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1 | INTRODUCTION

Yu Shi!

Abstract

In this work, resistance welding of a glass fiber-reinforced epoxy composite
(GFRC) was studied with numerical optimization and experimental validation.
A steel mesh and polymethyl methacrylate (PMMA) films were used as the
heating element and adherent interlayers, respectively. A transient heat trans-
fer module was implemented to conduct the parametric optimization study,
with variables of electricity power, clamping distance and weld time. The opti-
mal welding condition was then confirmed as 20 W, 0.4 mm and 30 s, with a
melting degree of 95.2%. A thermal meter and a thermal camera validated the
simulated temperature results. Welding quality was experimentally character-
ized by single lap shear tests and scanning electron microscopy (SEM). The
highest lap shear strength of 3.8 + 0.3 MPa was captured on the specimen
welded with the optimized condition. This was 76% that of the benchmark
made with the adhesive bonding method but it was over 200 times faster.

Highlights

 Resistance welding of GFRC with PMMA films and a steel mesh is studied
with FEA.

« Simulation results are quantitatively validated with experimental methods.

« Optimal welding conditions are confirmed in association with welding tests.

KEYWORDS

glass fiber-reinforced epoxy composite, polymethyl methacrylate, resistance welding,
simulation, validation

traditional structural materials.!™® However, in the
manufacturing industry the fabrication of large pieces of

Continuous fiber-reinforced polymer-based composites
(CFRC) have been gaining increasing interest from
researchers and engineers, due to their outstanding prop-
erties and the high potential for high-performance appli-
cations, especially the specific high strength compared to

composites with sophisticated geometry is limited, giving
rise to the requirement for efficient joining and bonding
of CFRC parts, as well as in the repairing industry. There
have been three major joining technologies, including
mechanical fastening, traditional adhesive and fusion
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bonding. However, there are inevitable shortcomings in
the mechanical fastening and the adhesive bonding tech-
niques. For the former, machining such as drilling can
damage the composite while it consumes the additional
tools (e.g., drill bits). The adhesive bonding is reported to
be labor intensive with a long curing time.”

Fusion bonding, also known as welding, has been
widely used for joining metals, with huge potential to
join composites as it requires a shorter processing cycle
and an easier operational setup. It usually consists of the
following steps: heating up the weld line to above either
the glass transition temperature (T,) for amorphous or
the melting temperature (T,) for crystalline/semi-
crystalline thermoplastics with a proper pressure applied
during diffusion of molecules and consolidation of joint;
Cooling down to the room temperature to solidify the
polymer. Depending on the heating source, different
welding approaches have been reported, including hot-
press welding,®'® ultrasonic signal welding,"'™* laser
welding,'*"* induction welding'® and resistance weld-
ing."” Although they are faster than the adhesive bond-
ing, most of them are either high-cost or limited to bond
large-scale components, such as the laser and the ultra-
sonic welding.""'? In comparison, the resistance welding
can be a fast (of the order of seconds to minutes) and
inexpensive way with less dependency on equipment
and high potential to perform autonomously.” Further-
more, the heating element being used in resistance
welding usually remains in the joint interface, giving
the possibility of disassembly and rewelding for repair
purposes.*®

Resistance welding has been reported to join
thermoplastics-based composites reinforced by continuous
glass or carbon fibers."®*' Experimental and computa-
tional techniques have been conducted by using single lap
shear tests to characterize the welding quality and the
finite element analysis (FEA) to simulate the heat transfer
within composite joints during welding processes.”** The
effect of welding parameters, such as electricity power,
clamping distance, resistance of heating element, and
welding pressure, has been widely investigated. However,
the simulation of the resistance welding process for join-
ing thermoset-based composites with thermoplastics and
the study on the validation of the simulation results are
rarely reported. This is significantly important not only for
manufacturing and assembly, but also for repairing
thermoset-based composites to facilitate the sustainability
with extended life cycles, such as in the wind energy
industry.”**> It has been proven that PMMA can be
completely miscible with epoxy monomers,*® and the for-
mation of physical interaction (hydrogen bonding)
between carbonyl groups of PMMA and hydroxyl groups
of epoxy resin has been determined with infrared
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spectroscopy.>’” Therefore, it has the huge potential to act
as the interlayer bonding material to bond epoxy-based
composites via resistance welding techniques.

This study is to explore the application of Elium®**
PMMA interlayers in the resistance welding process of a
glass fiber-reinforced epoxy composite with a fully
designed experimental setup and computational modeling.
The effect of parameters governing the welding process,
including electricity power, clamping distance and weld-
ing time is numerically studied to find out the optimal
welding condition. The heat transfer during welding is
quantitatively and qualitatively assessed by a thermal
meter system and a thermal camera system. Single lap
shear tests are performed to evaluate the welding strength
as a quality assessment. The outcomes have demonstrated
the developed numerical model can be applied to predict
and optimize the composite welding, and that the joining
method can be implemented to bond the thermoset com-
posite by the thermoplastic PMMA resins.

2 | MATERIALS AND METHODS

2.1 | Materials

The glass fiber epoxy prepreg (VTC401-G290T-42%RW-1280
SHDO0323, SHD Composite Materials Ltd., UK) was applied
to make the substrate composites to be welded, also known
as the adherend. A 304-grade steel mesh was selected, with
a wire diameter 30 pm, an opening width 100 pm and a
thickness 50 pm (see Figure 1A), as the heating element.
Meanwhile, a PMMA film (Figure 1B) was manufactured
from a liquid three-component resin (Elium® 191 O/SA,
Arkema S.A., Europe) as the additive interlayer to bond the
thermoset-based composite substrates.

2.2 | Fabrication of composites and
PMMA films

The glass fiber-reinforced epoxy composites consist of six
plies with a thickness of about 2 mm after curing. A
bridge saw (PRO Bridge Saw, Vitrex) was used to trim
and cut the fabricated GFRC plates into the geometry of
101.6 mm * 25.4 mm designed for single lap shear testing,
as per ASTM D1002.%

To bond the thermoset composites by welding, a ther-
moplastic PMMA film was fabricated using Elium®
191 O/SA mixture with the resin (48.5 wt%), accelerator
(48.5 wt%) and initiator (3 wt%). The liquid mixture was
degassed at 0.1 Bar for 20 min to remove air bubbles,
which was then sandwiched by two glass plates (25.4 mm
* 76.2 mm) with coverslips inserted at the two sides to
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FIGURE 1
setup for the fabrication of PMMA films.
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(A) Optical microscopic image of the steel mesh, (B) photo of the fabricated PMMA film and (C) schematic graph of the
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(A) Schematic of a fully assembled resistance welding setup, where the yellow, gray, white, red and purple parts represent

(a steel mesh) and PMMA films, respectively; (B) the cross-section

of half the welding section with the global coordinate system and the locations of the two points of which the temperature is detected by the
thermal meter; (C) top view of the welding section further showing the temperature measurement positions.

function as spacers, see Figure 1C. The achieved film was
0.15 mm thick, enough to fill the gaps at the interface
between the adherents. The films were cured at 20°C for
18 h with a post curing process at 80°C for 1 h, advised
by the supplier.

221 | Resistance welding setup

The setup used for the resistance welding process consisted
of a computer controller, a power supply unit (EA-PS

5040-40A, EA ELEKTRO-AUTOMATIK GMBH & CO,
Germany) and the welding assembly, indicated in Figure 2A.
To design the welding tests, a block of cement insulator, the
glass fiber reinforced composite adherends, layers of PMMA
films and a steel mesh as heating element were constructed
from exterior to interior, as shown in Figure 2B.

The dimensions of the welding assembly were con-
trolled according to the ASTM D1002,* the overlap area
was 12.7mm * 254 mm. The glass fiber composite
adherends were mechanically sanded with sandpaper
(SiC-paper #1000, Struers, UK) to increase the surface
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roughness for an improved bonding quality. In addition,
a contact pressure of about 0.2 MPa was applied on the
top of the welding assembly, which enabled the intimate
contact between different parts without being overap-
plied. Furthermore, this pressure also complied with the
assumptions of no displacement and perfectly intimate
contact applied in the numerical modeling below. To
explore the effect of clamping distance on the welding
quality, the clamping distance was controlled within the
range from 0 to 1.1 mm.

2.2.2 | Numerical simulation

The numerical modeling of the resistance welding pro-
cess was developed based on the Joule heat effect. The
transient heat transfer and the phase change of the ther-
moplastic material were investigated by the commercial
FEA software, COMSOL Multiphysics. The energy (E)
generated through the Joule heat effect can be expressed
by the equation below:

E=TI"Rt, (1)

where I, R and t measure the current through the heating
element, resistance of the heating element and the weld-
ing time, respectively. All materials used in the simula-
tion were macroscopically isotropic, except the composite
adherends. The displacements during the resistance
welding process caused by pressure and melting of poly-
mers were not considered® in the model, therefore, only
the Heat Transfer and AC/DC (Joule Heating) modules
were used. The heat required for welding was provided
by the Joule heating effect from the heating element,
i.e. the steel mesh. The transient heat transfer is governed

by:

C,oT
P2 V&VT)=Q 2)
where p, Cp, T, k and Q measure the density, specific heat
capacity, temperature, thermal conductivity and
heat generated from the heating element, respectively.
The boundaries of the model were set with free
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convection and surface-ambient radiation. For the ther-
mal convection coefficient (h) of all the external surfaces
exposed to air, it was controlled as a constant of
5W/m?K.*! The ambient temperature (Tayp) Was set to be
20°C and the convective heat transfer, q,, can be
described by

de =h(Tamp —T). (3)

Regarding to thermal radiation, most of the organic
surfaces have a surface emissivity close to 0.95, in this
simulation, the surface emissivity (€) was hence set to be
0.95,* representing that all materials involved in the
welding process were assumed to be thermal black bodies.
This applied to all the surfaces exposed to the ambient
environment, and the heat transferred through radiation,
q,, can be calculated with the Stefan-Boltzmann constant,
o, via the equation:

q, =e0(Tyy, — TY). (4)

amb

Because PMMA is an amorphous material, the latent
heat of melting and fusion was neglected.*>** The contact
of different parts was perfectly intimate, and all the mate-
rials properties were assumed to be independent of
temperature.

The properties of different materials inputted into the
simulation, which were assumed to be macromorphologi-
cally isotropic, are listed in Table 1.

However, in terms of the GFRC, as most of the
composites were defined as orthotropic in numerical
model,*® the in-plane thermal conductivity was mea-
sured by a thermal conductivity meter (MP-2, Thermt-
est Inc., Canada), but the through-thickness thermal
conductivity was not measurable due to the equipment
limitation. Therefore, it was analyzed in two cases: the
same as the in-plane one (isotropic), 0.34 W/m/K, and
the value (k.) calculated as 0.634 W/m/K, using the par-
allel model of the rule of mixtures with the volume frac-
tions for reinforcement (v,) and matrix (vy,) via the
equation below:

ke=v *xk, +vp xkp (5)

TABLE 1 Properties of the isotropic materials used for the Joule heating simulation in COMSOL.
Density Thermal conductivity Specific heat Electrical
Material (kg/m?) (W/m/K) capacity (J/kg/K) conductivity (S/m)
Insulator®? 1750 0.5 880 0
Elium® film***° 1170 0.19 1260 0
Heating element®*’ 3765 6.27 646 1.3%10°
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TABLE 2 Properties of the GFRC applied in the simulation.
Density In-plane thermal Through-thickness thermal Specific heat Electrical
Property (kg/m?) conductivity(W/m/K) conductivity (W/m/K) capacity (J/kg/K) conductivity (S/m)
Set 1 1676 0.34 0.634 924 0
Set 2 1676 0.34 0.34 924 0
FIGURE 3 Thermal camera

Welding setup Tripod  Thermal camera

where k; and k,, measure the thermal conductivities of
the glass fiber and epoxy whose values referred to the lit-
erature.® The volume fractions were found from the
manufacturers' guide, v, =40% and vy, = 60%, which was
further confirmed by TGA. The sets of properties of
GFRC applied in modeling are tabulated in Table 2.
The isotropic analysis of the GFRC properties can be
found in Figure S1.

For the meshing process, free quadrilateral was
selected as the mesh element, whose optimized size
was confirmed to be 1 mm through the mesh conver-
gence analysis involved in Data S1. The results for the
mesh convergence are shown in Figure S2.

2.3 | Characterizations
and experimental tests
2.3.1 | Thermogravimetric analysis

The thermal properties of the PMMA films and the GFRC
were measured with a thermogravimetric analysis (TGA)
machine (TGA 550, TA, USA). The samples (ca 20 mg)
were tested in a nitrogen atmosphere with a flow rate of
40 mL/min and a ramping speed of 25°C/min. The tem-
perature range was set from 30 to 650°C. For GFRC, after
the ramping process, the purging gas was changed from
nitrogen to air, followed by an isothermal stage at 650°C
for 10 min, where the final residual weight was attributed
to the glass fiber loading rate. The TGA results and discus-
sion can be found in Figure S3.

setup used to qualitatively detect

. ) the temperature distribution at
Welding section

(Detecting area)

the welding section.

Electrodes

2.3.2 | Experimental validation
of the simulation results

Two techniques, a dual-channel thermal meter (RSPRO
1316, RS Components Ltd., UK) and a thermal camera
(VarioCAM HD head, InfraTec GmbH, Germany), were
used to quantitatively and qualitatively validate the tem-
perature results of the welding processes simulated in
COMSOL Multiphysics, respectively.

The temperatures at two designated points were mea-
sured with the thermal meter, see Figure 2A,B. One was
located at the top surface center of the welding area on
the upper substrate, which is referred to as the top sur-
face center (TSC). Another one was placed at the center
of the interface between the top substrate and the top
Elium® film, namely the interaction surface center (ISC).
The results were quantitatively compared with those
from the simulation.

For qualitatively validating the simulation results,
temperature maps were obtained from the thermal cam-
era setup shown in Figure 3, processed with the manufac-
turer's software “IRBRS3 professional.”

2.3.3 | Single lap shear test

To characterize the resistance welding quality, single lap
shear tests were implemented on the joint samples fol-
lowing the ASTM D1002.* Meanwhile, a benchmark
sample was made via the conventional adhesion method,
with the liquid Elium® resin as the adhesive, following
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the geometry requirement and sample preparation proce-
dure stated in the ASTM D1002.%° For each welding con-
dition, at least three specimens were measured, and the
average lap shear strength and its standard uncertainty
were calculated. The lap shear strength, t, was calculated
via the following equation:

Fmax
= ) 6
LW (6)

where F.x, Lo and W measure the maximum load dur-
ing the test, the original length of the overlap area and
the width of the overlap area, respectively.

2.3.4 | Scanning Electronic Microscopy

A scanning electronic microscope (TM3030 Plus,
HITACHI, Japan) was used to investigate the micromor-
phology of the fracture surfaces of the welding samples
after single lap shear tests, under energy dispersive x-ray
analysis (EDX) observation mode with the accelerating
voltage of 15 kV and magnifications of 100 and 400 times.
The obtained images were used to analyze the fracture
mechanism of the sample welded with the optimum con-
dition in comparison to the benchmark sample.

3 | RESULTS AND DISCUSSION

3.1 | Parametric optimization of the
welding process with the assistance of
COMSOL multiphysics

The welding process was simulated with the transient
heat transfer FEA model, where three variables were
considered during the optimization process, including
electricity power, clamping distance (refer to Figure 2B)
and welding time. The primary discipline for the optimi-
zation is to improve the temperature distribution
through controlling the edge effect during the welding
process. The edge effect is caused by the poor heat trans-
fer from the heating element into the ambient through
natural convection as opposed to that caused by conduc-
tion within the welding stack. This difference results in
significantly large thermal gradients at the edges, giving
rise to fast melt front propagation in that area, which
can cause severe thermal stress and local overheating/
material degradation.’® The optimization was following
the below processes: to start with, electricity power rang-
ing from 10 to 30 W with an interval of 5 W was chosen
for the transient model with a fixed clamping distance of
0.5mm to minimize the edge effect. The clamping
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distance values were then varied between 0 and 2 mm
under the optimal electricity power confirmed from the
previous step, so as to further minimize the edge effect
and meanwhile maximize the safe processing window.
The calculated melting level of the thermoplastic
adherent-Elium® films was used to determine the opti-
mal welding conditions.

To choose the optimal welding power, the temperature
along the red line shown in Figure 4A was detected, where
the observed plane is the interface between the upper sub-
strate and the upper Elium® film, and red line is in the
middle of the joint area (blue) on the same plane. The
edge effect during welding process can be monitored with
the temperature distribution along the line as shown in
Figure 4. There were three types of temperature distribu-
tion observed along the red line, within the measured
powers: (1) when it was in the beginning of the welding
process, along the red line, the temperature at the two
ends was higher than that in the middle, especially at rela-
tively low powers and early welding stages, that is, 10 W
at 10 s (Figure 4B); (2) the temperature at the two ends
was lower than that at the middle, which was dominant at
relatively high powers and late welding stages such as
30 W at 60 s (Figure 4D); (3) the temperature was more
evenly distributed than the previous two with smaller deri-
vations where the edge effect was minimized. Therefore,
the type (3) is practically ideal during the welding process.
For different powers, the average temperature of type
(3) and the time when type (3) reached were depicted in
Figure 4E. It is found that the type (3) average tempera-
ture increased with the increase of electricity power, while
the type (3) reaching time showed an opposite tendency.
The effectiveness of increasing power on shortening the
type (3) reaching time decreased as the power increased,
which can be measured by the ratio of time reduced to
power increased, for example, the slope from 40 to 30 s
was 1 s/W lower than that of other periods, 2 s/W, shown
in Figure 4E.

Upon comparison, the optimum welding power was
defined as 20 W with the type (3) average temperature of
244°C which was lower than the degradation tempera-
ture of PMMA shown in Figure S3. Furthermore, the
welding process with 20 W was faster to reach type (3), at
40 s, than that with 15 W, at 50 s. Therefore, the electric-
ity power of 20 W was defined as the optimal power for
the welding process.

To further increase the temperature distribution-
minimize the edge effect, and to increase the processing
safety by maximizing the processing window, the effect
of clamping distance on the temperature distribution at
the joint area was investigated numerically. The average
temperatures along the edge and the middle line of the
joint area were simulated, whose locations are indicated
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FIGURE 4 (A) Interface between the upper substrate and the upper Elium® film of the welding assembly where the blue area shows

the joint area and the red line is the middle line along transverse direction (referring to the coordinate system in Figure 2) of the joint area;

(B-D) plots of temperature against the length along the red line for different electricity powers and welding times and; (E) type (3) average

temperature versus electricity power on which the welding time is indicated, and the solid line provides a guide for the eye.

with the orange and black lines in Figure 5A, respec-
tively. The dependence of temperature on the welding
time under different clamping distances is plotted in
Figure 5B-D.

The results shown in Figure 5B-D indicate that for
the average temperatures along both the edge and the
middle lines, an increase was seen as the welding time
increased. To quantify the processing safety, the proces-
sing window was measured and defined as the period
between the melting temperature (180°C) and the degra-
dation temperature (250°C) of the PMMA film. The pro-
cessing window was 18 s at the clamping distance of
0 mm and increased to 32s at 0.4 mm, followed by a
decrease to be 0s at 2 mm, see Figure 5E. Thereafter,

degradation was detected at high temperature regions
before low temperature regions melted. The largest pro-
cessing window was determined to be 32s when the
clamping distance was 0.4 mm at 20 W.

To determine the optimal welding time, the melting
degree (@) expressing the surficial melting degree was
used, which can be calculated through the equation
below:

S
(p:S—T* 100%, (7)

where S,, and S; measure the surface area with the tem-
perature above 180°C and the total area of the target
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(A) the interface between the upper substrate and the upper Elium® film, where the joint surface is marked in blue, and the

orange line and the black line indicate the temperature detection location along the edge and the middle lines (longitudinal direction),
respectively; (B-D) show the average temperature along the two lines against the welding time with different clamping distances at 20 W
and; (E) how the processing window changes with the clamping distance, where the line provides a guide for the eye.

surface (the blue region in Figure 5A), respectively. The
dependence of melting degree on the welting time and
the temperature distribution maps at the interested sur-
face are shown in Figure 6.

Figure 6A shows that at early stages, a plateau was
seen at zero melting degree on the target surface. How-
ever, when it reached 15 s, a sudden increase in the melt-
ing degree of over 80% appeared, followed by another
plateau at 95.2%, 30 s (here we treat the melting degree
over 95% as the goal for the welding purpose). There was
an increase of 3.1% from 30s until the PMMA films
started thermal degradation (above 250°C), see the red
circles in Figure 6A, of which the period is considered as
the safe processing window. This phenomenon suggests

that the optimal welding time was 30 s with a proper pro-
cess window of about 10 s.

The temperature maps shown in Figure 6B also
depict that the melting degree kept being zero in the
beginning of the welding process. After 30 s of welding,
the joint surface was nearly fully filled with the dark red
color, giving the melting degree of 95.2% on the target
surface according to Figure 6A. Therefore, in terms of
high efficiency, the optimal welding time was prelimi-
narily defined to be 30 s for the welding process with
the clamping distance and power to be 0.4 mm and
20 W, respectively. To validate the simulation results,
experimental measurements were implemented, of
which the results are analyzed below.
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FIGURE 7 Dependence of temperature on the welding time at 20 W with three clamping distances, (A) 0.001 mm (zero in reality),
(B) 0.4 mm and (C) 1.1 mm, where the solid lines and dash-dot lines indicate the results from simulation and the thermal camera
respectively, and the open symbols represent the results from the thermal meter; R? is the determination coefficient.
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3.2 | Quantitative and qualitative
measurement of the temperature
and its distribution

To both quantitatively and qualitatively validate the sim-
ulation results, a thermal meter and a thermal camera
were used to detect the evolution of temperature during
the welding processes with different clamping distances,
respectively. Three clamping distances (0.001, 0.4 and
1.1 mm) were applied with a fixed electrical power of
20 W, which can represent the three types of temperature
distribution. The comparison between the results from
the simulation and experiments are indicated in Figure 7.

Shown in Figure 7, compared with the temperature
measured by the thermal meter, the results from the ther-
mal camera were far away from the simulated tempera-
ture. This is likely to be due to that the thermal camera
had captured a superimposed temperature from both the
external surface and the subsurface of the targeted com-
posite. Therefore, the thermal camera was only applied to
qualitatively validate the simulation results. On the other

{
PROFESSIONALS  COMPOSITES

hand, it can be confirmed that the temperature measured
by the thermal meter were reliable for quantitative analy-
sis of the welding process due to their good matching with
the simulation results. Shown in Figure 7A-C, as to the
temperature measurements by the thermal meter at the
interaction surface center (ISC), the temperature was rap-
idly increased within the first 20s and then gradually slo-
wed down as the welding progressed. This phenomenon
well agrees with the melting degree results in Figure 6A.
However, for those measurements implemented at the top
surface center (TSC), an opposite tendency was observed
that the temperature slowly increased within the first 10 s,
followed by a higher increasing speed.

To evaluate the simulation results, determination
coefficient, R* ranging from 0 to 1, was used to evaluate
the goodness of fit of a model and it can be calculated
with the below equation:

> _j)\i)z
> _y)z ,

RP=1- (8)

4 25s .
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FIGURE 8

20
COMSOL

Temperature distribution maps obtained from the thermal camera (TC) and temperature contours got from COMSOL

during the welding processes with different clamping distances (0.001, 0.4 and 1.1 mm) at 20 W, where 0.001 mm means zero clamping

distance in reality.
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where y;, y; and y measure the temperature obtained from
the thermal meter, simulated temperature and average
temperature measured by the thermal meter, respec-
tively. The closer to 1 its value is, the better matching
between the measured and simulated temperature more
effective the above-mentioned simulation process is. The
R? values for the simulation results at ISC were 0.943,
0.870 and 0.918 with the clamping distances of 0.001, 0.4
and 1.1 mm, respectively. Meanwhile, regarding the simu-
lation results of TSC, the corresponding values of R? were
0.835, 0.916 and 0.903. All the values were nearly 1, indi-
cating a good quantitative agreement between the simula-
tion results and the experimental results (thermal meter).
In addition, it is noteworthy that the thermal camera
can still effectively characterize the temperature distribu-
tion during the welding process for the purpose of simula-
tion validation. The comparison between the results
experimentally measured by the thermal camera and
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FIGURE 9

samples and (C) macroscopic images of failure surfaces.

obtained from the numerical modeling is illustrated in
Figure 8. It is depicted that when the clamping distance
was 0.001 mm, the temperature started increasing from
the central area and the melting front (above 180°C) grad-
ually propagated to the surrounding regions, whereas the
temperature increase was initiated at two edges (left and
right) which went to higher temperatures than the central
area when clamping distance of 1.1 mm was used. Under
clamping distance of 0.4 mm, the temperature evolution
was more evenly distributed around the whole welding
area, which is ideal. This finding is well aligned with the
result in Figure 5, where the difference between the aver-
age temperatures along the middle line and the edge line
with the clamping distance of 0.4 mm (Figure 5C) was
way smaller than that with the other two, 0.001 mm
(Figure 5B) and 1.1 mm (Figure 5D).

In a summary, the simulation results have been suc-
cessfully validated by the experimental measurements
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Single lap shear test results, (A) the dependence of stress as a function of extension, (B) single lap shear strength of different
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assessing the heat transfer qualitatively and quantita-
tively with various clamping distances. The optimal
power, clamping distance and welding time were eventu-
ally determined as 20 W, 0.4 mm and 30 s, respectively.
The welding quality needs to be further assessed through
mechanical tests, which is analyzed below.

3.3 | Evaluation of the welding quality
The single lap shear test was conducted on the samples
welded at the different welding conditions where a
benchmark sample made by adhesive bonding method
was prepared and assessed as a reference. The single lap
shear test results are shown in Figure 9.

It can be found from Figure 9A,B that among the three
welding samples, the largest shear strength of 3.8 MPa
was seen on the one prepared with the clamping distance
of 0.4, compared with the other two, 0.001 mm, at
3.7 MPa, and 1.1 mm, at 3.3 MPa, and close to the bench-
mark sample made with the adhesion method (slightly
lower). Consistently with what is observed in Figure 8, the
distinctive edge effect (burnt line) was clearly found when
the clamping distance was 1.1 mm. It suggests that the
likelihood of material degradation at the edges can
increase with the increase of clamping distance, which
could lead to the reduction in the bonding strength, as a
result of the undesired overheating zone caused by the

Composite matrix

Glass fibre (reinforcement)

“ Cohesive/mixed failure

< i o
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edge effect. Furthermore, the comparison of mechanical
testing results confirmed the optimal welding conditions
obtained from the numerical study.

The single lap shear strength of the welded sample
was ~20% lower than that of the benchmark. The most
likely reasons could be due to the residual thermal stress
generated during the welding process and/or the poor
adhesion between the adherent and adherend. Neverthe-
less, the optimized welding process was more efficient in
providing specific bonding strength to the welding time
than the traditional adhesion method, by over 200 times
(30 s reported in this study vs. 2 hours that is found from
the Elium® manufacturer's guide). Compared with the
research conducted by Goram et al.*’ who developed
the ultrasonic welding to bond carbon/Elium® composite
and carbon/epoxy composite using a PMMA interlayer,
the reported highest lap shear strength reached 7.61 MPa,
which in the same level as this work presented a joining
of glass fiber reinforced composite. It is also believed that
a further modified formula of additive welding layer with
designed pattern printed could enhance the lap shear
strength as our future work.*!

According to the macroscopic images of the failure
surfaces shown in Figure 9C, adhesive failure seems to be
the dominant failure mode, but this needs to be con-
firmed with other microscopic observation techniques.
Therefore, SEM was conducted to evaluate the failure
surfaces, and the images are shown in Figure 10.

Adhesive failure

Glass fibre on the benchmark sample

<
} S
N

Elium®-refsin®
J \

FIGURE 10 SEM micromorphological images of (A) the pristine grinded GFRC surface, (B, C) the failure surfaces of the benchmark
sample, and (D, F) failure surfaces on the sample welded with the optimum condition (0.4 mm, 20 W, 30 s); the image (E) is a magnification

of (D).
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Compared with the pristine grinded GFRC (Figure 10A),
the imprint of glass fibers was observed on one of the failure
surfaces of the benchmark, with adherent (Elium® resin)
attached, (Figure 10B) and no Elium® resin was found
on the other failure surface of the benchmark sample
(Figure 10C). This micromorphological observation proves
the failure on the benchmark sample was adhesive failure,
in line with the macromorphological observation in
Figure 9C. As for the sample prepared with the optimum
welding process, there were adherent (Elium® resin) lumps
observed on one failure surface with the composite matrix
and glass fiber exposed, see Figure 10D,E. Meanwhile, on
the other side of the failure surface of the welded sample
(Figure 10F), imprint of the lumps was seen, which proves
that the microscopic failure mode of the welded sample
was cohesive/mixed failure. The microscopic failure mode
of the welded sample is misaligned with the macroscopic
one and is determined as the true failure mode. However,
the observed microscopic failure mode does not align with
the lap shear testing results that the bonding strength of
the benchmark sample should be worse than that of
the welded sample with the optimal conditions. The reason
is likely to be that the thermal stress induced at the joint
surface of the welded sample compromised the interfacial
bonding quality along the joint line upon the resistance
welding process. Therefore, optimizing the design of the
heating element to further increase the thermal distribu-
tion, especially along the longitudinal direction of the joint
area (refer to the coordinate system illustrated in
Figure 2B), could be one of the prospects.

4 | CONCLUSIONS

The resistance welding process of the glass fiber reinforced-
epoxy composite with a self-prepared Elium® film and a
steel mesh has been successfully investigated. The paramet-
ric optimization study on the resistance welding process
was conducted with the transient heat transfer module in
COMSOL Multiphysics. The GFRC used in this study was
measured to be isotropic in thermal conductivity upon
comparison between the numerical and experimental
results, and this is in line with the literature.>® The thermal
degradation temperatures of the Elium® film and GFRC
were tested to be 250 and 287°C, using TGA, respectively.
The examination of the effect of electricity power on the
welding process showed that the higher the power was, the
faster type (3) temperature distribution achieved, where
the average temperature at type (3) distribution increased
from 158 to 322°C with the power from 15 to 30 W. The
optimal power for the welding process was preliminarily
confirmed to be 20 W with the type (3) average tempera-
ture of 245°C. The further numerical optimization process

confirmed the optimal welding condition with the clamp-
ing distance, power and welding time to be 0.4 mm, 20 W
and 30 s, respectively. These heat transfer results were suc-
cessfully validated with a thermal meter and a thermal
camera. In addition, to evaluate the welding quality, single
lap shear tests and SEM were implemented to study the
mechanical properties and micromorphology of the welded
specimens. The highest single lap shear strength was seen
on the sample welded with the above-mentioned optimal
welding condition, at 3.8 MPa, which is just about 20%
lower than the benchmark prepared with the adhesive
bonding method, at 5.0 MPa. With the assistance of SEM
observation, the reason is hypothesized to be the uneven
temperature distribution along the longitudinal direction of
the welding area after the comparison in failure surface
between the benchmark and the sample welded with the
optimal welding process. To further improve the tempera-
ture distribution especially along the longitudinal direction,
investigation on designing the heating elements is proposed
to be a solution. Nevertheless, compared with the adhesive
bonding method, the optimized wielding process is over
200 times faster, giving a higher specific lap shear strength
to the time needed for the joining. The findings in this
paper provide informative knowledge to the researchers
and engineers working in the field of joining thermoset-
based composites with thermoplastic polymers.
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