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ABSTRACT

This study examined the combined influence of welding time, double-welding (DW), and service
temperature on the integrity and mechanical performance of resistance-welded CF/PEKK joints. A DW
methodology was introduced and evaluated as an additional processing route for the purpose of joint re-
activation, rework, and reconsolidation. A resistance-welding processing window was established through
thermal characterisation to enable controlled melting and crystallisation. Single- and double-welded joints
produced at different heating-stage durations were assessed by optical microscopy, micro-CT, post-weld
comparative crystallinity analysis, single-lap shear testing at room temperature and —50 °C, and dynamic
mechanical analysis. Increasing welding time improved consolidation, reduced voids, and increased room-
temperature lap-shear strength in single-welded joints. DW improved joint quality at shorter welding times;
however, at longer welding times, it reduced room-temperature strength despite lower void content,
indicating welding-cycle-dependent changes in the post-weld state. At =50 °C, both joint types exhibited
higher strength and a more brittle response, with behaviour governed primarily by matrix stiffening rather
than porosity differences. The results demonstrate that the performance of resistance-welded CF/PEKK
joints is controlled by the combined effects of welding time, the second welding cycle, and service
temperature. Double-welding, therefore, introduces an additional processing degree of freedom to improve
robustness in resistance-welded CF/PEKK joints.
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1. Introduction
Thermoplastic composites are increasingly used in aerospace structures because of their high specific
mechanical performance, manufacturing flexibility, and re-melting capability, which enables welding,
repair, and rework [1]. Since large or geometrically complex composite structures often require joining, the
reliability of the joint is critical to structural efficiency and long-term performance [2, 3]. For thermoplastic
composites, welding is particularly attractive compared with mechanical fastening and adhesive bonding
because it can reduce added mass, avoid drilling-induced stress concentrations, and minimise extensive
surface preparation [4, 5].
Resistance welding (RW) is a practical joining route for large-scale thermoplastic composite structures,
including aerospace components, because it combines localised heating with relatively simple hardware
and short cycle times [6, 7]. In RW, an electrically resistive heating element (HE), commonly a metal mesh
or carbon-based heater, is placed at the overlap interface and supplied with current to generate heat by Joule
heating. The resulting temperature rise brings the interfacial polymer above its glass transition temperature
(Tg) or melting temperature (Tm), enabling melt flow under pressure, intimate contact, and interfacial
healing, followed by consolidation on cooling [7, 8]. In practice, current delivery is achieved via a power
supply and electrical clamping, while insulation and pressure application are used to limit heat loss and
promote through-thickness consolidation; therefore, joint formation is governed by the coupled control of
electrical input and applied pressure [9]. A schematic of the RW configuration and heating-element
placement is shown in Figure 1. Marti et al. [10] described this process in a four-stage sequence: heating,
melting, crystallisation, and cooling, where a controlled reduction in electrical input during the
crystallisation stage promotes gradual cooling and stabilises interfacial crystallisation, thereby reducing the
risk of uncontrolled microstructural development. Achieving a repeatable temperature—time profile across
these stages is therefore critical for robust welding and is governed primarily by the current level, heating-
stage duration (welding time), and applied pressure, which have been widely examined in the literature [11-
13]. In practice, suitable parameter windows are commonly established via preliminary welding trials
and/or finite element modelling of the thermal field.

Figure 1. Schematic representation of a typical resistance welding setup.
The quality of resistance-welded joints is strongly influenced by local thermal and melt-flow conditions

within the joint region. Void formation is a recognised challenge in the thermal processing of thermoplastic



composites [ 14]. In resistance-welded joints, voids may arise from incomplete interfacial melt-flow, trapped
air, or non-uniform temperature distribution, particularly in complex heating element architectures. Such
residual porosity can reduce load transfer efficiency and influence joint mechanical performance,
highlighting the need to mitigate void formation to improve process control and weld integrity [15].
Among the governing parameters, welding time is particularly critical because it controls the duration of
heat input and therefore the interfacial thermal exposure that drives melting, interdiffusion, and
consolidation. Modelling work by Panneerselvam et al. [16] highlighted its significance, attributing
approximately 20% of the overall contribution to weld performance to welding time in resistance-welded
GF/PP joints. For a given current level, increasing welding time increases the energy delivered to the
interface and elevates the interfacial temperature, which must be high enough to fully melt the matrix yet
remain below the onset of thermally driven damage mechanisms [17]. Experimental studies consistently
report an optimum window: lap-shear strength increases with welding time until sufficient melting/healing
is achieved, then declines under prolonged exposure, as shown for GF/PEI and CF/PEEK systems by Shi
et al. [18] and Shen et al. [19]. Similar behaviour was reported by Cheng et al. [20] for GF/PP, where short
durations produced incomplete melting while extended heating promoted microstructural deterioration,
leading to a peak strength at an intermediate welding time. In addition, insufficient welding time can restrict
melt flow and hinder evacuation of trapped air, increasing porosity within the weld region during
solidification [21]. Collectively, these results indicate that welding time must be tuned to balance interfacial
melting/healing and consolidation against degradation risks. However, despite extensive work on other
thermoplastic composite systems, the specific role of welding time in resistance-welded CF/PEKK joints
has not yet been systematically established.

Aircraft structures operate across a wide service-temperature envelope and may experience sub-zero
environments down to approximately —50 °C [22]. Such temperature variations can significantly affect the
mechanical response and durability of joined composite components through changes in matrix stiffness,
interfacial behaviour, and stress redistribution within the overlap [23]. Although the temperature
dependence of adhesively bonded and mechanically fastened composite joints has been extensively studied
[24-26], comparatively fewer investigations have addressed welded thermoplastic joints, particularly
resistance-welded configurations [27, 28]. Koutras et al. [29] examined GF/PPS resistance-welded joints

and reported a non-linear dependence of joint performance on temperature, including increased strength at



—50 °C accompanied by changes in failure behaviour and load transfer within the overlap. Shen et al. [19]
showed that resistance-welded CF/PEEK joints exhibit strong temperature sensitivity, with increasing
service temperature reducing lap-shear strength and altering dominant failure modes at the weld interface.
However, despite these contributions, systematic investigations of the low-temperature mechanical
performance of resistance-welded CF/PEKK joints remain limited. This gap is particularly relevant given
the growing uptake of CF/PEKK in aerospace structures, where robust processing windows and reliable
joint performance under sub-zero service conditions are required.
Accordingly, this study established a framework linking processing conditions, weld-region structure, and
mechanical performance for resistance-welded CF/PEKK single-lap joints with two specific aims. First, the
influence of heating-stage duration (welding time) on the weld thermal history, consolidation/porosity
evolution, post-weld crystallinity, and lap-shear performance was quantified, and joint performance was
further evaluated at —50 °C to reflect sub-zero service conditions. Second, a double-welding approach was
introduced for the first time in literature, in which the joint was re-activated through a second resistance-
welding cycle after initial welding and cooling. This processing route creates a distinct cumulative thermal
history from a single uninterrupted weld, enabling the effect of a second thermal cycle on melt flow,
interfacial healing, porosity reduction, reconsolidation, and mechanical performance to be examined. By
linking thermal history, weld-region structure, and temperature-dependent mechanical response, the study
clarifies the processing conditions governing the performance of resistance-welded CF/PEKK joints and
evaluates double-welding as an additional processing variable alongside conventional single-weld
optimisation.
2. Materials and Experimental Methods

2.1. Materials
In this study, high-temperature-resistant Toray Cetex® TC1320 CF/PEKK unidirectional tape (Toray
Advanced Composites, USA) was used to manufacture a composite laminate, which served as adherends
for resistance welding. The tape had 34% resin content, a fibre areal weight (FAW) of 145 g/m?, and a
prepreg areal weight (PAW) of 221 g/m? [30].
CF/PEKK composite adherends were joined by resistance welding using a multi-layered heating element
(HE) consisting of a glass fibre (GF) ply, a neat thermoplastic polymer film, and stainless steel (SS) metal

mesh. A plain-woven E-glass fabric (GW110P, METYX Composites) with a FAW of 110 g/m? and a



nominal thickness of 0.02 mm was used as the insulating layer. A neat polyether ether ketone (PEEK)
polymer film (Victrex, UK) with a thickness of 0.08 mm and a glass transition temperature (Tg) of 143 °C
was selected to create a resin-rich interlayer that fills the open gaps within the metal mesh, and melts
together with the composite adherends during welding. PEEK was selected as a practical PAEK-based
interlayer film because it is commercially available in suitable film form, can impregnate the open mesh
architecture during hot pressing/welding, and has a processing temperature range compatible with the
PEKK adherend matrix. The compatibility of the PEEK film with the PEKK matrix was subsequently
assessed by DSC using a PEKK—PEEK blend.
The resistive heating component was an SS mesh with a thickness of 0.1 mm, a wire diameter of 50 um,
and an open-gap width of 90 pm. During welding, electrical current was supplied to the mesh to generate
heat via Joule heating.

2.2. Resistance Welding Operation

2.2.1. Manufacturing of CF/PEKK Composite Adherends
Cross-ply CF/PEKK laminates were manufactured with a stacking sequence of [0/90]ss using hot
compression moulding, following the processing route reported by Elmas et al. [31]. Before lay-up, Loctite
Frekote 700-NC release agent was applied to both steel press plates and allowed to dry for 20 min. A
perforated polyimide release film (UPILEX® 25S) was placed on the lower plate to facilitate laminate
removal. The laminate dimensions were set to 600 mm x 600 mm to match the resistance-welding setup
requirements. After the lay-up, the stack was covered with a release film, and the upper plate was positioned
on top. The laminate was heated from room-temperature to 380 °C under 1 bar. A dwell time of 30 min was
then applied at 380 °C under 10 bar. Cooling to room-temperature was carried out at 7 °C/min while
maintaining 10 bar. After consolidation, adherends measuring 560 mm % 30 mm were sectioned from the
laminate using a KUKA KR-16-2 CF robotic waterjet system [22].

2.2.2. Preparation of the Multi-Layered Heating Element
The constituents of the HE was stacked sequentially to form the multi-layered architecture (Figure 2.a). To
promote wetting of the glass-fibre (GF) ply, the polymer film was placed adjacent to the GF layer, as shown
in Figure 2.b. In addition, two layers of the PEEK film were positioned on both sides of the stainless-steel
mesh to impregnate the mesh openings and generate a resin-rich interlayer during welding. Prior to welding,

the assembled HE was pre-consolidated by hot pressing. The stack was heated to 380 °C under 2 bar,



followed by consolidation at 7 bar for 30 min, and then cooled to room-temperature under pressure. The
consolidated HE was manufactured as a single sheet and subsequently cut into strips for resistance welding
(see fabrication steps in Figure S1). The HE strips were 610 mm long (including 20 mm extensions at each
end for electrical connection) and 30 mm wide. The final thickness of the consolidated strips was 0.67 +
0.05 mm.

Figure 2. a) Schematic of the multi-layered HE positioned between the CF/PEKK adherends; b)

architecture of the fabricated multi-layered HE.

2.2.3. The Application of the Welding Process
The resistance welding setup in Figure 3 is designed with a unique structure for industrial applications,
incorporating a DC power supply system (maximum 50 V and 200 A), clamping unit, a pneumatic pressure
system, thermocouples for temperature monitoring, insulating blocks, and a post-weld cooling system.
Electrical connections were established at both ends of the HE, using clamps to deliver current from the
power supply. The insulating block, actuated by the pneumatic system, was pressed at 8 bar to facilitate
contact between the composite adherends and to minimise undesired heat loss. The setup was designed for
resistance welding of full-length composite adherends and was configured in the present study for
specimens with dimensions of 560 mm % 30 mm.

Figure 3. Resistance-welding setup configuration

Figure 4 demonstrates the preparation of the welding stack before the resistance welding. The CF/PEKK
composite adherends (560 mm x 30 mm) were assembled with the HE strips (610 mm x 30 mm), with the
20 mm mesh overhang at both ends serving as current entry/exit points. Because the setup was configured
for full-length strip welding, standard SLS specimens were not welded individually. Instead, the overlap
regions for SLS testing were predefined during stack preparation using polyimide release films, and the
welded strips were sectioned after welding. The remaining central region of each welded strip was reserved
for complementary characterisation, including optical microscopy, micro-CT, DSC, and DMA, as
illustrated in Figure S2. This specimen allocation enabled both mechanical testing and detailed weld-quality
assessment to be performed from the same welded strip, although the destructive nature of the tests
prevented all analyses from being conducted on the identical local region. Therefore, during assembly, the

overlap region required by the test standard was defined by placing the release film outside the intended



overlap area (Figure 4.b). Thermocouples were positioned within the welding stack (Figure 4.c) to record
the joint-region temperature in real time.

Figure 4. Preparation stages of the welding stack: a) components of the welding stack; b) placement of

release film to define overlap regions; ¢) thermocouple placement.

Based on pilot welding trials used to establish the processing window, a current of 50 A was applied during
the heating stage to bring the PEKK matrix and PEEK film into the melt state by Joule heating. The current
was then reduced to 40 A for 20 s (melting stage) to maintain the melt state, followed by 20 A for 100 s
(crystallisation stage) to promote controlled, approximately isothermal cooling and to mitigate rapid
crystallisation at the interface [10]. Power was then switched off for the cooling stage, and the stack
remained clamped until the coupon temperature dropped below the T,. The applied pressure was maintained
at 8 bar throughout the welding cycle.
To investigate the effects of heating-stage duration (defined as welding time in this study) and a second
welding cycle (double-welding) on joint quality, the heating-stage duration was varied between 50 s, 70 s,
and 90 s. A subset of coupons was subjected to a second welding cycle using the same parameters as the
first. The single-welded series therefore provided the reference response to increasing heating-stage
duration, while the corresponding double-welded series isolated the effect of re-activating the joint through
a second thermal cycle after cooling. Coupons welded once and twice are referred to as single-welded (SW)
and double-welded (DW), respectively. The welding parameter sets are summarised in Table 1.

Table 1. Resistance welding parameters for different welding configurations.

2.3. Experimental Procedure
2.3.1. Quality Assurance of CF/PEKK Adherends
The density of the CF/PEKK laminate was measured in accordance with ASTM D792/Method A using
water buoyancy based on Archimedes' principle. Void content and fibre volume content were determined
using ASTM D3171/Method B via acid digestion. For this purpose, three specimens (30 mm x 30 mm)
were prepared and tested. Void content was calculated using Eq. (1) [32]:
V, =100 — (Vi + V)

M p;
Vi = —x—x100
M [1]




where Vi, Vi, and V, are the volumetric fractions (%) of fibres, matrix, and voids, respectively. M; and M¢
denote the specimen mass (g) before and after digestion; and p, pm, and p; are the densities (g/cm?) of the
fibres, matrix, and the sample, respectively.

Laminate quality was further assessed by optical microscopy (Nikon LV100ND). For cross-sectional
examination, specimens were mounted in epoxy and polished to obtain a flat, scratch-free surface suitable
for microstructural inspection [33].

2.3.2. Thermal Characterisation

Differential scanning calorimetry (DSC) was performed in three measurement sets: (i) CF/PEKK adherends
and the PEEK film used in the HE, to define the thermal process window by determining the Tg, T,
crystallisation behaviour (T.), and degree of crystallinity (X.); (ii)) a PEKK-PEEK blend to assess
adherend—HE compatibility via T; and (iii) polymer bleed-out collected from the overlap region of welded
joints, representative of the molten polymer expelled during welding, to evaluate process-induced changes
in thermal behaviour and comparative crystallinity and to provide insight into the thermal history
experienced during welding. All DSC measurements were performed using the Mettler Toledo DSC+3
under an inert nitrogen (N2) atmosphere (50 mL/min). The analyses were conducted over a temperature
range of 25°C to 400°C at a heating/cooling rate of 10°C/min [34]. The calculation of the degree of

crystallinity (X.) is given in Eq. (2) as:

X (%) = x100 [2]

AH,,
AHp (1 — Wp)

where AH,, is the measured melting enthalpy, AH,,is the melting enthalpy of fully crystalline PEKK (130
J/g) [35], and W is the fibre weight fraction in the composite laminate.

For the compatibility assessment (set ii), the PEKK—-PEEK blend was prepared by combining PEEK film
with CF/PEKK such that the mass of the PEKK matrix matched the mass of the PEEK film (1.857 mg
PEEK film and 5.457 mg CF/PEKK, based on a 34 wt% matrix content for the tape [30, 36]. For the welded-
joint assessment (set iii), polymer bleed-out was collected by carefully removing the resin extruded from
the overlap region after welding and analysed by DSC. Although the bleed-out does not represent the full
weld-zone microstructure, it provides a practical, fibre-free proxy for comparing welding-cycle-dependent
thermal history and crystallisation behaviour between conditions. As the bleed-out material was assumed

to be fibre-free, W was set to zero for crystallinity calculations using Eq. (2).



The thermogravimetric analysis (TGA) was carried out to examine the thermal degradation of the CF/PEKK
adherend and the neat PEEK film. TGA measurements were conducted using a Mettler Toledo TGA-DSC+3
from 25°C to 1000°C at a heating rate of 10°C/min under a nitrogen (N2) atmosphere.

2.3.3. Structural Integrity Assessment of Welded Adherends
Micro X-ray computed tomography (micro-CT) was performed using a Phoenix V|tome[x M 300/180
system (Waygate Technologies, Germany) to characterise the voids in the welding region and identify
defects in the adherend and joint area arising from manufacturing and/or welding [24]. The system consists
of an X-ray generator, detector, rotatable sample control system, data analysis unit, and 3D reconstruction
module. Scans were conducted at an accelerating voltage of 160 kV and a tube current of 120 pA. The
voxel size was 20 um, and no filters were applied during scanning. The CT datasets were post-processed
utilising Datos|x (v2.14.0) and VGSTUDIO MAX (2023.1). Analyses focused on the central section
remaining after the removal of single-lap shear (SLS) specimens from the 560 mm long welding coupon
(Figure S2.a). All CT specimens measured 25 mm x 40 mm x 6.6 mm. For quantitative analysis, regions of
interest (ROI) measuring 25 mm x 25 mm x 2.5 mm were defined, and void analysis was performed using
the same ROI volume for all conditions. In addition, optical microscopy was used for cross-sectional
examination of the welded joints (Nikon LV100ND) following the procedure given in Section 2.3.1.

2.3.4. Comprehensive Characterisation of Temperature-Dependent Mechanical Behaviour
Joining performance was evaluated by Single-lap shear (SLS) testing following the procedures of ASTM
D5868 standard [37], focusing on the effects of heating-stage duration (welding time) and the application
of a second welding cycle (double-welding). Welded adherends (560 mm x 30 mm) were sectioned into
SLS specimens of 101 mm x 30 mm, with the specimen width constrained by the resistance-welding setup
configuration (Section 2.2.3). All specimens were tested using a crosshead speed of 13 mm/min, following
the standard loading procedure. For each welding configuration and test temperature, two independently
welded coupons were produced (Figure S2.b), resulting in four SLS specimens per welding configuration
at each test temperature. During cutting, polyimide release film regions introduced during welding (Figure
4.b, c¢) were used to define a 30 mm % 30 mm welded area, while the upper and lower portions of the
adherends outside the overlap were removed (Figure S2.c). All cutting operations were carried out with the

Tongtai TMV-1050QII CNC machine.



Tabbing material was cut from the same CF/PEKK laminate used to manufacture the adherends. To achieve
effective tabbing, the sample surfaces were roughened using sandpaper, the adhesive film (Scotch-Weld AF
163-2 K, 3M) was applied between the tabbing material and lap shear specimens, and the tabbed samples
were left to cure for a day to allow proper bonding. This procedure finalised the SLS specimen preparation
(Figure 5.a). Lap-shear specimens representing six different welding configurations (Table 1) were tested
on an Instron 5982 Universal Testing Machine (Figure 5.b, ¢) at 13 mm/min. In addition to testing at
room -temperature (22°C), SLS tests were performed at -50°C to assess low-temperature joint performance.
An environmental conditioning chamber (Figure 5.d, ¢) was integrated into the test frame and cooled to -
50°C under a nitrogen (N3) atmosphere, with a 30 min conditioning period before testing. To account for
transient heat influx when opening the chamber door during specimen installation, the chamber temperature
was allowed to re-stabilise at -50°C before each test (Figure 5.f). Following SLS testing, fracture surfaces
were examined by visual inspection to identify the dominant failure features across welding conditions.
Figure 5. The single-lap shear test: a) some samples before the test; b-c) SLS fixture; d-e) the sample
inside the environmental conditioning chamber; f) the temperature monitoring of the chamber.
2.3.5. Dynamic Mechanical Analysis (DMA)

Dynamic mechanical analysis (DMA) was performed to characterise the temperature-dependent
viscoelastic response of the welded CF/PEKK joints and to isolate the effect of the second welding cycle
under the highest-performing welding condition. Based on the weld-quality and lap-shear results, DMA
was conducted on SW90 and DW90 joints only, as these conditions exhibited the most continuous interfaces
and lowest void contents, thereby minimising compliance artefacts and premature damage during dual-
cantilever loading while enabling a controlled comparison at a fixed heating-stage duration.

DMA specimens (55 mm x 13 mm) were sectioned from the welded coupons to include the welded overlap
region. Testing was carried out using a Mettler Toledo DMA1 in dual cantilever mode. The test
configuration followed ASTM D7028-07, and the dual-cantilever fixture/setup was applied in accordance
with ASTM D4065. Temperature sweeps were conducted over —50 °C to 250 °C and 25 °C to 250 °C to
capture the low-temperature and elevated-temperature mechanical response of the welded joints. For the
=50 °C to 250 °C programme, specimens were held briefly at =50 °C at the start of the test to ensure thermal
equilibrium prior to heating. A heating rate of 3 °C/min and a frequency of 1.0 Hz were used for all

measurements. Each condition was tested in duplicate to confirm repeatability.
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Figure S3 summarises the experimental programme, organised into four strands: (i) CF/PEKK laminate
quality assurance; (ii) pre-welding thermal characterisation to define the resistance-welding process
window; (iii) CF/PEKK-heating-element compatibility assessment; and (iv) weld-quality evaluation.
3. Results and Discussion

3.1. Laminate Quality
Laminate density and constituent volume fractions were evaluated following the procedures described in
Section 2.3.1. Using the supplier-reported fibre and matrix densities (1.79 g/cm?® and 1.3 g/cm?,
respectively), the CF/PEKK laminate exhibited V¢ and Vi of 59.04% and 40.46%, respectively,
corresponding to a void content of 0.5%. The measured laminate density, p., was 1.5829 g/cm?. Thus, the
porosity level remained below 1%, confirming that the hot-press consolidation route produced a high-
quality laminate suitable for subsequent resistance-welding trials [38, 39]. Consistent with these
quantitative results, optical microscopy was used to examine the laminate microstructure and void
distribution. Representative cross-sectional micrographs at 25x and 50x magnification (Figure S4) show a
homogeneous laminate architecture with no visually apparent void clusters, indicating effective
consolidation. As microscopy interrogates a localised region of interest, it may not capture sparsely
distributed defects when the bulk void content is as low as 0.5%; nevertheless, the images are consistent
with the low porosity measured from the volumetric analysis.

3.2. Determination of the Process Window Through Preliminary Analyses
The DSC results for the CF/PEKK adherend and the PEEK film used in the HE (Section 2.3.2, set i) are
shown in Figure 6 and summarised in Table 2. From the heating curves (Figure 6.a), the T, values of
CF/PEKK and PEEK of the HE were 156.01°C and 151.68°C, respectively. The corresponding Tr values
were 334.11°C (CF/PEKK) and 342.50°C (PEEK). From the cooling curves (Figure 6.b), the peak
crystallisation temperatures, T peak Were 278.05 °C for CF/PEKK and 294.83 °C for PEEK in the HE. In
addition to T peak, the crystallisation ranges were determined as 295.56°C to 219.41°C for CF/PEKK and
305.68°C to 273.14°C for PEEK in the HE. These ranges were used to define the post-heating
(crystallisation) stage of the resistance-welding cycle, where reduced electrical input promotes controlled,
approximately isothermal crystallisation at the joint interface [10]. Finally, using the melting enthalpies and

Eq. (2), the degree of crystallinity (X.) values were calculated as 27.91% and 27.23% for CF/PEKK and
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PEEK in the HE, respectively. These values provide reference points for interpreting crystallinity changes
in the welded joints and for assessing the influence of welding parameters on joint formation and quality.
Figure 6. DSC thermograms of CF/PEKK and PEEK of the heating element: a) second heating, b)
cooling.
Thermal stability was assessed by TGA (Figure 7). The onset of detectable mass loss occurred at 532.16 °C
for the PEEK film (99.5% mass retained) and at 556.35 °C for CF/PEKK (99% mass retained) (Table 2).
By 1000 °C, the total mass loss reached 50.36% for PEEK and 12.45% for CF/PEKK. The higher residual
mass of CF/PEKK is attributable to the presence of carbon fibres and their reported influence on the
apparent thermal stability/char yield of polymer systems [40]. Although both materials show negligible
mass loss up to 530 °C, rapid high-temperature processing can activate degradation mechanisms; therefore,
a conservative maximum allowable temperature was adopted for the welding process.
Figure 7. TGA curves of CF/PEKK and PEEK in the heating element.
Table 2. DSC and TGA results of CF/PEKK and PEEK in the heating element.
Based on the DSC- and TGA-derived thermal limits (Table 2), a resistance-welding processing window
was defined to ensure complete melting and bonding while enabling controlled crystallisation and avoiding
thermal degradation. The heating stage was therefore constrained to 360—450 °C (Table 3), i.e., above the
measured melting temperatures of both CF/PEKK and the PEEK-containing HE, while remaining below
the conservative upper temperature limit. To achieve this heating range, a peak current of 50 A was applied
during the heating stage. A subsequent crystallisation stage was implemented by reducing the current to 20
A for 100 s, maintaining the joint temperature within 300-220 °C to promote controlled crystallisation,
corresponding to the crystallisation temperature window determined by DSC. In addition, a conservative
maximum allowable welding temperature of 500 °C was adopted based on TGA results. Pilot welding trials
were used to select heating-stage durations and welding pressure, as summarised in Section 2.2.3. The
resulting processing window and parameter set are summarised in Table 3.
Table 3. Processing window adapted for resistance welding.
Following the process parameters given in Table 1, temperature—time profiles were recorded for each
welding condition using thermocouples positioned in the overlap region (Figure 4.c). Representative
thermal histories for all welding conditions are provided in Figure S5. Across all conditions, the applied

current levels resulted in characteristic thermal profiles comprising a heating stage, a short melting stage, a
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crystallisation stage, and a cooling stage. Particularly relevant to the subsequent thermal profiles, the
crystallisation stage (20 A for 100 s) maintained the joint temperature within the DSC-defined
crystallisation window (300-220 °C; Table 3), providing suitable conditions for controlled and uniform
crystallisation prior to cooling. The overall thermal histories were consistent in terms of the imposed
crystallisation-stage conditions, which form the basis for interpreting the process-induced comparative
crystallinity trends discussed in Section 3.4.2.

3.3. Adherend-Heating Element Compatibility Assessment
Compatibility between the PEKK matrix and the PEEK polymer in the HE, relevant to fusion bonding at
the weld interface, was assessed by DSC analysis (Section 2.3.2, set ii). The PEKK—PEEK blend exhibited
a single T, at approximately 153.49 °C (Figure 8), positioned between the T, values of CF/PEKK (156.01
°C) and the PEEK film (151.68 °C). The presence of a single T, is consistent with compatibility within the
amorphous phase, supporting the use of PEEK as an interlayer film in the heating element and indicating
that polymer—polymer interaction between the PEEK film and PEKK matrix can occur during resistance
welding [41].

Figure 8. DSC thermogram of the PEKK—-PEEK blend prepared from CF/PEKK and the PEEK film in
the heating element.

3.4. Welding Quality
The welding quality was assessed using thermal monitoring, microstructural inspection (optical microscopy
and micro-CT), thermal analysis (DSC), mechanical testing (SLS), and dynamic mechanical analysis
(DMA) (Figure S3).

3.4.1. Microstructural Inspection of Welded Joints
The effect of welding time and double-welding on joint integrity was examined by optical microscopy and
micro-CT. Figure S6 shows the consolidated HE prior to welding. The thickness of the HE was 0.67 mm
(Figure S6.a), and the measured wire diameter and mesh opening were 56.28 um and 85.25 um, respectively
(Figure S6.b). No voids were observed in the consolidated HE, indicating effective pre-consolidation and
a structurally sound interlayer architecture.
The cross-sectional micrographs of single-welded samples welded at 50 s, 70 s, and 90 s are shown in
Figure 9. First, SW50 exhibited extensive voiding within the HE region together with incomplete interfacial

bonding (Figure 9.a). Despite reaching elevated temperatures during the heating stage (Figure S5), the 50
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s heating duration did not provide sufficient time for sustained melt flow and resin redistribution within the
layered HE. Consequently, void evacuation from the GF weave and mesh openings was limited and
interfacial healing remained incomplete. The absence of a continuous bonded interface further indicates
that the thermal exposure was insufficient for time-dependent chain interdiffusion/reptation after intimate
contact [15]. Moreover, localised deconsolidation was observed. This behaviour is attributed to stress
relaxation in cross-ply laminates during secondary thermal cycles (such as welding), where residual stresses
arising from the coefficient of thermal expansion (CTE) mismatch during manufacturing may be partially
released. Under conditions of relatively high viscosity and limited matrix flow, this can manifest as ply
separation despite the applied pressure [42, 43] . With increasing welding duration, deconsolidation was
suppressed. SW70 showed improved interfacial contact relative to SW50; however, voiding remained
pronounced, indicating that the additional thermal exposure was still insufficient to fully impregnate/fill the
multi-layered HE architecture (Figure 9.b). In contrast, SW90 exhibited a more continuous interface and
substantially reduced voiding (Figure 9.c), reflecting enhanced resin flow at higher temperature/longer
exposure and the resulting improvement in consolidation and interfacial healing.

Figure 9. The cross-sectional area investigation through optical microscopy of single-welded samples: a)
SW50; b) SW70; ¢) SW90.

The optical micrographs of the double-welded stacks are presented in Figure 10 which shows that the
second welding cycle produced a clear improvement in joint consolidation. Relative to SW50, DW50
showed a reduction in voiding within the heating element region and a more continuous interface (Figure
10.a); the ply-level deconsolidation observed in SW50 was no longer apparent. This behaviour is consistent
with the re-melting capability of thermoplastics, where reheating promotes additional resin flow and
redistribution within the GF weave and mesh openings, facilitating void migration/mitigation and
reconsolidation of thermally deconsolidated regions [44]. A similar trend was observed for the 70 s
condition: compared with SW70, DW70 exhibited reduced voiding, indicating enhanced resin infiltration
of the heating element architecture (Figure 10.b). Nevertheless, local interfacial discontinuities persisted,
suggesting that despite improved bonding, interfacial healing between the adherend and HE remained
incomplete under this parameter set. The most uniform and well-bonded microstructure was obtained for
DWO90 (Figure 10.c). After two consecutive 90 s cycles, the interface appeared largely continuous with

minimal residual porosity, and the polymer-rich interlayer showed effective fusion with the adherend matrix
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(consistent with the higher thermal exposure recorded during welding; Figure S5), promoting interfacial
healing and consolidation. Hence, among the double-welded conditions, DW90 provided the highest joint
quality at the microstructural level, combining strong interfacial bonding with virtually void-free
consolidation (Figure 10.c).

Figure 10. The cross-sectional area investigation through optical microscopy of double-welded samples:
a) DW50; b) DW70; ¢) DW90.

Micro-CT was used to quantify voids and other internal defects and to visualise their three-dimensional
distribution within the weld region (Section 2.3.3) (for SW in Figure 11 and for DW in Figure 12). Owing
to the layered HE and limited contrast between polymer-rich regions and surrounding features,
segmentation of the weld interface is not always straightforward; in particular, unfilled mesh openings can
appear as gaps in the reconstructed volume. For the single-welded joints (Figure 11), the deconsolidation
observed optically in SW50 (Figure 9.a) was also evident in the CT slices (Figure 11.a). A progressive
reduction in voiding was observed as welding time increased from 50 s to 90 s, with the 3D void maps
shifting from red-dominant regions (larger void volumes) in SW50 and SW70 towards a blue—green scale
(smaller void volumes) in SW90. Quantitatively (Figure 13), void content decreased from 4.80% (SW50)
to 3.21% (SW70) and 1.75% (SW90), while the maximum void volume decreased from 48.63 mm? and
44.02 mm* (SW50 and SW70) to 21.23 mm*® (SW90). These trends are consistent with the optical
observations (Figure 9) and confirm that longer heating duration improves consolidation and reduces
voiding within the joint region.

For the double-welded joints (Figure 12), voiding was generally reduced relative to the corresponding
single-welded conditions, consistent with the microscopy results (Figure 10). Void content decreased from
4.80% to 2.94% for SW50 to DW50 and from 3.21% to 2.32% for SW70 to DW70 (Figure 13). The most
pronounced improvement with double-welding was observed for the 90s condition: although void content
decreased modestly from 1.75% (SW90) to 1.46% (DW90), the maximum void volume dropped sharply
from 21.23 mm? to 1.81 mm? (91.47% reduction). This indicates that the second welding cycle was
particularly effective in suppressing large, isolated void clusters. In summary, micro-CT and optical
microscopy show consistent trends: increasing welding time and applying a second welding cycle enhance
melt flow and infiltration within the multi-layered heating element, thereby reducing voids and improving

the uniformity of the weld region. Moreover, the thermocouples were used to monitor representative
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temperature—time histories and verify that the welding cycle remained within the defined processing
window; full-field temperature mapping of the entire interface was not performed. Therefore, the spatial
uniformity of the welded region was assessed after welding through optical microscopy and micro-CT
analysis of interfacial continuity, consolidation quality, and void distribution.
Figure 11. Micro-CT slices and 3D void maps of single-welded composite adherends: a) SW50; b)
SW70; ¢) SW90.
Figure 12. Micro-CT slices and 3D void maps of double-welded composite adherends: a) DW50; b)
DW70; c) DW90.
Figure 13. Quantitative void metrics extracted from micro-CT for all welding conditions.
3.4.2. Post-Weld Thermal Behaviour and Crystallinity

Post-weld DSC measurements were performed on polymer bleed-out collected from the overlap region
(Section 2.3.2, set iii), representative of the molten polymer expelled from the joint during welding, to
evaluate process-induced changes in thermal response and comparative crystallinity. The DSC analysis
results for both heating and cooling cycles are presented in Figure 14, and the extracted parameters are
summarised in Table 4. Across all conditions, T, Tm, and Tc show only minor variations, with no consistent
dependence on heating-stage duration or the application of a second welding cycle. These small shifts are
within the expected sensitivity limits associated with the analysis of small bleed-out masses, which
represent polymer bleed-out from the weld region rather than the constrained joint interface; thus, the
discussion focuses on changes in the degree of crystallinity (X.).

The resistance-welding cycle included a reduced-current (crystallisation) stage (20 A for 100 s) to maintain
the joint within the DSC-defined crystallisation window (Table 3). As the heating-stage duration (welding
time) increased, the joint reached higher peak temperatures and subsequently stabilised at higher isothermal
holding temperatures during the 20 A/100s crystallisation stage (Figure S5), rising from 239 °C for SW50
to 291 °C for SW90. This shift in thermal history is reflected in the post-weld DSC results, where X
increased monotonically from 25.34% (SW50) to 29.27% (SW70) and 31.60% (SW90) (Table 4). The
higher isothermal holding temperatures at longer welding durations are expected to accelerate
crystallisation kinetics and promote greater crystal development within the fixed 100 s stage, consistent
with enhanced chain mobility at elevated temperatures [45], providing a process—structure link for the

single-welded joints. Although the bleed-out does not quantify the absolute crystallinity of the constrained
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interface, it provides a consistent comparative indicator of process-induced crystallisation trends across
welding conditions.

Within the limitations of analysing the bleed-out material, the double-welded condition showed a different
crystallinity response from the single-welded trend. DW50 exhibited a higher X. than SW50 (30.18% vs.
25.34%; Table 4), despite a slightly lower crystallisation-stage holding temperature (228 °C vs. 239 °C;
Figure S5). This suggests that the second thermal cycle enhanced crystal development, likely by increasing
effective thermal exposure through repeated melt—recrystallisation and providing additional opportunity for
nucleation and growth during the controlled crystallisation stage. In contrast, at longer heating durations,
double welding did not increase crystallinity: DW70 and DW90 yielded X, values of 29.13% and 28.86%,
respectively (Table 4), corresponding to a negligible decrease relative to SW70 (—0.47%) and a more
pronounced reduction relative to SW90 (—8.67%). Notably, DW90 experienced repeated exposure to high
temperatures (Figure S5), which may promote thermo-oxidative degradation even in the absence of
measurable mass loss in TGA [46]. In this regime, chain scission can reduce effective chain length, while
oxidative crosslinking can restrict molecular mobility; both mechanisms can inhibit lamellar thickening and
limit further crystallisation during subsequent cooling/holding [47, 48]. Accordingly, the reduction in X,
for DW70-DW9O0 is attributed to the competing influence of repeated high-temperature exposure, where
degradation-related molecular changes offset the potential crystallisation benefit of a second welding cycle,
despite the controlled crystallisation stage being retained in the process. These DSC results are therefore
used as a comparative metric of process-dependent thermal history, rather than as a direct measurement of
weld-interface crystallinity.

Figure 14. DSC thermograms of polymer bleed-out collected from the overlap region after resistance
welding: a.1) second heating profile of SWs; a.2) cooling profile of SWs; b.1) second heating profile of
DWs; b.2) cooling profile of DWs.

Table 4. Post-weld DSC results (polymer bleed-out) and crystallisation-stage holding temperatures for
single-welded and double-welded joints.

3.4.3. Comprehensive Characterisation of Temperature-Dependent Mechanical Behaviour
Single-lap shear (SLS) responses of the resistance-welded CF/PEKK joints are summarised in Figure 15
for room-temperature (RT; Figure 15.a) and low temperature (LT, —50 °C; Figure 15.b), with the

corresponding lap-shear strengths reported in Figure 15.c. Under RT conditions, the single-welded (SW)
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joints show a strong dependence on heating-stage duration: the lap-shear strength increased from 4.78 MPa
(SW50) to 6.06 MPa (SW70) and 17.11 MPa (SW90). This trend is consistent with the progressively
improved consolidation and interfacial continuity observed by optical microscopy and micro-CT (Section
3.4.1). In particular, SW90 exhibited the most continuous interface and the lowest void content among the
SW conditions (Figure 9.c and Figure 11.c), supporting its markedly higher load-carrying capacity. This
behaviour is in line with resistance-welding literature on thermoplastic composites, where longer thermal
exposure improves melt flow within the interlayer, promotes void evacuation under pressure, and increases
interfacial healing once intimate contact is established [49, 50].

For the DW joints, the influence of the second cycle depended on the baseline heating time. At the shortest
heating duration, double-welding increased RT strength from 4.78 MPa (SW50) to 6.37 MPa (DW50),
consistent with thermoplastic re-melting enabling additional resin redistribution and reconsolidation within
the multi-layered heating element [44]. By contrast, at longer heating durations the mechanical response
did not scale directly with void reduction. Although DW90 exhibited strong consolidation and a pronounced
reduction in maximum void volume in the joint region (Section 3.4.1), its RT strength (14.30 MPa)
remained below SW90 (17.11 MPa). This divergence is consistent with the post-weld DSC trend (Section
3.4.2), which reflects comparative crystallinity of the bleed-out polymer due to the process-induced
changes, and with reports that repeated high-temperature exposure can modify post-weld morphology and
may initiate early-stage degradation reactions even below the decomposition threshold, which reduces
comparative crystallinity and consequently compromises the mechanical performance of the polymer
matrix [27, 51]. The load—displacement response further supports this interpretation, with DW90 exhibiting
lower displacement at peak load, indicative of reduced deformability associated with restricted chain
mobility and consistent with a more brittle mechanical response. A similar effect was more pronounced for
the 70 s condition, where RT strength decreased from 6.06 MPa (SW70) to 3.27 MPa (DW70), indicating
that the second cycle can be detrimental when the additional thermal history outweighs the benefits of
further void mitigation and joint interface refinement.

At =50 °C, the SLS strengths increased for most configurations and the DW joints exceeded their SW
counterparts at each welding time (Figure 15.c): DW50 increased to 9.23 MPa relative to SW50 (4.11 MPa),
while smaller gains were observed for DW70 (6.47 MPa vs. 6.30 MPa) and DW90 (18.56 MPa vs. 18.38

MPa). The general strengthening at LT is consistent with reduced molecular mobility and increased matrix
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stiffness, which can elevate apparent shear resistance and promote a more efficient stress transfer across
the bonded region [52]. The limited sensitivity of the 90 s condition to a second cycle at =50 °C is also
consistent with both SW90 and DW90 already exhibiting comparatively consolidated, low-void weld
regions (Section 3.4.1), such that LT behaviour becomes governed more by the stiffened polymer response
than by further incremental changes in porosity [53].

Fracture-surface observations (Figure 16) supported the trends identified in Sections 3.4.1-3.4.2. At room
temperature, the lower-strength joints (SW50 and SW70) showed failure dominated by interfacial
debonding, with minor interlaminar failure within the multi-layered heating element, indicating incomplete
interfacial fusion at shorter heating durations. This behaviour is consistent with the discontinuous interfaces
and higher void contents observed by optical microscopy and micro-CT. With increasing heating-stage
duration, the dominant failure mode progressively shifted from interfacial debonding towards more
internally disruptive damage. SW90 exhibited interlaminar failure accompanied by localised composite
separation and mesh tearing, indicating that improved fusion and load transfer shifted the limiting
mechanism from a weak interface towards damage within the heating-element architecture and adjacent
laminate. SW90 exhibited interlaminar failure accompanied by localised composite separation and mesh
tearing, indicating that improved fusion shifted the limiting mechanism from a weak interface toward
damage within the heating element architecture and adjacent laminate [25]. This transition is consistent
with the failure-mode framework discussed by Stavrov and Bersee {4}, where interfacial failure is
associated with imperfect bonding, whereas interlaminar failure is generally associated with improved weld
quality.

For the double-welded joints, DWS50 still showed regions described as weakly bonded, alongside more
pronounced interlaminar failure, suggesting that the second cycle improved consolidation but did not fully
remove local interface discontinuities at the shortest heating time. In contrast, the higher-duration double-
welded joints showed more extensive internal damage. DW90 exhibited the most severe interlayer
disruption, with mesh tearing at room-temperature, consistent with a more brittle fracture response despite
its lower displacement at peak load, and combined glass-fibre and mesh tearing at =50 °C. DW70 also
exhibited mesh tearing, particularly at —50 °C. Overall, fracture surfaces at low-temperature appeared more
abrupt and locally brittle, with more pronounced tearing in the stronger joints, consistent with reduced

polymer ductility of the interlayer. This interpretation is consistent with SEM observations reported by
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Yildirim et al. [25], who showed that low-temperature exposure in CF/PEKK bonding systems promotes
polymer embrittlement, leading to interfacial debonding and even fibre-dominated fracture, thereby
supporting the fracture behaviour observed in the present study.
Figure 15. Single-lap shear test results of single-welded and double-welded samples: a) room-
temperature (RT) tests; b) -50°C (LT) tests; c) single-lap shear strength values.
Figure 16. The fracture surfaces of single-welded and double-welded samples after single-lap shear test
under RT and LT.
3.4.4. Dynamic Mechanical Response (DMA)
Figure 17 presents the DMA temperature-sweep responses of SW90 and DW90, selected based on their
higher joint quality and mechanical performance in the preceding assessments (Sections 3.4.1 and 3.4.3).
Sweeps were performed from 25 °C (RT) to 250 °C and from —50 °C to 250 °C to examine the influence
of starting temperature on the viscoelastic response.
For the RT-start tests, DW90 exhibited a consistently higher storage modulus (E’) than SW90 across the
measured temperature range, with onset values of 5.46 GPa and 3.62 GPa, respectively (Figure 17.a),
indicating a stiffer joint response under dynamic loading. Notably, this increased stiffness did not translate
into higher RT lap-shear strength, as DW90 remained weaker than SW90 in SLS (Section 3.4.3). This
decoupling suggests that the second welding cycle altered the joint structure and/or interface in a manner
that increased dynamic stiffness but did not improve resistance to static failure, consistent with reports that
repeated high-temperature exposure can modify welded interfaces and shift failure behaviour towards a
more brittle fracture response in thermoplastic composite joints [27]. The damping response further
supported this interpretation: DW90 exhibited a lower tan(d) peak than SW90 (Figure 17.b), indicating
reduced damping and more restricted molecular mobility in the welded region after the second cycle,
consistent with standard DMA interpretations of tan(d) in semi-crystalline thermoplastic systems [54]. As
the DSC results indicated only minor changes in thermal response, the glass transition temperature was
further assessed using DMA, which is known to provide greater sensitivity to viscoelastic transitions and
temperature-dependent mechanical properties [55, 56] . Consistent with this, both joints exhibited similar
T, values, in agreement with the minimal differences observed in DSC measurements (Table 4).
Starting the sweep at =50 °C produced only modest changes in E’ for both joints (Figure 17.c), indicating

that the stiffness ranking between SW90 and DW90 was not strongly affected by the initial conditioning
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step. Similarly, tan d trends remained comparable between RT-start and —50-start tests (Figure 17.d), with
only minor differences in peak magnitude/shape. In summary, the DMA results show that the welded joints’
viscoelastic response reflected their thermal history (single- vs double-welding), and they complement the
temperature-dependent SLS behaviour by highlighting that increased stiffness (higher E’) does not
necessarily imply increased lap-shear strength for these joints.

Figure 17. DMA temperature sweeps of resistance-welded CF/PEKK joints (SW90 and DW90): a)
storage modulus, E’, RT-start; b) tan(d), RT-start; ¢) storage modulus, E’, =50 °C-start; d) tan(d), —50 °C-
start.

4. Conclusion

This study systematically examined how heating-stage duration (welding time), a second welding cycle
(double-welding), and service temperature influenced the structural integrity and mechanical performance
of resistance-welded CF/PEKK joints. Increasing welding time improved interfacial consolidation and
reduced void content, which corresponded to substantial gains in room-temperature lap-shear strength for
single-welded joints. These results confirmed that sufficient thermal exposure was necessary to promote
melt flow, intimate contact, and interfacial healing within the weld region.

The effect of double-welding depended on the baseline thermal condition. At shorter heating durations, the
second cycle promoted re-melting and reconsolidation, improving joint integrity and increasing lap-shear
strength. At longer heating durations, however, double-welding reduced room-temperature strength despite
lower void content and improved interfacial continuity. This divergence indicated that additional
consolidation did not necessarily translate into higher static performance when repeated thermal exposure
modified the post-weld polymer state, as reflected by the comparative crystallinity trends derived from the
bleed-out DSC analysis. Consistent with this interpretation, double-welded joints exhibited higher stiffness
and altered damping behaviour in DMA, suggesting increased molecular constraint following the second
welding cycle.

Low-temperature testing (—50 °C) revealed a distinct shift in governing behaviour. Joint strengths increased
for both single- and double-welded configurations and the response became more brittle. Under these
conditions, performance was dominated by matrix stiffening and reduced molecular mobility, and

sensitivity to porosity variations diminished for the higher-quality joints. Fracture-surface observations
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supported these trends, showing more abrupt failure features and more pronounced disruption within the
heating-element architecture in the higher-performing joints at low temperature.

Future work should define processing limits for cumulative thermal exposure during re-welding and clarify
the mechanisms by which repeated cycles modify PEKK morphology and room-temperature strength, with
the aim of preserving reconsolidation benefits without compromising static performance. In addition, the
double-welding concept suggests a practical pathway for rework/repair of resistance-welded thermoplastic
composite joints by re-activating the embedded heating element; dedicated studies should therefore
quantify repair effectiveness, repeatability, and property retention after one or more re-welding cycles under
representative service conditions.
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Table 1. Resistance welding parameters for different welding configurations.

Heating Stage Melting Stage Crystallization Stage Cooling Stage
Sample  Welding Welding Electrical Welding Electrical Welding Electrical — Electrical
Name Repetition  Time Current Time Current Time Current Current
(s) (A) (s) A) (s) A) A)

SW50 1 50 50 20 40 100 20 0
SW70 1 70 50 20 40 100 20 0
SW90 1 90 50 20 40 100 20 0
DW350 2 50 50 20 40 100 20 0
DW70 2 70 50 20 40 100 20 0
DW90 2 90 50 20 40 100 20 0

Table 2. DSC and TGA results of CF/PEKK and PEEK in the heating element.

DSC TGA

Tq Tm T. (°C) AHn  Xc T4 Mass
(°O) (°O) Onset  Peak  Endset (J/g2) (%) (°C)  Loss (%)

CF/PEKK 156.01 334.11 295.56 278.05 219.41 12.06 2791 556.35 12.45

Multi-layered 51 e 34750 305.68 204.83 273.14 3541 2723 53216 5036

HE
Table 3. Processing window adapted for resistance welding.
Welding Welding Welding Weldin Heating Cooling Maximum
Time Current Current/Time g Temperature  Temperature Allowable
. . L Pressure
(Heating)  (Heating) (Crystallization) Range Range Temperature
50-70-90s  20-50A 20A-100s 8 bar 360-450°C 300-220°C 500°C

Table 4. Post-weld DSC results (polymer bleed-out) and crystallisation-stage holding temperatures for

single-welded and double-welded joints.

T, ™ Te AHn, Xe Isothermal Crystallization

°O) (°C) °O) J/g) (%) Holding Temperature (°C)
SW50 147.87 342,17 29517 3295 25.34 239
SW70 149.7 343 294.5 38.06 29.27 284
SW90 149.39 341.83  294.17  42.25 31.6 291
DW50 150.35 342,17 29517  39.24 30.18 228
DW70 151.29 342.17 293.5 37.88 29.13 231
DW90 148.97 341.83 29517  37.52 28.86 276
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Figure 16. The fracture surfaces of single-welded and double-welded samples after single-lap shear test
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