N

N

Characterization and modeling of laser transmission
welded polyetherketoneketone (PEKK) joints: influence
of process parameters and annealing on weld properties
Marcela Matus-Aguirre, Benoit Cosson, Christian Garnier, Fabrice Schmidt,

Andre Chateau Akue Asseko, France Chabert

» To cite this version:

Marcela Matus-Aguirre, Benoit Cosson, Christian Garnier, Fabrice Schmidt, Andre Chateau Akue
Asseko, et al.. Characterization and modeling of laser transmission welded polyetherketoneketone
(PEKK) joints: influence of process parameters and annealing on weld properties. Journal of Advanced
Joining Processes, 2024, 10, pp.100252. 10.1016/j.jajp.2024.100252 . hal-04697243

HAL Id: hal-04697243
https://imt-mines-albi.hal.science/hal-04697243v1

Submitted on 16 Sep 2024

HAL is a multi-disciplinary open access L’archive ouverte pluridisciplinaire HAL, est
archive for the deposit and dissemination of sci- destinée au dépot et a la diffusion de documents
entific research documents, whether they are pub- scientifiques de niveau recherche, publiés ou non,
lished or not. The documents may come from émanant des établissements d’enseignement et de
teaching and research institutions in France or recherche frangais ou étrangers, des laboratoires
abroad, or from public or private research centers. publics ou privés.

Distributed under a Creative Commons Attribution 4.0 International License


https://imt-mines-albi.hal.science/hal-04697243v1
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://hal.archives-ouvertes.fr

Journal of Advanced Joining Processes 10 (2024) 100252

Contents lists available at ScienceDirect

Journal of Advanced Joining Processes

ADVANCED
JOINING
PROCESSES

journal homepage: www.sciencedirect.com/journal/journal-of-advanced-joining-processes

ELSEVIER

Characterization and modeling of laser transmission welded
polyetherketoneketone (PEKK) joints: Influence of process parameters and
annealing on weld properties

Marcela Matus-Aguirre “”, Benoit Cosson **", Christian Garnier®, Fabrice Schmidt®,
André Chateau Akué-Asséko ", France Chabert *
@ Laboratoire Génie de Production, Université de Technologie Tarbes Occitanie Pyrénées, University of Toulouse, Tarbes, Tarbes 65000, France

b Centre for Materials and Processes, IMT Nord Europe, Institut Mines Telécom, University of Lille, Lille F-59653 Villeneuve d’Ascq, France
¢ Institut Clement Ader, IMT Mines Albi-Carmaux, Institut Mines Telécom, University of Toulouse, Albi 81013, France

ARTICLE INFO ABSTRACT

Keywords:

Plastic welding

Laser transmission welding
Weld joint morphology
Polymer crystallinity
Single-lap shear tests

Welding high-performance thermoplastics has gained popularity across various industries such as automotive,
aerospace, and medical. Laser transmission welding (LTW) has emerged as an effective method for joining
thermoplastic parts due to its precise control and high joint quality. PAEK (polyaryletherketone) are wide
spreading over various industrial applications as a substitute to metals and thermosets when high durability and
performance are required. Polyetherketoneketone (PEKK) is one of these PAEK and it has received less attention
than PEEK until now. PEKK, being a semi-crystalline thermoplastic, requires additional care during processing
due to its propensity to crystallize. This study presents both experimental and numerical investigations into LTW
of PEKK molded parts, aiming to understand the influence of welding parameters and crystallinity on weld joint
morphology and mechanical properties. PEKK plates, prepared in amorphous and semi-crystalline states, are
subjected to LTW using a 975 nm diode laser. Material characterization confirms differences in crystallinity
between the samples, which affect their thermal and optical properties, which are crucial for welding. Welding
tests are conducted with varying laser power (between 75 and 95 W) and semi-transparent part thickness (2 and
4 mm). The morphology of joints is analysed. Assemblies undergo post-weld annealing treatment to examine its
influence on weld crystallinity and consequent mechanical properties. Results reveal an anisotropic distribution
of crystallinity within the heat-affected zone (HAZ). The depths of the molten layer (ML) and semi-crystalline
layer (scL) vary with laser power and assembly type. A notable decrease in weld strength with laser power is
highlighted, while annealing leads to enhanced crystallinity and improved weld strength. Despite variations,
high weld strengths are achieved with annealing. Computational modelling elucidates the complex interplay
between laser irradiation, temperature distribution, and crystallization kinetics observed experimentally.
Overall, this comprehensive investigation provides valuable insights into optimizing LTW parameters for PEKK
parts.

Introduction their higher melting temperature, sensitivity to thermo-oxidative
degradation and hydrolysis compared to conventional thermoplastics.
Moreover, some high-performance thermoplastics such as poly-

aryletherketones (PAEK) require additional care when processed due to

In recent years, welding has been considered as a promising tech-
nique for assembling high-performance plastics and composites. This

trend is driven by the growing demand of such lightweight materials in
high-demanding industries such as aerospace and medical device
manufacturing. Welding high-performance thermoplastics (TP) and TP
matrix-based composites bring new challenges to be overcome, due to

their ability to crystallize.

To date, only a few research works demonstrate the weldability of
PAEK, particularly for the polyetheretherketone (PEEK) material
(Ahmed et al., 2018; Carassus et al., 2023; Dubé et al., 2015; Flanagan
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et al., 2018; Gonzalez et al., 2014; Jose and Panneerselvam, 2021;
Korycki et al., 2023; Kosloh et al., 2017; Ma et al., 2020). Welding other
PAEK is barely studied, due to the novelty of such polymers compared to
PEEK. Among the PAEK thermoplastics, polyetherketoneketone (PEKK)
stands out for its outstanding performance in demanding applications.
Indeed, the commercialization of PEKK has grown for about fifteen years
ago. PEKK, being a high-performance semi-crystalline thermoplastic
polymer, has an exceptional resistance to extreme environments, like
those in aerospace and oil exploration (France, 2024). Its melting point
is one of the highest among thermoplastics, 300 °C to 360 °C depending
on the grade, and provides excellent resistance to chemicals and abra-
sion. Joining PEKK and PEKK-based composites parts have been proved
by some welding process such as induction (Grouve et al., 2020; Jeong
etal., 2023; Kwon et al., 2021; Modi et al., 2023), resistance (Dubé et al.,
2015; 2008; 2012; Russello et al., 2023; Shi et al., 2013), and ultrasonic
(Broek, 2015; Kohler et al., 2021; Mongan et al., 2022). Despite these
convincing research works, the transfer to real industrial cases is still in
its infancy. The limitation is mainly due to the lack of repeatability of
weld properties. Among the available processes, laser transmission
welding (LTW) is a promising technology due to short time cycles and
dimensional accuracy.

In LTW, two overlapped thermoplastic parts are welded using a near-
infrared (NIR) laser beam. Conventional LTW requires the upper part to
be semi-transparent to the laser wavelength, while the lower part must
absorb the laser energy. Therefore, the laser beam goes through the
upper part and irradiates the assembly interface. Here, the laser energy
is concentrated thanks to the absorbent properties of the lower part. By
heat conduction, both parts are heated at the interface and the macro-
molecules move and diffuse from one part to the other. This macromo-
lecular diffusion occurs when the temperature exceeds the glass
transition (Tg) of the polymer in case of amorphous thermoplastics. In
contrast, when working with semi-crystalline polymers, higher energy
levels are required to reach their melting temperature (Tm).

The optical properties of the materials are thus crucial for LTW to be
achieved. Most thermoplastics are semi-transparent to the NIR laser
irradiation in their natural state (Acherjee, 2020; Gongcalves et al.,
2021). When assembling two polymers by LTW, the lower part is
rendered absorbent with additives, like colorants (Amanat et al., 2011;
Chabert et al., 2020) or fibers (Korycki et al., 2022; Pereira et al., 2019),
to achieve energy absorption at the interface. An innovative option is to
tune the crystallinity of the material to obtain a semi-transparent part
and an absorbent one with the same polymer. This is only possible with a
few thermoplastics for which the crystallization kinetics can be
controlled. PEKK has this ability to be easily obtained in amorphous
state by rapid cooling from the melting and semi-crystalline state by
slow cooling from high temperatures.

The welding of amorphous PEKK on crystallized PEKK has been
successfully achieved in previous studies (Matus Aguirre, 2023; Villar
et al., 2018) without the need of any additive that could potentially
contaminate the parts and impact the weld properties. In Villar et al.
(2018), focus was put on characterizing the temperature distribution
along the assembly thickness during LTW to optimize the process pa-
rameters. While in Matus Aguirre (2023), the effect of materials prop-
erties and process parameters on the weld joint quality was studied.
However, despite these initial findings, a deeper understanding of the
link between the generated weld joint morphology, material crystal-
linity, and mechanical resistance is essential to ensure repeatability and
improve weld reliability. Additionally, qualitative validation of the
welding process’s effect on weld joint morphology through numerical
simulations is essential for extensive understanding and optimization of
the process.

The present work studies the weld joints obtained by assembling
amorphous and semi-crystalline PEKK by laser transmission welding
with a 975 nm diode laser. The properties of the PEKK samples are
described to explain the influence of crystallinity on their thermal and
optical properties. For welding, laser power and semi-transparent part
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thickness are varied and correlated with the morphological and me-
chanical properties of weld joints. The LTW process generates a non-
homogeneous heat affected zone (HAZ) within the weld joint in terms
of crystallinity. This crystallinity gradient leads to various fracture
mechanisms. As an attempt to homogenize the crystallinity throughout
the joints, subsequent annealing is conducted on some assemblies. The
aim is to assess the influence of the weld joint crystallinity on its me-
chanical properties. Additionally, numerical modelling of the welding
process is developed in MatLab to predict the weld joint morphology and
the whole thermal history in the PEKK assemblies, obtaining a favorable
correlation with experimental observations.

Materials and methods
Material of study and samples production

Kepstan® polyetherketoneketone (PEKK) grade 7002 is provided by
Arkema France in pellets. PEKK is a high-performance semi-crystalline
thermoplastic of the poly-aryletherketone (PAEK) family. PEKK is syn-
thetized from diphenyl ether (DPE), and terephtalic (T) and isophtalic (I)
acid moieties. Different grades of PEKK are commercially available
depending on their T/I ratio: 60/40, 70/30 and 80/20 grades. The T/I
ratio of PEKK modifies its thermal transitions, degree of crystallinity and
crystallization kinetics (Gardner et al., 1992; Hsiao et al., 1994;
Perez-Martin et al., 2021). PEKK 7002 with a T/I of 70/30 is chosen for
the study. This grade of PEKK has a medium crystallization kinetics,
which is slow enough for easy modification of its crystallinity based on
processing parameters.

Plates of 95 x 95 mm? are injected from the pellets with an injection
molding machine Proxima 50 from Billion. The plates are obtained in
two different crystalline states: amorphous (PEKK-A) and semi-
crystalline (PEKK-SC). The amorphous state is achieved by setting the
mold temperature at 70° C for a holding time of 30 s, whereas the semi-
crystalline one is obtained at 240 °C for 2 min. The square plates are
molded with a thickness of 2 and 4 mm for the amorphous state (PEKK-
A2 and PEKK-A4, respectively), and in 2 mm thick for the PEKK-SC. The
PEKK-A plates are yellow and translucent, while PEKK-SC are beige and
opaque.

Before processing, the pellets are dried to reduce the moisture during
the injection process. To choose the drying time, the drying of PEKK
pellets is measured by measuring the weight loss with time. The pellets
are dried at 120 °C, as indicated by the supplier (Arkema France, 2021),
from O to 30 h, in an oven UFP400 from Memmert. Fig. 1 shows the
moisture content % evolution in the PEKK pellets. After 6 h, PEKK pellets
have lost 93 % of the initial water content. The weight is stable after 22 h
of drying. Thus, PEKK pellets are dried at 120 °C for 30 h before further
processing.

Crystallinity and thermal transitions Differential scanning calorimetry
(DSC) is used to verify the differences in crystallinity between the
injected samples and to characterize their thermal transitions. A DSC
Stare System Mettler Toledo is used to conduct the tests. Samples
weighing 6 + 3 mg are extracted from each PEKK plate and placed inside
hermetic aluminum pans. Using ramps of 10 K min~!, samples are
heated from 100 °C to 390 °C, cooled from 390 °C to 100 °C, and then
heated again from 100 °C to 390 °C under a 50 mL min~! nitrogen flow.
At the beginning of each test, samples are stabilized at 100 °C for 5 min,
and there is no hold between the heating and cooling cycles.

Fig. 2 a shows a typical DSC thermogram of PEKK-A sample. On the
first heating, glass transition temperature (Tg), melting temperature
(Tm), and crystallinity (Xc) are obtained for each sample. Cold crystal-
lization temperature (Tcc) is also obtained for the PEKK-A plates. The
cooling ramp is used to obtain the crystallization temperature from melt
(Tcm) and the maximum crystallinity (Xc-max) for the material. The
second heating gives the maximum melting temperature after crystal-
lization from the melt. Fig. 2b focus on the DSC scans from 150 to 250 °C
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Fig. 1. Normalized weight loss during drying of PEKK pellets at 120 °C. Error bars indicate standard deviation.
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Fig. 2. (a) Typical DSC thermogram of PEKK-A samples. (b) Cold crystallization peaks of PEKK injected samples.

obtained on the first heating for each sample. After the glass transition
(Tg), an exothermic peak is observed around 205 °C for the amorphous
samples (green and red curves). This indicates cold crystallization,
occurring when the sample is not fully crystallized on cooling. Indeed,
right after Tg, the macromolecules have gained enough mobility to self-
organize into crystalline structures. For PEKK-SC, no peak is observed
because the sample was fully crystallized during processing. The crys-
tallinity of the samples is calculated thanks to Eq. (1) (Doumeng et al.,

2021). The thermal transitions and crystallinity obtained from the DSC
tests are summarized in Table 1.

AH,, — AH,,
X=— 1
¢ AH00%

The enthalpy of the cold crystallization peak (AH,.) is subtracted from
the melting enthalpy of the first heating (AH;,.). The result is then
divided by the theoretical enthalpy of the 100 % crystallized polymer
(AH100%)- This last enthalpy is unknown for PEKK, so is commonly
assumed to be the same as for PEEK (130 J g~1!) (Blundell and Osborn,

Table 1
PEKK injected plates thermal transitions, crystallinity, coloration and thickness.
PEKK A2 A4 SC
Tg[* C] 151 152 160
Tee[* C] 204 205 -
Tm[* C] 337 336 338
Tem[* C] 285 286 284
Xc [%] 5 6 24
Thick [mm] 2 4 2
Color Yellow Yellow

Beige/White

1983). For the enthalpy calculation, the correspondent peaks are inte-
grated with a spline baseline.

Optical properties The optical properties of the samples in NIR light
are important for laser transmission welding. The laser intensity that
strokes the surface of the sample can be transmitted, reflected and/or
absorbed. The differences in crystallinity induce an effect on optical
properties. This is evident in visible light: PEKK-A plates are transparent
with a yellow coloration, whereas PEKK-SC plates are matte, with a
beige coloration. The transparency of the sample at the Near-infrared
(NIR) light of a laser beam can be different than at the visible light.
The majority of polymers are semi-transparent or translucent under
visible and near-infrared (NIR) wavelengths in their natural state
(Acherjee, 2020; Gongcalves et al., 2021; Xu et al., 2015a). Nevertheless,
the optical properties of semi-crystalline polymers are influenced by
their crystalline structure, which imposes limitations on light trans-
mission (Kagan and Bray, 2001). The crystalline structure increases the
light travel path, which leads to higher absorption (Kagan et al., 2002;
Xu et al., 2015b).

A FTIR spectrophotometer Bruker Vertex 70 is used to measure op-
tical properties of the injected plates. Transmission (T;) and reflection
(R;) factors are measured using an integration sphere with an Infragold
Lambertian coating. Characterization is made at room temperature for
the wavelength range of 0.9 to 2 um. Absorption factors (A;) are ob-
tained using Eq. (2) (Mamuschkin et al., 2014), according to the energy
conservation principle. The optical properties of the samples at the

wavelength of interest (975 nm cf. section 2.2) are summarized in
Table 2.

Ti+Ri+A =1 2)
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Table 2

Optical properties of PEKK samples at the laser wavelength of interest (975 nm).
PEKK A2 A4 SC
T;% 75 62 20
Ri% 13 13 48
A% 12 25 32

The transmission spectra of PEKK samples are seen in Fig. 3 (top). As
expected, the transmitivity of amorphous samples is higher than those of
the semi-crystalline ones. Also, it can be noticed how the transmission
decreases when increasing the PEKK-A thickness from 2 to 4 mm. At the
wavelength of interest of 975 nm, PEKK-A2 has the highest transmission
factor of 75 %, followed by PEKK-A4 with 62 %. Previous works of LTW
of PEKK (Villar et al., 2018) indicated that a transmission factor of 60 %
is high enough to achieve irradiation and melting at the interface of the
assembly. Thus, the transmission factors obtained in PEKK-A samples
validate their suitability as upper-semi-transparent parts for LTW pro-
cess. Meanwhile, the transmission factor of PEKK-SC is 20 % at 975 nm.

Fig. 3 (middle) shows the reflection spectra of PEKK samples. A
correction factor of 0.94 is applied to the measured reflection to take
into account the reflectivity of the integration sphere. Contrary to the
transmission, the reflection decreases with crystallinity. The reflection
properties of a thermoplastic are significantly impacted by its crystal-
linity. Xu et al. (2015a) found that higher crystallinity is associated with
an augmented apparent reflection, attributed to an increase of back-
scattering. Also, the thickness of the amorphous samples does not
modify their reflection properties. As observed by Coelho et al. on PE
and PP films, the reflectance remained approximately constant for the
different thicknesses studied (Coelho et al., 2004).

ol b b

100 -yt
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The absorption spectra are obtained from the measurements of
transmission and reflection, in Fig. 3 (bottom). The absorption factor
increases with thickness and with the crystallinity. The absorption fac-
tors obtained at 975 nm are reported in Table. The samples with the
highest absorption is PEKK-SC with 32 %, which is higher than its
transmission factor of 20 %. As proven by Goyal et al. when welding
transparent polycarbonate with an absorbent layer at the interface, an
absorption factor of 30 % is high enough to achieve welding (Goyal and
Kant, 2023). This validates the suitability of PEKK-SC as a
lower-absorbent part for LTW.

To quantify the intrinsic properties of absorption of the samples at
the wavelength of interest, the absorption coefficient a [m~!] is calcu-
lated by using the Lambert-Beer’s law Bachmann and Russek (2002)
with Eq. (3):

Iy = Lexp( — a.) 3)
where Ir [W m~2] is the quantity of intensity that goes through the
sample thickness, I, [W m~2] is the quantity of energy that enters the
material after stroking the surface of the sample, and z [m] is the
thickness of the sample. Using the corresponding values of T; and R;
factors at 975 nm in the equation, the absorption coefficient is obtained
for each sample, summarized in Table 3.

Table 3
Absorption coefficient a calculated for each sample.

PEKK A2 A4 SC

a[m™!] 74.2 84.7 477.75

o b b e b e b
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Fig. 3. Transmission, Reflection and Absorption spectra of PEKK injected plates.
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Thermal properties The heat capacity C, [J kg~! K~!] of PEKK is
measured by a DSC TA Instrument Q200. The heat conductivity k [W
m~! K1] is obtained by Hot disk method using a TPS2500 from Hotdisk
Instrument. The density p [kg m~3] of the material is given in the ma-
terial’s technical datasheet Arkema France (2021), and it is considered
equal for all samples, regardless its crystallinity. All these properties are
summarized in Table 4.

Welding tests

PEKK plates are cut into rectangular parts of 95 mm length by 25 + 3
mm width. The samples are dried at 120 °C and kept in a desiccator until
welding. Before welding, the samples’ surfaces are cleaned with
acetone.

A welding machine ES Weld 200 with a 975 nm diode laser and a
Gaussian beam profile is used for welding. The output laser power can be
adjusted between 0 and 200 Watts, with a precision of +3 W. A circular
shape laser beam is used, with a 6 mm beam diameter, obtained at
maximum laser defocus. Inside the machine, samples are positioned and
held on the platform in a lap-joint configuration (Fig. 4). PEKK-A sample
is positioned over the PEKK-SC one, with an overlap of 12.5 mm as
indicated on ISO 4587:2003. Close contact between the samples is
ensured by applying a constant pressure of 3.8 MPa with a semi-
transparent glass plate on the welding platform. The glass plate used
for clamping has a transmissivity of 83 %. It is measured with a Gentec
Pronto-500 powermeter, by comparing the output power measured
before and after going through the glass plate.

A weld is created at the center of the overlap area from LO to Lw, as
shown by the red line in Fig. 4. A specific welding procedure combining
static and dynamic irradiation is used to achieve an uniform melting
zone at the interface. The procedure begins with a static irradiation for 2
s at LO, then the laser moves forward at constant speed irradiating until
Lw, to finish with a static irradiation of 1 s at Lw, before tuning off. The
welding speed used for the dynamic irradiation is 60 mm min~!. As
determined by preliminary welding tests, this is the optimal welding
speed to achieve melting at the interface, regardless of the laser power.
Moreover, this welding speed is maintained constant for all welds made.
After irradiation, the assembly is kept clamped for 120 s until cooling of
the weld joint.

Two parameters are varied for the study: the thickness of the upper
semi-transparent part and the laser power used to irradiate the assem-
bly. Two different thicknesses are employed for the upper PEKK-A part,
as indicated in Fig. 4: 2 and 4 mm (referred as PEKK-A2 and PEKK-A4,
respectively). The laser intensities are chosen from the power-range
that allows melting at the interface without burning, that is between
75 and 95 W. This power-range was determined from previous laser-
material interaction tests. To narrow the study, four laser power in-
tensities were selected, based also on preliminary welding tests: 75, 85,
88 and 95 Watts. Amanat et al. studied the welding process of PEEK-
injected plates of 0.7 mm thickness Amanat et al. (2011) they found
that laser power is a crucial parameter for weld strength, whereas
irradiation time has little effect. Other works on PEEK and their com-
posites, have also focused on laser power Korycki et al. (2022); Liu et al.
(2022).

Each upper part (2 and 4 mm) is paired with the lower absorbent
PEKK-SC part, resulting in two types of assemblies: PEKK-A2/SC and
PEKK-A4/SC. These assemblies are welded using four laser powers to
obtain 8 assembly combinations, as detailed in Table 5.

Table 4

Thermal properties of PEKK samples.
PEKK A SC
k[Wm! K1 0.246 0.211
Cp, U kg1 K1 973 1138
p [kg m3) 1290 1290
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Fig. 4. Lap-joint configuration for welding PEKK-A/PEKK-SC. Schematic dia-
gram not to scale.

Table 5

Assembly combinations for the study.
Laser power 75 W 85 W 88 W 95 W
PEKK-A2/SC A2/SC-P1 A2/SC-P2 A2/SC-P3 A2/SC-P4
PEKK-A4/SC A4/SC-P1 A4/SC-P2 A4/SC-P3 A4/SC-P4

Annealing of welds

An annealing treatment is carried out on some of the assemblies to
increase the crystallinity of the welded zone. Annealing is performed at
190 °C for 3 h. The welded assemblies are placed into a mold to avoid
sample deformation and placed inside an oven UFP400 from Memmert.
The mold is pre-heated in the oven at the annealing temperature. After
annealing, the assemblies are slowly cooled inside the mold up to room
temperature. Then, they are stored in a desiccator before further testing.

Weld joint characterization methods

The lap-joint assemblies are characterized by single lap shear (SLS)
tests. A tensile machine INSTRON 550R is used with a load cell of 50 kN
and a cross-head load rate of 2800 N min~!. Eight assemblies are tested
for each parameter for the PEKK-A/SC non-annealed welds. Three
samples are tested per parameter for the annealed assemblies. All the
assemblies are tested until failure. After failure, samples are inspected to
identify the failure type. Failure type is selected from standard defini-
tions established in previous work Matus Aguirre (2023) and shown in
Table 6. Within the PEKK assemblies, two main failure types are
observed: the Cohesive (CI) and the Substrate Near Joint (SNJ). When
the assembly fails in CI type, it means that the assembly separates by
shear at the interface within the weld joint. In-plan shear failure mode is
achieved, which is the failure mode that gives the real weld strength.
The SNJ failure indicates that the bulk sample breaks near the weld joint
heat-affected zone (HAZ). This suggests that the assembly failed by
tensile mode within the bulk.

The force at failure (Fy) is thus recorded for each assembly, regardless
the failure type. For the assemblies that failed in CI type, the Ff corre-
sponded to the force at which the assembly separated at the interface
within the joint. For SNJ failure type, the Fs is the one obtained when
one of the bulk samples breaks near the weld joint. To quantify the
mechanical results, the force at failure (Ff) is considered to calculate the
weld strength. Two types of stresses are calculated, the failure stress (of)
and the lap shear stress (LSS). For both, the (F;) is divided by the contact
area (A.). The A. is different for each stress, depending on the zone
where the failure occurred.

Numerical optical microscope VHX-6000S from Keyence is used to
visualize the weld joint. The assemblies are observed to characterize the
weld joint cross-section along the weld path. These weld cross-sections
are cut, embedded in an epoxy resin, and polished before microscopy
observations. The post-failed CI-type assemblies are characterized at the
separation zone (the irradiated interface) to study their failure zones.
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Table 6
Failure types definitions from Matus Aguirre (2023).
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Failure type Appearance Inference Description
Assembly fails at the interface because
. Bond strength << no real material cohesion was created at
Interfacial L .
substrate strength the irradiated interface.
Most undesired result.
. ; Bond strength ~ Assembly fails at the interface within
Cohesive

substrate strength

the weld bond created.

Substrate near

Bond strength >

Failure within the substrate but near the
interfacial region and weld bond intact

joint (SNJ) substrate strength (or mostly).
Bulk substrate results in tensile yield
Bulk substrate Bond strength >> and brakes far from the weld bond.

e —

substrate strength

Most desired result.

Model of LTW

The geometry of the model is defined in the 3D space (x,y,2). Only
the overlap area of 25 x 12.5 mm? with the corresponding thickness of
each sample, is modeled to restrict the calculation time. A meshgrid is
generated with the discretization of the geometry for each direction in
the 3D space. The length Lx of the model goes from 0 to 25 mm with a
spatial step dx = 0.0002 [m] in X. Its width wy goes from O to 12.5 mm,
with a spatial step dy = 0.0002 [m] in Y. The thickness thz of the model
goes from -2 mm (the thickness of PEKK-SC sample) to 2 mm (thickness
of PEKK-A2 sample) with a spatial step of dz = 0.0001 [m] in Z. The
chosen spatial steps ensure both good convergence and an accurate
representation of the temperature gradient resulting from laser irradi-
ation.

The Gaussian shape of the laser beam is used and the irradiation is
applied with a movement in the X axis. Irradiation is modeled with a
starting point at X = 2.5 mm and an ending point at X = 22.5 mm, to
create a weld path length of 20 mm, as for the experimental welding
tests.

The thermo-optical and crystallinity models are solved thanks to
finite difference method using an Eulerian time integration scheme with
a time step dt = 0.002 [s].

Thermo-optical model

The laser transmission welding process involves thermodynamic
phenomena caused by the laser irradiation. The model is defined based
on the heat transfer that occurs in the process. The heat balance Eq. (4)
Cosson et al. (2009), with the mass conservation, is solved in MatLab:

PG = V(KT + Q) @
where p [kg m~3] is the density, C, [J kg~! K~!] is the heat capacity and k
[W m~! K~1] is the thermal conductivity of PEKK. Those parameters are
given in Table 4. For the heat capacity, a function was implemented to
model the changing phase from solid to melted, having a high peak of C,
at the melting temperature, shown in Eq. (5):

L —(T - Tm)*
or+/2pi P 207?

CP(T > Tm) = Cp()

C, = 20000 +Cpo

%)

with Gy being the C, of the PEKK-SC sample from Table 4, and o+ = 6.

The source term Q [W m~2] in Eq. (4) represents the heat generated
by the material due to the absorption of the laser radiation throughout
its thickness, and is modeled by Eq. (6) Coelho et al. (2003):

Q(x,y,2,t) = a-I(x,y,t)-exp( — a.2) 6)

where a and z are respectively the absorption coefficient and the spacial
position. The absorption coefficient a is used as function of the crys-
tallinity Xc of the samples. To obtain this correlation, the coefficients
calculated in section 2.1 are used to make a linear interpolation and
determine the parameter of the linear function for a(Xc) (Eq. (7)).

_faX.+b if X.>b/a
aXe) = {o if X.<b/a )

Using the absorption coefficients of the PEKK samples that share the
same thickness (PEKK-A2 and PEKK-SC), the parameters of the Eq. (7)
are a = 2124 and b = — 11. When the materials are heated over the
melting temperature (Tm) they fully melt and all the crystals are van-
ished. Thus, when the temperature rises above Tm, Xc is near zero (Eq.
(8)). In this case, according to the parameters of Eq. (7) of a(X,), if
Xc < b/a, a can be negative. To avoid a negative value of @, a condition
is applied to a so it became null if the temperature rises above Tm.

X.(T>Tm) = g ©)

The laser intensity I(x,y, t) is the initial intensity of the laser beam,
which depends on the type of laser profile. In this study, a Gaussian laser
beam is used. I(x,y,t) is thus calculated with Eq. (9):

—(x2+y2)}

202

P
I(x,y,t) = 57 o exp{ (C)]

where P [W] is the laser beam power that enters at the upper sample, and
o is the third of the laser beam radius. x and y are the spatial coordinates.
The heat equation is solved using the finite differential method, and
Q(r) is calculated for all the volume of the sample of the assembly.
Dirichlet boundary conditions are used in the model. The tempera-
ture of the upper and lower part of the model are fixed at ambient
temperature (18 °C) for all the calculations.

Crystallization model
To model the evolution of the crystallinity X. due to the laser beam
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irradiation, a crystallization kinetic model was implemented. The evo-
lution of X, was predicted as function of time and temperature with a
model developed by Choupin et al. (2018) from the derivative of the
Hillier model. The model developed by Choupin predicts the
non-isothermal crystallization of PEKK 7002, and is shown in Eq. (10).

% = Wlanli{ — ln[]. — X1 (t)]}%[l — X1 (t)}

+wana Ko [X (t) — X (1))

(10

where w; and wy are the weight factors of the primary and secondary
crystallization in the relative crystallinity Xg of the material. Therefore,
w; + wy = 1, corresponding to the Avrami model hypotheses that the
relative crystallinity at infinite time is unity. The values of w; and wy
calculated by Choupin et al. (2018) are indicated in Table 7.

As determined by Choupin for PEKK 7002 Choupin et al. (2018), the
Avrami exponent for the primary crystallization n; is equal to 3, which
corresponds to a three dimensional growth with an instantaneous
nucleation. For the secondary crystallization, n, = 1. This corresponds
to a one dimensional crystallization growth with an instantaneous
nucleation.

The Hillier crystallization rate constants K; and K, are expressed by
the Hoffmann and Lauritzen theory of crystal growth. Therefore, the
primary rate constant is:

—3U* —3K,
Ky(T) :KOIeXp{R(T—T )]eXp{TAlffl} (11)

And, the secondary crystallization rate constant is:

%

Ko(T) = Konexp {R(T—f] - )]exp {T_f;}} 12)

with the pre-exponential factors Ko; = gszme3 and Koz = No2Goo

independent of temperature. The first exponential term contains the
contribution of the diffusion process to the growth rate, where U* is the
activation energy of the molecular transferring through the melt crystal
interface, T, is the temperature below which diffusion stops (T, =Ty —
30 K) with Tg = 160 °C and R is the gas constant (8.314 J mol~! K1).

The second exponential term is the contribution of the nucleation
process, where Ky; is the activation energy of nucleation for a crystal
with a critical size, AT is the degree of supercooling (AT = Typo — T)
with Ty the equilibrium melting temperature and f is a correction co-
efficient for the temperature dependence of the melting enthalpy (f =
2T/(Tmo + T)). The index i for K; is equal to 1 for the primary crystal-
lization and 2 for the secondary crystallization. All the last mentioned
parameters are given in Table 7.

The model shown in Eq. () calculate the relative crystallinity Xz of
the material. To calculate the real crystallinity X, the Xy is multiplied by
the maximum crystallinity possible to achieve the material X,. In the
case of PEKK X, = 30 %. Thus, Eq. (13) gives the final calculation of the
crystallinity evolution in our material:

Table 7
Parameters for the crystallization kinetic model.
Parameter PEKK 7002
w1 0.78 (REF Choupin et al. (2018))
12 0.22 (REF Choupin et al. (2018))
m 3 (REF Choupin et al. (2018))
ny 1 (REF Choupin et al. (2018))
U* [J mol 1] 4.9 x 10° (REF Choupin et al. (2018))
Ko1 [minfs] 1.5 x 104 (REF Pérez-Martin et al. (2022))
Kq [K?] 5.041 x 107 (REF Pérez-Martin et al. (2022))
Koz [min 2] 2.486 x 10° (REF Pérez-Martin et al. (2022))
K [K?] 2.025 x 10° (REF Pérez-Martin et al. (2022))
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dX.  dXx
de  dt Ko a3

Results and discussions
Weld joint morphology

The welds obtained from PEKK-A/SC assemblies are shown in Fig. 5.
The weld joint cross-section along the weld path is visible for each as-
sembly combination before and after welding. Prior welding, the
interface line is easily noticeable between the overlapped samples. Then,
for each power used for welding, a heat-affected zone (HAZ) is devel-
oped at the location of the previous interface line. All the cuts exhibit a
similar HAZ: an oval shape with a color gradient from yellow to white,
transitioning from bottom to top. As it can be noticed, a portion of the
PEKK-SC bottom sample has now turned yellow. On the other hand, the
PEKK-A top sample has acquired a white coloration at the top of the
developed HAZ. These color changes on the samples suggest a modifi-
cation on their crystalline state at the weld joint HAZ. As a result, an
anisotropic weld joint in terms of crystallinity is generated after
welding.

Given that PEKK is a semi-crystalline thermoplastic, its initial poly-
mer microstructure can be significantly altered during laser welding, as
proven by Ghorbel et al. in the case of semi-crystalline PP polymers
Ghorbel et al. (2009). The different thermal gradients that the material
experiences at the welding process can modify the crystalline micro-
structure of the injected samples. In case of PEKK 7002, change in
crystallinity is easy to be identified by the coloration of the material. By
examining the HAZ obtained on the different assemblies, two principal
zones can be identified in Fig., which can be related to the thermal
history of the welding process.

Zone 1 is the yellow portion of the HAZ that has replaced the
interface line existing prior to weld. The yellow coloration of this zone
indicates low crystallinity, or an amorphous state, as observed in the
PEKK-A sample with a comparable color. It can be inferred that, during
the irradiation process, both parts underwent melting within this zone
which allow the macromolecules to diffuse and entangle to develop the
weld joint. Then, when cooling, the material did not crystallize due to
the fast cooling rate compared to the crystallization kinetics of PEKK
from the melt. Indeed, a slow cooling ramp, lower than 40 °C min~}, is
necessary for PEKK 70/30 to crystallize from the melt Quiroga Cortés
etal., 2016. As proven by Quiroga Cortés et al., 2016, when PEKK 70/30
crystallizes from the melt at high cooling rates (40 “C min™!) it exhibits
cold crystallization endotherms. It means that a partial crystallization
occurs on cooling. The crystallinity of PEKK 70/30 decreases from 28 %
to 15 % with increasing the cooling rate from 10 to 40 °C min~!.
Therefore, the crystallinity change after LTW process has already been
proven by Liu et al. on PEEK/CFR-PEEK thin films. They correlated the
crystallinity of the weld joint with the laser power Liu et al. (2022).
Their results reveal a reduction of the crystallinity with the rapid cooling
rate of the welding process. Zone 1 can also be considered as the “molten
layer” (ML) of the HAZ.

Zone 2 of the weld joint HAZ is represented by the white portion
developed over zone 1, inside the bulk PEKK-A sample. This white
coloration indicates material cold crystallization. In this zone, a high
temperature was achieved by thermal conduction of the interface irra-
diation. It can be inferred that the maximum temperature reached was
between Tg and Tm, because the amorphous form of PEKK achieved to
crystallize from the amorphous state. This is possible due to the fact that
the molten layer (ML) generated is thick and the conductivity of the
material is low, so the energy transferred by conduction from the ML to
the bulk PEKK-A sample is stored for a long time, having enough time to
crystallize. This zone 2 can also be called the “semi-crystalline layer”
(scL) of the HAZ.

As illustrated in Fig. 6, it is obvious that the molten layer (ML)
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PEKK-A4/SC

Fig. 5. Weld joints cross-sections along the weld path of the PEKK-A/SC assemblies. Representative micrographs for each assembly combination. The weld joint HAZ

is recognizable as the oval shape with the color gradient.

PEKK-A (transparent part)

1.

PEKK-SC (absorbent part) !

Fig. 6. Representative micrograph of the weld joint cross-section with a sche-
matic representation of the different zones inside the weld joint HAZ. The
interface location prior to weld is identified by the horizontal dotted line.

extends over both samples, although the depth of melting varies be-
tween them. The PEKK-A samples melted within a minimal depth,
remaining close to the interface. The average depth of this ML on PEKK-
A samples for both types of assemblies is 0.4 + 0.1 mm. On the other
hand, the ML of PEKK-SC sample has a significant depth inside its
thickness, nearly reaching the bottom of the substrate. This suggests that
the laser irradiation penetrated the sample, as noted by Jones (2002),
and was absorbed within the volume, rather than solely at the interface.
The maximum depth that this ML achieves in the PEKK-SC sample is 1.6

mm for the A4/SC-P4 assembly. Welding substrates thinner than 1.6 mm
would be tough with the parameters of this study. This asymetric dis-
tribution of the ML was also observed on Abed et al.’s work when
welding natural PP to PP pigmented with carbon black Abed et al.
(2001). An asymmetric shape of the weld seam into the two materials
was observed when the lower part is filled with a low pigment content
(less than 1 %), resulting in low absorbing properties. They indicated
that this allowed most of the energy to go deep inside the absorbing
material, leading to a limited heat transfer to the upper part, obtaining
moderated temperatures at the interface and lower dimensions of the
meltpool. Even if the PEKK-SC sample melted with a significant depth in
its thickness, it did not melt up to the bottom of the sample. The bottom
of the PEKK-SC sample was in contact with the welding platform made
of aluminum, which allows rapid heat dissipation.

Fig. 7 shows the HAZ layers (ML and scL) depth dimensions for each
assembly combination. Focusing on the ML depths, a notorious incre-
ment of the molten depth is seen in both bulk samples when increasing
the laser power. Inside the PEKK-SC sample the ML covers 53 % to 70 %
of the original sample thickness of 2 mm when welded with PEKK-A2.
When PEKK-SC is welded with PEKK-A4, this percentage increases,
going from 74 % to 81 % of its thickness. On the other side, the melted
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3r A MLinA4/SC|]
’g ® MLinA2/sC
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I
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Fig. 7. Weld joint HAZ layers depths inside the thickness of each bulk sample for each assembly combination. (ML) indicate the molten layer, and (scL) the semi-
crystalline layer. The values below the interface line indicate the ML depth in the PEKK-SC sample. The values above the interface line indicate the ML and scL depths

on the PEKK-A samples.
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layer in the PEKK-A sample is thin with almost the same dimensions for
both types of assemblies. In the PEKK-A2 assemblies, the ML covers
around 15 % of the original sample thickness when welding with P1, P2
and P3, and 40 % when using P4. In the PEKK-A4 samples, the thickness
of the ML goes from 7 % to 9 % of the original thickness of 4 mm. As
already proven by Acherjee et al. (2011, 2012) who studied LTW of PC,
the molten depths in transparent and absorbing parts increase when
increasing laser power and welding time. The increase in laser power
results in greater heat input, leading to more molten material which
generates larger weld dimensions.

The scL depth within the HAZ also exhibits a notable correlation with
both laser power and assembly type, as seen in Fig. 7. In the case of
PEKK-A2/SC assemblies, the scL depth increases from 1.01 to 1.07 mm,
covering more than 50 % of the thickness of the PEKK-A2 bulk sample.
For PEKK-A4/SC assemblies, the scL depths increase from 1.2 to 2.01
mm, covering between 30 % and 50 % of the PEKK-A4 bulk sample
thickness. Notably, only welding with the higher power value (P4)
achieves a scL depth that covers 50 % of the PEKK-A4 sample thickness,
while using lower laser powers yields scL depths that cover less than 37
% of the PEKK-A4 thickness. To date, no other study has documented the
apparition or development of a scL. within the HAZ over the ML,
rendering it challenging to draw comparison with existing data.

The HAZ length is measured for each assembly combination and
plotted with the power used for welding in Fig. 8. The HAZ length is the
maximum length measured along the Y axis inside the ML of the PEKK-
SC sample. A notorious increment on the HAZ length with the power is
noticed. This increment is almost linear for three of the four intensities
(75, 85 and 95 W). The HAZ length obtained at 88 W do not follow the
regular trend, that can be explained by the uncertainty of the power in
the welding machine. Indeed, the values of power are defined with +3
%. Thus, the data obtained for 85 and 88 W are expected to be close to
each other. Nevertheless, the increment of the HAZ length with laser
power can be explained by the fact that increasing the laser power
maximizes the heat input which leads to a greater volume of melted
material at the interface, resulting in a higher welded zone. As it can be
seen, the HAZ length of PEKK-A2/SC improves considerably with laser
intensity, with a gap of 1.6 mm between the higher and lowest power.
The HAZ length of PEKK-A4/SC assemblies also increases, but this
increment is meanly notorious, with only 0.3 mm of difference from the
lowest to the highest power, the HAZ lenght of these assemblies is quite
the same. Moreover, this HAZ length is higher than the welding path
used for welding (20 mm) in all the configurations. That indicates that
the irradiation procedure used, combining static and dynamic irradia-
tion, had a positive impact on the melting at the interface.

The HAZ length also increase with the increase of the transparent
substrate thickness for each laser power. This can be caused by the
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scattering of the laser irradiation through the samples. Thus, PEKK-A4
seems to scatter more the light than PEKK-A2, which increases the dis-
tribution of the energy over a longer area.

From Fig. 5 it can be seen that most of the cross-sections show a void
on the left side of their HAZ, near its end. This void was not caused by
water evaporation, because samples were dried before welding, but
mostly from flowing matter that escaped from the other side, as it can be
clearly seen on the pictures. On the right side of the cross-section,
outside the border, an extra of the material can bee seen. This implies
that the material that melted at the irradiation-welding process flowed
from the interface line opposite to the welding trajectory.

Crystallized assemblies The annealing process aims to turn the amor-
phous state of the material to crystallization to its maximum degree. The
effectiveness of annealing on promoting crystallization has already been
proven by Liu et al. on PEEK/PEEK-CF LTW assemblies Liu et al. (2022).
The annealing temperature must be between Tg and Tm to achieve
crystallization in isothermal conditions from the amorphous state, as
stands by Quiroga Cortés et al., 2016. As seen in Fig. 2a, PEKK-A crys-
tallizes during the first heating ramp after the glass transition temper-
ature. This crystallization is assessed by the exothermic peak after Tg,
namely cold crystallization temperature (Tcc). The crystallization of the
amorphous form of the material starts with the development of the first
germs. This first crystal germination occurs at the beginning of the
exothermic peak when heating. The cold crystallization peak observed
in Fig. 2a seems to start around 190 °C. Thus, this is the temperature
established for the annealing process.

Quiroga Cortés et al., 2016 investigated the impact of annealing on
the physical structure of PEKK 60/40. They observed that prolonged
annealing duration or annealing at higher temperatures led to a signif-
icant increase in crystallinity. They also associated the crystal
improvement with the increment of the annealing time at a given tem-
perature, resulting from conformational reorganizations during
annealing. The annealing time is determined after several preliminary
tests between 1 and 4 h. Thus, 3 h is the time used for annealing the
assemblies.

The study of annealing is carried out on the following specimens: P2
(85 W) and P4 (95 W). These two powers are chosen from the results
obtained in the mechanical characterization of PEKK-A/SC welds in
section 3.2. Upon annealing, not only the weld joint is crystallized, but
also the whole specimens. After crystallization, the assemblies are
characterized visually and mechanically.

As it can be recalled, when welding PEKK-A/SC the weld joint ob-
tained is non-homogeneous in terms of crystallinity, as it can be seen on
Fig. 9b. With the annealing process, crystallization is enhanced and a
fully crystallized weld joint is obtained, as in Fig. 9c. The cross-section of
the weld joint shown on Fig. 9c has a more homogeneous color on its
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Fig. 8. Weld joint HAZ length plotted against laser power used for welding.
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PEKK-Ac

Fig. 9. PEKK-A/SC weld joint cross section a) before welding, b) after welding and c) after annealing process.

HAZ, compared to the HAZ obtained only after welding (Fig. 9b).
Indeed, the full cross-section of the crystallized assembly shows only one
coloration, which is beige. Having this color on the PEKK 70/30 samples
indicates that the material has a high crystallinity. Thus, it can be
inferred that the weld joint obtained after annealing is homogeneous in
terms of crystallinity.

Although, as seen in Fig. 10, a darker region of beige coloration can
be noticed on the crystallized weld cross-section for all assembly con-
figurations. This darker region could be the amorphous zone (Zone 1) of
the initial weld joint that crystallized during annealing. The crystalli-
zation generated gave a darker color because it was obtained from cold
crystallization. It can be inferred that the crystalline structure obtained
here is different from the PEKK-SC bulk sample. As already proven by
different authors, PEKK exhibits two crystal polymorphisms (forms I and
II) Gardner et al. (1994, 1992); Ho et al. (1994) that can develop
depending on the crystallization conditions Cheng et al. (1996); Gardner
etal. (1994); Ho et al. (1995, 1994). Gardner et al. suggested that under
conditions of fast nucleation, such as cold crystallization with a signif-
icant degree of supercooling, form II is favored Gardner et al. (1994).
They also identified that when PEKK 70/30 crystallizes from the cold,
both forms I and II structures appear, contrary to crystallization from the
melt which favor form I. This can indicate that the weld joints crystal-
lized by annealing can have a mixture of forms I and II, thus the colors
observed are darker than the PEKK-SC sample.

Weld joint mechanical properties

The results of the SLS mechanical tests are analysed in correlation
with the welding parameters for the PEKK assemblies. Initially, the focus
is placed on the non-crystallized (NC) assemblies, namely PEKK-A/SC.
Fig. 11 shows the load at failure (Fy) for all assembly combinations
within the non-crystallized group. Notably, it is observed that the failure
force increases when doubling the PEKK-A thickness for each power
tested. Additionally, the breaking load increases with power for the first
three power values, nearly doubling from 75 W to 88 W. For the PEKK-
A2/SC assemblies, the load at failure escalates from 0.8 kKN to 1.4 kN,
representing an increment of 75 %. While for the PEKK-A4/SC assem-
blies, the force increases from 1 kN to 1.9 kN, marking a 90 % rise.
However, at the highest power value, there is a subsequent decrement in
the failure force, dropping by 21 % for the A2/SC, and 11 % for the A4/
SC assemblies. The maximum failure force is thus recorded at 88 W of
laser power, reaching 1.4 kN for A2/SC and 1.9 kN for A4/SC assem-
blies. These results are similar to those obtained by Goyal et al. when
welding transparent polycarbonate samples of 2 mm thick with a fiber
laser of 1080 nm wavelength Goyal and Kant (2023). In their work, the
maximum breaking load of 1.18 kN was achieved at 100 W and a

welding speed of 400 mm min~!.
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Fig. 10. Weld joints cross-section along the weld path of the crystallized as-
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Fig. 11. Mechanical tests results showing the load at failure (Fy) for all PEKK-
A/SC assemblies combinations. Error bars indicate standard deviation.

As mentioned on section 2.4, two failure types were obtained within
the PEKK assemblies: the CI and SNJ (refer to Table 6). A high per-
centage of the assemblies tested failed in substrate near joint (SNJ) type
(see Table 6): 82 % for the PEKK-A2/SC, and 44 % for the PEKK-A4/SC.
These assemblies failed within the bulk, really near the weld joint, they
are thus considered as if the weld joint is stronger than the bulk material,
as hypothesized by Amanat et al. (2010) when welding PEEK films.
However, the failure stress oy can be calculated for the SNJ failed as-
semblies by dividing the Fy to the failure zone area Ay. The failed area is
the section of the bulk sample that broke on the test. Fig. 12a shows the
failure stress oy calculated for the assemblies that failed in SNJ type. The
failure stress follows a similar tendency that the Fy, but, opposite to it,
the o7 is higher for the PEKK-A2/SC assemblies. This is because the
PEKK-A2/SC assemblies have a smaller failure zone that the
PEKK-A4/SC. Even if the PEKK-A2/SC assemblies failed within the
amorphous or semi-crystalline bulk sample, their thickness is 2 mm. On
the other side, the PEKK-A4/SC assemblies failed mostly in the amor-
phous sample, with a thickness of 4 mm. That means that the contact
area that failed was higher, and even twice, of the area on the
PEKK-A2/SC assemblies. And, to obtain a higher failure stress, the fail-
ure load should also be at least twice. But this was not the case, the
failure force of the PEKK-A4/SC assemblies was just 47 % higher than
the F; of the PEKK-A2/SC assemblies.

CI type failure is achieved within a few assemblies: 18 % for the
PEKK-A2/SC, and 64 % for the PEKK-A4/SC. When welding PEEK films
with LTW, Amanat et al. obtained some CI failure in the crystalline
group (only 38 %) Amanat et al. (2010). The CI failed weld joints are
characterized by optical microscopy, as shown in Fig. 13. The HAZ of the
weld joint is seen at the overlapped zone, the interface plane. This HAZ
appears with a yellow coloration, as for Zone 1 of the weld joint defined
in section 2.4. This indicates melting and change in the crystalline state
of the PEKK-SC sample, becoming amorphous after welding. For each
assembly combination, the weld joints show signs of sheared material.
This indicates that the samples were melted and fused together at the
irradiated zone and that the bonds were sheared during test, confirming
a continuous material at the weld joint in the assembly by optical mi-
croscopy and used to calculate the real lap-shear-strength (LSS) of the CI
failed assemblies.
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Fig. 12. Mechanical test results for each PEKK-A/SC assembly configuration: (a) failure stress for the SNJ failed assemblies, (b) lap shear stress (LSS) with their
respective contact area (Ac) for the CI failed assemblies. Error bars indicate standard deviation.
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Fig. 13. Representative micrographs of the failed weld joint of assemblies failed with CI type for each assembly combination. Visualizations are made at the

overlapped zone of the PEKK-SC sample.

The mean LSS of the CI failed assemblies is plotted with laser power
in Fig. 12b with their respective A,. The strength obtained for both types
of assemblies (A2/SC and A4/SC) at one laser power is relatively the
same, excepted for 75 W. However, contrary to the force at failure, LSS
considerably decreases from 85 W. The maximum strength is reached at
85 W, with a value of 57 MPa, for both types of assemblies, whereas the
minimum strength is obtained at 95 W, with 43 + 2 MPa. LSS decreases
by 25 % between the maximum and minimum values for both types of
assemblies. The explanation is that a high power intensity used for
irradiation creates a bigger weld joint, obtaining a higher contact area.
And, whereas the force at failure increases with power, the LSS will
decrease because of the increment of contact area, this is noticeable in
Fig. 12b. Overall, the strength obtained in the assemblies is higher than
those achieved by Potente et al. when welding PEEK T-joint specimens
with similar thicknesses for the transparent substrate Potente et al.
(2001). They achieved a maximum strength of 40 MPa.

Crystallized weld joints mechanical properties Two powers are studied
for the annealing process: 85 and 95 W, which are compared with the NC
assemblies. Compared to the NC-PEKK assemblies, the annealed cold-
crystallized (CC) ones, labeled as PEKK-Ac/SC, they all failed in SNJ
type. In this case, the PEKK-A2c/SC failed within the PEKK-SC bulk
sample, and the PEKK-A4c/SC failed at the initially (but now crystal-
lized) PEKK-A4 amorphous bulk sample. Cohesive failure is not achieved
when the crystallization is enhanced after welding. Nevertheless, the
mechanical results can be studied and compared to the NC assemblies
for the two laser powers mentioned and the two sample’s thicknesses.

Fig. 14 compares the failure force with power for the NC and CC
assemblies. The CC assemblies have a similar behavior as the NC ones:
when the thickness of the PEKK-A increases, the resistance to the break
load increases. Furthermore, the load at failure increases with crystal-
lization whatever the power. For A2/SC assemblies, a 35 % increment is
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Fig. 14. Mechanical results of the PEKK annealed assemblies (PEKK-Ac/SC)
showing the Fy compared with the correspondent PEKK non-annealed assem-
blies (PEKK-A/SC) F;. Error bars indicate standard deviation.

observed between the non-crystallized and crystallized assemblies at
95W, while at 85W, the load at failure remains relatively the same. For
the A4/SC assemblies, the breaking load increases by 19 % when
welding with 95 W, and 81 % when using 85 W. This suggests a positive
effect of annealing: the crystallized weld joints exhibit a higher resis-
tance compared to the non-crystallized ones.

As previously, the failure stress can be calculated for the CC assem-
blies using the Fy and the Ay. Fig. 15a illustrates the failure stresses of
both crystallized and non-crystallized assemblies. Similar to the trend
observed for load at failure, the failure stress increases with the sample’s
thickness. Compared to the NC assemblies, the failure stress increases
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Fig. 15. Mechanical tests results of the PEKK annealed assemblies (PEKK-Ac/SC) compared with the correspondent PEKK non-annealed assemblies (PEKK-A/SC)

results: (a) failure stress and (b) lap shear stress. Error bars indicate standard deviation.

when enhancing crystallinity by annealing. However, contrary to the
non-crystallized assemblies, it can be noticed that the failure stress is
higher for the PEKK-A4c/SC than for the PEKK-A2c/SC. This change in
the tensile resistance is due to the fact that, for CC assemblies, the load at
break for the PEKK-A4c/SC is more than 70 % higher than for the PEKK-
A2c/SC. Even though the PEKK-A4c/SC assemblies failed at the PEKK-
A4 sample, the break load was high enough to achieve a high failure
stress with a large failure area Ay = 48 & 3 mm?.

To obtain the weld strength of the CC assemblies, the force at failure
is divided by the contact area of the weld. Because the welds are made in
the same conditions as the initial non-crystallized (NC) ones, we assume
the same contact area for all types of assembly. The average values of the
PEKK-A/SC weld contact areas obtained for each laser assembly
configuration were used to calculate the LSS for the crystallized as-
semblies. These LSS values are displayed in Fig. 15b and compared to the
ones obtained for the PEKK-A/SC NC assemblies. The weld strength
decreases with power for each assembly combination. Nevertheless,
higher strength values are obtained for the crystallized assemblies. The
strength of the assemblies increases by more than 10 % when fully
crystallized. The higher increment is achieved for the PEKK-A4c/SC at
85 W, increasing by 76 % when crystallizing the weld joint, obtaining
the maximum strength value at this power, reaching 102 MPa. The
minimum laser power obtained is 52 MPa, being also higher than the
minimum value obtained for the NC ones (41 MPa). To date, only one
work in the literature reports the effect of annealing on LTW assemblies
on similar material (PEEK) by Liu et al. (2022). In this work, the crys-
tallized assemblies showed lower LSS values than the non-crystallized
ones. More importantly, increasing the crystallinity of the weld joint
had a negative impact on its strength. They obtained a maximum
decrement of 7 % on the weld strength between the non-crystallized and
the maximum crystallized weld joint. Their findings are opposite to the
results obtained in the present work.

Results of LTW modeling

Computational modeling is employed to gain insight into the intri-
cate mechanisms of crystallization observed in the laser transmission
welding experiments. The laser welding process is modeled for the
PEKK-A2/SC-P1 assembly type, using the same parameters as the
experimental tests, except for the power value. A perfect contact at the
assembly interface is assumed to consider qualitatively the clamping
pressure of the experiences. Only thermal simulations are done. The
welding parameters set for the LTW modeling are indicated in Table 8.

The high-temperature gradient caused by laser power significantly
alters the material’s properties, making their exact values elusive.
Studies have proven that thermal properties, such as the melting point of
thermoplastic materials, decrease with high heating rates. Bolle et al.
(2022) in 2022 demonstrated how the heating rate influences the
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Table 8

Welding parameters for LTW modeling.
Parameter Value
Laser power (P) [W] 15
Welding speed (V) [mm s~']
Beam diameter (DB) [mm]
Weld length (Lw) [mm] 20
Cooling time (tc) [s] 120

melting peak position in PA66. The melting temperature of PA66 is
modified at high heating rates, decreasing 7 °C between a speed of 1 and
100 °C/s. In addition, the simulations developed in the present study are
based on a 1D absorption model perpendicular to the input surface with
integration in Z, considering also the change in microstructure (crys-
tallinity rate). The existing scattering in the parts is not incorporated in
the model. A lower power value must be used then to reproduce, at best,
the results obtained in the experimental tests for the PEKK-A2/SC-P1
assembly type in terms of weld joint morphology. This power value
also corresponds to the power required to melt the volume of polymer
within the weld seam, as calculated using the known thermal properties.
In the preliminary tests of the simulations, 15 W was determined as the
power value that allowed the welding tests to be explained in terms of
weld joint morphology and crystallinity. This power value is also chosen
based on a known model and parameters for semi-crystalline polymers.

Fig. 16 shows the temperature fields for two assembly views: the
cross-section along the weld path and the assembly interface plan. The
temperature is also shown for two different times of the simulated
welding process: Fig. 16a corresponds to the first second of irradiation
(t = 1s), and Fig. 16b shows the last second of irradiation (t = 20 s). The
cross-section along the weld path shows that the temperature field is non
homogeneous between the upper and lower parts. At the beginning of
irradiation (t = 1 s) (Fig. 16a), the highest temperatures are reached in
the PEKK-SC bottom sample due to its high absorption properties
compared to the PEKK-A upper part. It is also noticeable in the tem-
perature distribution that the PEKK-SC part absorbed the energy in the
volume, not only at the interface, as for the experimental tests. Then,
this temperature field expands as the laser moves. As it can be seen at the
end of the weld path (Fig. 16b), the PEKK-A sample now reaches high
temperatures in its thickness and not only at the interface, but this
thickness is still lower than that of the PEKK-SC sample. That indicates
that both the PEKK-SC and PEKK-A melted in their volume at the irra-
diation process but within a different thickness, as observed experi-
mentally with the ML of both parts. When visualizing the assembly
interface plan, it can be noticed how the temperature evolution caused
by the laser beam passes from a circular shape at the first second of
irradiation to a comet shape at the end of the irradiation. The observed
temperature distribution and its evolution along the welding process are
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Fig. 16. Simulations results: Temperature field on the Weld joint at (a) 1s and (b) 20s of irradiation.

primarily attributed to the variation of the laser energy deposition at the
assembly interface. The modification of the sample’s crystallinity caused
by the increasing temperatures of the welding process makes the ab-
sorption coefficient evolve. This evolution in absorption capacities
directly influence the energy deposition dynamics throughout the
welding process.

Fig. 17 a shows two views of the weld joint HAZ after irradiation and
cooling: the cross-section along the weld path and the interface plan.
The isovalues indicate the crystallinity (Xc) of the samples. These nu-
merical visualizations are comparable to those observed on the PEKK-A/
SC NC assemblies. As observed experimentally in Fig. 6, two identifiable
zones are also obtained in the simulations when visualizing the cross-
section along the weld path (Fig. 17a top). An amorphous zone 1
covering both samples, and a cold crystallized zone 2 developed over
zone 1. Then, when observing the HAZ at the interface plan for the CI
failed assemblies in Fig. 13 it can be noticed that the weld joint is
amorphous, as predicted by the numerical simulations at the bottom in
Fig. 17a. Also, both experimental and numerical results indicate that the
semi-crystalline polymer remains crystallized in the bottom zone. This
behavior is attributed to the applied boundary conditions (T=18 °C) in
the simulation. In the experiment, it is likely due to heat transfer with
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the metallic support, which keeps this area near room temperature.

Fig. 17 b plots the temperature and crystallinity evolution in time for
the two points indicated in the weld joint cross-section along the weld
path of Fig. 17a: the center point of the assembly at the interface on the
PEKK-SC part (wcp-int) with coordinates (x,y, z) = (12.5,0,0) mm, and
the center point at the scL developed (wcp-scL) with coordinates (x,y,
z) = (1.25,0,1.2) mm. At the interface, the temperature increases from
ambient temperature (18 °C) to its maximum value (around 314 °C) in
less than 4 s, indicating a heating rate of 100 °C/s. The highest tem-
perature reached is 314 °C, allowing melting of the material, as defined
in the model, and as observed experimentally in section 2.4. Then, at the
scL, the maximum temperature reached is about 280 °C, being lower
than the melting temperature. That indicates that the PEKK-A sample
did not melt in this zone. However, the elevated temperatures allowed
the material to cold crystallize, agreeing with the experimental findings
in section 2.4.

The variation of crystallinity (Xc) of the PEKK-SC (at the wcp-int)
shows a drastic change from 24 % to almost zero when the melting
temperature is reached. Then, with the temperature decrease, the
crystallinity slightly increases up until it stabilizes at 9 %. That shows
that the PEKK-SC sample melted upon irradiation and did not crystallize

——wep-int
——wop-scL |

100

Xc (%)

tw=20s twc=140's

0 50

100 150

time (s)

(®)

Fig. 17. Simulations results: (a) weld joint HAZ isovalues of the crystallinity after welding process, along the welding path and at the interface plans, and (b) plots of

the temperature and the crystallinity degree over time.
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during cooling, staying amorphous. On the other side, at the PEKK-A
sample (the wcp-scL point), the crystallinity increases with tempera-
ture, reaching a maximum of 20 %. This indicates that the PEKK-A part
achieved cold crystallization during irradiation, achieving a semi-
crystalline state as stated in the scL. These numerical results are in
accordance and comparable with the experimental results obtained.

Conclusion

This study provides a comprehensive analysis of LTW of PEKK as-
semblies, in an amorphous over semi-crystalline configuration (PEKK-A/
SC). Through experimental characterization and numerical modeling,
the relationships between material crystallinity, process parameters and
weld joint properties are assessed. The process parameters influence the
joint morphology and mechanical resistance of welds. The effect of
crystallinity on the weld joint strength is clarified by conducting post-
weld annealing in some welds. The following conclusions can be out-
lined from the results:

e The weld joint shows an anisotropic distribution of the crystallinity
within its HAZ. Two different zones are identified in the weld joint
HAZ that are correlated with the thermal history of the welding
process: an amorphous zone 1, also named “molten layer” (ML); and
the cold-crystallized zone 2, named “semi-crystalline layer” (scL).
The depth and morphology of the molten and semi-crystalline layers
show significant variations depending on laser power and semi-
transparent part thickness.

Mechanical testing revealed two failure types: cohesive (CI) and
substrate near joint (SNJ), which reveal the weld properties, as well
as the failure mechanisms.

The mechanical strength of the PEKK-A/SC weld joints decreases
with laser power. High values are reached between 41 and 64 MPa.
Crystallization of the welds is achieved by annealing without joint
separation. This crystallization generates an homogeneous crystal-
lized HAZ with different crystalline structure, due to cold crystalli-
zation of the ML.

Enhancing the crystallinity of welds by annealing improves their
mechanical strength, demonstrating the potential of post-weld
treatments to optimize weld performance. Higher values of LSS are
thus obtained, between 52 and 102 MPa.

Modelling the LTW process by finite difference method allows for a
better understanding of this complex mechanism of crystallization
observed during welding experiments. We demonstrate the possi-
bility to predict the weld joint morphology depending on material
properties and process parameters.

Overall, controlling the crystallization properties and kinetics of
PEKK is crucial to achieve optimal welding and to predict the weld
joint properties.

This research provides a deep understanding of the fundamental
mechanisms governing the formation and properties of weld joints in
LTW PEKK assemblies. The outcomes contribute to boost the develop-
ment of LTW for assembling high-performance semi-crystalline ther-
moplastic for various applications across high demanding industrial
sectors.
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