, at low temperatures (-50 °C) amorphous weldline was proven to
be more beneficial, most likely due to the higher toughness and ductility
of amorphous PPS compared to semi-crystalline PPS. Furthermore, be-
tween room temperature and 70 °C only minor differences in LSS were
observed amongst all series, indicating that there was little effect of the
degree of crystallinity above room temperature to just below the glass
transition temperature.

In conclusion, this study has demonstrated that both states of PPS —
amorphous and semi-crystalline — can be beneficial for the performance
of ultrasonically welded CF/PPS joints in dry conditions, depending on
the service temperature. Arguably, a semi-crystalline PPS would allow
joints to be used at higher temperatures while an amorphous PPS, as
long as the service temperature remained below the glass transition
temperature, could be preferable due to its even better performance at
low temperatures. Please note that these conclusions refer exclusively
to welded joints in dry conditions and not exposed to moisture or any
chemical environments. Hence, further studies on the chemical resis-
tance of ultrasonically welded CF/PPS joints are required to identify
the material limits.
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