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Abstract

The welding time, current intensity, and electrode pressure are
critical parameters in resistance spot welding. The initial gap often
arises during spot welding of automotive repair structures, hindering
the attainment of excellent welds. These variables evidently affect
welding quality, hence compromising the structural integrity and
safety of the vehicle. This study's novelty lies in the use of two
interlayer types in a spot-welding technique to produce
microstructurally strong lap joints. It assesses the influence of
interlayer composition on microstructural evolution and the formation
of the weld nugget under tensile shear stress. The influence of three
initial gap dimensions (0.5 mm, 1 mm, and 1.5 mm) was analyzed
using two varieties of interlayer nanoparticles (iron particles and
TiO;) to fill the gaps by compaction, excluding the incorporation of
filler material; the investigation evaluated the mechanical properties
of the welded joints. The results demonstrated a significant increase
in joint strength relative to a direct connection without an interlayer;
this enhancement is influenced by the gap size and the type of
nanoparticles used to fill it. At a plate gap of 0.5 mm, both iron and
TiO, particles significantly enhance weld strength; this effect is also
observable at a separation of 1 mm. Nonetheless, when the gap
widened to 1.5 mm, adding an interlayer did not affect the strength of
the welded plates. Results demonstrate that nanoparticle interlayers
substantially affect gap size by enhancing welding conditions in
vehicle repair. The study clarifies the importance of nanoparticle
augmentation in closing gaps, hence enhancing joint efficacy and
structural integrity.
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INTRODUCTION

Resistance Spot Welding (RSW) is a
technique for fusing two or three metal sheets at
specific points along their interface. Spot welding
for permanent assembly is frequently employed in
manufacturing industries because of its benefits,
including repeatability, low labor costs, high
production rates, and minimal equipment
requirements. RSW is widely used to weld thin
sheets of ferrous and nonferrous metals, including
mild steel, copper, and aluminum. Sheet metal

welding is used in the automotive body, household
goods, and aircraft industries. Three thousand to
six thousand resistance spot welding techniques
account for 90% of the total welding workload in
modern automobile body structure assemblies.
The initial gap adversely affects welding quality
and weld strength by reducing the peak load and
production speed in high-volume manufacturing,
resulting in a 12% increase in structural rework
rates [1]. This technique is also employed for the
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repair of economic equipment [2][3]. Features

such as current magnitude, welding duration,
applied force, and holding time all affect the
effectiveness of spot welding.

The environment significantly impacts the
formation of nugget diameter and tensile strength
[4, 5]. During standard vehicle operation and in the
event of a collision, RSW reliably withstands a
range of external forces. Consequently,
misalignment occurs due to the gap between the
welded plates and adversely affects the overall
quality of the welding process in vehicle body
production [6][7]. Furthermore,  stamping

variations in thin plate structural components,
process clamping inaccuracies, and other
discrepancies during the body assembly process
result in an overall deviation in body manufacture,
leading to the emergence of an initial gap between
the thin plates [8].

Address the gap in the shear behavior of
localized Heat Affected Zones (HAZs) and
enhance the comprehension of their mechanical
behavior under diverse stress conditions. It will
enhance precise fracture prediction by stress
triaxiality-based fracture criteria. The observation
revealed that distortion surrounding the corona-
bond varied according to the gap. Also, the gap
reduced the joint strength despite the nugget
being sufficiently sized. These results suggested
that regulating the gap is crucial for maintaining
the quality of RSW [9]. Although fabrication quality
is excellent, the majority of sheet welds do not
achieve a zero gap between sheets; occasionally,
a geometric variation gap appears. One important
factor that contributes to considerable deformation
during maintenance is the space between the
welded sheets [7][10].

The most effective test for welded sheets
is the tensile shear test, which indicates
mechanical properties. Test failures can be
categorized into two groups. Initially, Pullout
Failure (PF) occurs from the Base Metal (BM) and
may also commence from the Heat Affected Zone
(HAZ) or the HAZ-Fusion Zone (FZ) junction, while
the fusion zone endures the load without failure.
The second type of failure is Interfacial Failure
(IF), which initiates at the notch and advances until
it reaches the Fusion Zone (FZ). This failure
results in the separation of the welded sheets
under the tensile test force. A large reduction in
the welding current indicates a decrease in joint
strength. In terms of energy absorption, the PF
outperforms other types and withstands more
applied test forces before failure [11,12].

The functional features and superior
structure of materials such as carbon nanotubes
and graphene present considerable potential,

providing these nanoparticles with extensive
applications across various industrial sectors [13].
Incorporating nanoparticles between welded
sheets reduces existing gaps and enhances both
interference and heat transmission [14]. This
enhancement helps reduce microscopic defects
that may occur during the welding process.

The benefit of using nanoparticles is evident
in the enhancement of weld quality, as shown in
several studies, mostly conducted by researchers
concentrating on zero or near-zero gaps, who
assessed the bonding strength of nanoparticles in
such situations. The use of interlayers such as
carbon nanoparticles or graphite enhances
thermal conductivity in the weld zone and
improves mechanical strength and microstructure;
however, these improvements have not been well
explored. Nonetheless, a substantial research gap
persists concerning the impact of these interlayer
materials on the strength of welded plates with an
initial gap.

Adding  nanoparticles can  improve
mechanical properties such as bond strength,
stiffness, weld durability, and toughness, while still
maintaining thermal and mechanical
characteristics [15][16]. Mechanical qualities are
also enhanced when titanium  dioxide
nanoparticles occupy the gaps in welded sheets.
Enhancing characteristics can be achieved by
including various forms of titanium dioxide, such
as TiO2, TiO, and Ti20Os3, which increase the
nucleation rate and delay the formation of ferrite
grains. The successful augmentation of nucleation
sites for intragranular acicular ferrite in welding
zones using welding procedures [17].

The interlayer nanoparticles encompass a
range of materials beyond titanium dioxide to
enhance weld bond strength. Other interlayers,
including copper, iron, cerium, titanium, nickel,
and zinc-based alloys, have been utilized,
resulting in improvements for both similar and
dissimilar welded sheets [18,19,20]. Graphene
interlayers are used to improve the mechanical
properties of welded AlSI-1008 steel sheets with
an initial gap [21].

These findings bridge the knowledge gap
regarding the shear behavior of localized HAZs
and enhance our understanding of their
mechanical behavior under varying stress
conditions. It will assist in accurate fracture
prediction using stress-triaxiality-based fracture
criteria [22].

Previous studies have explored the
experimental and theoretical effects of the initial
gap on weld strength performance in spot welding.
This study aims to evaluate the ratio of iron and
TiO, nanoparticles as an intermediate layer with a
predefined initial gap and to correlate the
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mechanical performance with the microstructure;
this is where the novelty of the research lies. The
methods used to determine the results facilitate
understanding of the relationship between the gap
geometry and interlayer composition. This subject
has not been explored in other studies of AlSI
1008 steel.

This study examines considerable
discrepancies in the understanding of the impact
of various initial gaps on resistance spot welding
under mechanical loads, as shown in Figure 1,
and in the microstructural analysis.

EXPERIMENTAL DETAILS
Material and Method

AISI 1008 carbon steel plates were chosen
as the foundational materials and are utilized
extensively in several industries, including
automotive chassis and the production of
household appliance frames. It is among the most
prevalent varieties of carbon steel. A 1-mm sheet
thickness was used as the base metal for RSW.
All samples were mechanically polished, and
impurities were removed with acetone after
cleaning before the welding process began.

start

|

Sample Preparation (AlSI 1008 carbon steel)
Initial Gap (0.5mm - 1mm - 1.5mm)

|

Gap Filling Method by Compaction of nanoparticies
1-No interlayer 2- Iron particles, 3- TiO-

|

Constant Parameters of Welding Process
(Welding current — Welding time — Electrode force)

|

Freparation Sample for Microstructure Test

Standard Metallographic Preparation
= Cold Mounting of Samples
=  Grinding |
= Polishing
= FEfching

Microstructural Test
(Heat Affected Zone Area and Nugget Area)

|

Mechanical Tests
= Tensile Shear Testing Under Varying Gap and Interlayer Conditions
= Hardness Change in the (FZ), (HAZ), and (BM)

|

Performance Evaluation of Joint Integrity and Conclusion
Comparison Effect of Gap Size and Interlayer Type

!

End

Figure 1. The flowchart showing the main stages
of the investigation

The chemical composition of the main
material, as determined using a standard
quantitative meter, is provided in Table 1. The
mechanical properties of the main material were
assessed in accordance with ASTM E8M, using a
standard tensile test [23]. Table 2 presents the
mechanical properties of the examined plate [24].

AISI 1008 carbon steel plates with 145 mm
in length, 135.0 mm in width, and 1.0 mm in
thickness were selected as the basic materials,
with the weld point positioned at the center of the
overlap.

The required RSW specimens with Initial
Gap Between Plates (IGBP) are produced using
weld gap blocks of three distinct thicknesses (0.5
mm, 1.0 mm, and 1.5 mm). These gap blocks
possess high hardness to ensure welding quality
by preventing deformation under pressure.

The weld gap blocks are positioned
centrally between the welded plates, as seen in
Figure 2. Upon completion of the welding, the gap
blocks may be extracted from both sides. The
welding gap is sealed with a Kapton tape insulator,
which ensures that the current flows in the nugget
zone; this tape maintains stability across a broad
temperature range of 269°C to 400°C. To maintain
the symmetry of the weld structure and prevent
uneven deformation of the top and bottom sheets
caused by positional deviation, a curved-jaw
locking clamp plier apparatus is necessary for
welding experiments.

An experimental setup was used to
demonstrate the properties of spot welding. In the
welding method, the electric current flows through
the plate and the contact area with the electrode,
and the resulting resistance heating melts the
joining surface, thereby achieving the connection.
The electrode force was set to a constant 6.9 kN,
with a welding current of 7 kA and a total welding
time of 4 seconds in constant-maintained current
mode.

Table 1. Chemical Composition of AlSI-1008
Steel Utilized as Base Metal

Item C Mn Si S P Fe

Prec.

(%) 0.065

0.204 0.095 0.017 0.018 Base

Table 2. Mechanical Properties of AlSI-1008
Steel Employed as Base Metal

Yield Strength Tensile -
MPa Strength MPa Elongation %
185 330 43
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Initial Gap (0.5, 1.0, 1.5) , %HAZ

Center Line of
Figure 2. Welded plate with initial gap (a) from
the top, (b) from an isometric perspective, and (c)
from the front part of the nugget region.

Lower Plate

The values for current, total welding time, and
electrode force were found by doing several
experimental tests to get the highest shear force
before the welding C15000 failed.

Three samples were generated for each set
of investigated factors, and the process signals
from each welding site were gathered and
recorded for further study. Four distinct welding
gaps are used for applications without particles.
Initially, a zero gap was established between the
welded plates, followed by introducing initial gaps
of 0.5 mm, 1.0 mm, and 1.5 mm prior to welding.
These four distinct gaps were also used for both
iron and TiOz2 particle interlayers. The
nanoparticles were introduced into the gap by
applying equal quantities and dispersing them
across the welding zone.

Copper-zirconium alloy is used as electrode
material in the experimental welding. To reduce
wear at the electrode tip and maintain consistency
in the welding process, the electrode diameter
was kept at 5 mm by polishing the tip after welding
10 sheets. Cooling was used throughout the
welding process to ensure repeatability and to
prevent changes in welding conditions.

Microstructure Test

The lap-welded region of the original
specimen was longitudinally sectioned at the
center of the weld, resulting in three categories of
welded specimens: welded plates without an
interlayer, welded plates using iron as an internal
particle, and welded plates utilizing TiO, as an
interlayer. The three distinct interlayers were
bisected at the weld zone and subsequently
subjected to standard metallographic preparation,
including cold mounting, grinding the sample
faces, polishing, and final etching with 2% Nital.
An optical microscope and field-emission electron
microscopy were employed to examine the

microstructure at various locations in the

resistance spot welds.

Hardness and Tensile-Shear Test

The hardness test of the spot welds was
conducted using Vickers microhardness at a 45°
angle to the transverse direction of the weld
nugget. The test starts by cleaning and polishing
the specimen surface. Using an INNOVATEST
Inspection Equipment machine with a maximum
load of 30 grf, following the methods specified in
ASTM E384.

The tensile-shear test was conducted to
assess the mechanical performance and failure
mode of the tested samples. Figure 1 illustrates
the dimensions of the tensile-shear sample.
Tensile-shear tests were conducted at a
crosshead speed of 10 mm/min using 10-ton
UNIVERSAL testing equipment.

RESULTS AND DISCUSSION
Microstructure Observation Results

Figure 3 (a) displays optical microscope
images of the microstructure of various welded
samples in the transverse cross-section. All the
shapes of nuggets appear as elliptical, resulting in
the appearance of three primary zones: BM, HAZ,
and FZ. The regions exhibit variations in grain
morphology and microstructure attributable to the
distinct thermal cycles (cooling rates to reach
ambient temperature and peak temperatures)
experienced by each region. The plates produced
by the deep drawing process exhibit a ferrite
structure with a stretched microstructure, which
remains consistent even after spot welding [12].
The heat generated during spot welding causes
rapid melting and solidification of the metal,
leading to changes in the structure and
morphology between the heat-affected zone and
the base material grains. The rapid melting and
solidification processes in spot welding led to a
microstructure that is distinctly characterized by a
martensitic structure in the fusion zone [24].
Coarse lath martensite is located at the core of the
welding nugget and extends outward along the
central axis. The martensite crystals decrease in
size from the nugget to the HAZ, creating a
transformation region between the HAZ and the
BM. The martensite and ferrite grains are included
in the metallographic structure [6][15].

Figure 3 (b) shows the nugget added in the
absent interlayer and the gap equal to zero. A
confluence line separates the two welded sheets,
and lath martensite grains are found around the
line. Figures 3 (c) and (d) depict the confluence
line and outside the nugget zone, respectively, for
a gap equal to 1.0 mm, with the addition of iron
particles as an interlayer. The lath martensite
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grains are found around the line, while surpassing
iron particles that exit the nugget zone and solidify
between plates.

The addition of TiO2 nanoparticles with an
initial gap equal to 1.0 mm microstructure is
revealed in an accumulated phase at locations
between the yellow dashed line. This is shown in
Figure 3 (e). TiO, nanoparticles can be observed
in the weld nugget zones with lath martensite;
these particles can act as barriers between the
weld plates, influencing the heat transfer rate and
grain size. This procedure helps improve the
joint's load-bearing capacity.

A defect associated with spot welding is the
pit defect, which manifests at the center of the
nugget, as illustrated in Figure 3 (f). This defect
occurs during the refinement of grains in the
melted steel plate of the welded zone, as the
welding crystallizes upon cooling. It arises during
the rapid cooling and solidification shrinkage
phase.

[Confluence lir

il S

, ontce iR
Figure 3. Weld nugget cross-section illustrating
(a) micromorphology of the (FZ), (HAZ), and
(BM), (b) nugget zone exhibiting zero gap without
interlayer addition, (c) nugget zone with the
inclusion of iron particles as an interlayer at a 1
mm gap, (d) additional iron particles discernible
between the welded plates, (e) nugget zone
incorporating TiO2 nanoparticles, and (f) spot
welding exhibiting pit defects

Relationship between nugget profile and heat-
affected zone area

Figure 4 (a) shows the morphologies of the
cross section of the weld regions in both the
longitudinal and transverse directions with three
distinct interlayer particles for a 1.0 mm starting
gap. The black elliptical line shows the nugget,
while the red elliptical line represents the HAZ. In
the absence of interlayer particles, as depicted in
Figure 4(b), the nugget's diameter is minimal
compared to the other two interlayer particle
conditions, and voids are present between the two
welded plates. The diameter of the nugget is about
the same in length for both iron in Figure 4 (c) and
TiO2 particles in Figure 4 (d). This indicates that
the horizontal cross-sectional shape of the nugget
enlarges, enabling it to withstand greater tensile
loads before failure, and that voids are observed
in iron particles.

Nugget formation

The various metals joined by spot welding
exhibit distinct characteristics within the weld
zone. The incorporation of two particles (iron and
TiO2) is anticipated to alter the nature of
intermetallic composites in the nugget region
during welding, hence affecting the nugget area
and heat-affected zone, which subsequently
influences joint strength [7].

A comparison of the nugget area between
interlayer iron particles and TiO2 Nanoparticles,
with error bars, as well as the area without any
additions, is illustrated in Figure 5. Measurements
linked to the nugget area and HAZ study were
performed using FIJI software.

Figure 4. Cross-sectional profiles of a 1.0 mm
gap: (a) top view of half nugget, (b) without
particles, (c) with iron particles interlayer, (d) with
TiO2 particles interlayer
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Figure 5. Nugget area of two types of interlayer
particles and none for a 0.5 mm gap

The findings indicate that incorporating
interlayer iron particles and TiO2 Nanoparticles
into a 0.5 mm gap enhances mechanical
properties and vyields the largest fusion zone,
15.673 mm?, when iron particles are added. In
contrast, the fusion zone measures 13.390 mm?
when only TiO2 nanoparticles are introduced. This
progression demonstrates that nugget growth is
influenced by heat distribution and the localization
of melting.

The increased heat at the melting point
directly affected the HAZ, which expanded with
the addition of TiO, and iron nanoparticles, as
shown by the error bars in Figure 6. The HAZ area
increased from 137.858 mm? without particles to
165.882 mm? (20.3% increase) with TiO,
nanoparticles and 183.433 mm? (33% increase)
with iron particles. This indicates greater thermal
diffusion in the HAZ, leading to changes in grain
size and structural toughness that affect the
mechanical properties of the welded plates.

Data on nugget area and standard deviation
(0, 0.5 mm, 1.0 mm, and 1.5 mm gaps) illustrated
in Figure 6 indicate that the incorporation of iron
and TiO, particles significantly improves the
nugget area in spot welding across various gap
sizes compared to the absence of interlayer
particles.

_. 250

(o]

£ 200 I I

g 150 I

< 100

¢ 50

< o
without Iron particles TiO2 particles
particle

Innert particle

Figure 6. Heat-affected zone area of two types of
interlayer particles and none for a 0.5 mm gap

The influence of nanoparticles in the
contact region between welded sheets with a gap
enhances the weld area, resulting in the
production of a martensitic structure. This
phenomenon may be attributed to the augmented
Joule heating theory, caused by the increased
electrical resistance at the contact, attributed to
the particles situated between the layers. The iron
interlayer particles exhibit elevated thermal
conductivity and impede heat dissipation, whilst
the TiO, nanoparticles act as thermal barriers,
modulating heat transfer.

This enhancement in stability and fusion
efficiency is particularly evident at intermediate
gap sizes. The data unequivocally indicate that
incorporating interlayer particles (iron and TiO,)
markedly enhances the nugget area in spot
welding across all gap sizes relative to samples
devoid of particles and that it surpasses the
traditional process in preserving nugget integrity.

To get the error bars shown in Figures 5, 6,
7 and 8, we averaged the three readings and then
calculated their standard deviation. By dividing the
standard deviation of the data by the square root
of the number of measurements, the error is
calculated, as shown in the graph.

Comparing nugget area and HAZ area
results with and without the presence of interlayer
particles, with iron and TiO, nanoparticles
demonstrated in Figure 7 and Figure 8
respectively, reveals a significant enhancement in
thermal effect and an increase in HAZ area, this
improvement in thermal conductivity and energy
absorption leads to an increase in the HAZ and
standard deviation, for initial gaps (0, 0.5 mm, 1.0
mm and 1.5 mm). The increase in size is due to
particles present between the layers. These
particles allow heat to transfer more effectively
between the plates in contact, thereby improving
weld quality. A bigger HAZ then leads to improved
ductility and stronger metallurgical bonding.

20.0

L]
'«glso 1 . 1 I : I
.§_100 I
; .
& 50
0.0
0 05 1 L5
Gap (mm)

without particle ® Iron particles m TiO2 particles

Figure 7. Nugget area dimensions for samples
lacking iron and TiO, particles for tests at gap
intervals of (0, 0.5 mm, 1.0 mm, and 1.5 mm)
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Figure 8. HAZ area dimensions for samples
without iron and TiO, particles for gap
measurements of (0, 0.5 mm, 1.0 mm, and 1.5
mm)

Hardness Profile

Microhardness investigations of resistance
spot-welded joints, incorporating interlayer iron
particles and TiO2 Nanoparticles, as seen in
Figure 9, reveal a gradient from the BM to the HAZ
and into the FZ. Rapid cooling in the FZ increases
hardness, and the grains become refined in RSW
[7]. The results without the interlayer show that the
HAZ, BM, and the occurrence of coarser grains
influence the hardness. When the gap is O,
maximum hardness is reached in BM, and when
the gap is 0.5 mm, minimum hardness is reached.
The interlayer with an iron-particle weld joint
exhibits increased hardness in the interfacial zone
due to the formation of brittle grain refinement
when the gap is 1.0 mm. Hardness in the fusion
zone decreases as the gap narrows, reaching its
lowest value at zero gap. With TiO, or iron
particles, the hardness shows a similar trend, with
the maximum at a 1.0 mm gap and the minimum
at zero gap. The increased hardness is attributed
to grain refinement in the fusion zone due to the
rapid cooling rate of resistance spot welding
method.

There is a possibility that the heat-affected
zone will exhibit a recrystallization region adjacent
to the fusion zone and a region of partial
recrystallization near the base metal. This can be
ascribed to changes in temperature dependency
[16]. All the original dislocations have been
repaired within the recrystallization region, and the
coarse grains have formed. On the other hand,
larger grains persist in the region where
recrystallization has occurred only in part. In this
region, the initial dislocation has only been
partially restored. The recrystallization of coarse
grains and the existence of a zone that is devoid
of dislocations are the causes of the softening
region that forms in the heat-affected zone, which
is in contrast to the fusion zone.

BM HAZ FZ HAZ BM

withour particleszero gap

without particies0.s mmgap

iron partles zzrogap

iron parteles 05 mmeap

\\a

—e— ifon partcles 1mm gap

Microhardness (HV)

Tio2 particleswih zero gap
—e—Tic2 particieswih 0.5 mm gap

I —e—Tic2 particieswih 1 mm gap

6 5 4 3 2 -1 0 1 2 3 4 5 6
Distance from the weld center (mm)

Figure 9. Microhardness graphs illustrating the
hardness change in the (FZ), (HAZ), and (BM) with
and without the incorporation of interlayer particles

Tensile-Shear Test Results

For each distinct gap welding, three
samples were examined. The results are
illustrated in Figure 10, excluding nanoparticles
between the plates. The findings of spot welding,
when varying the gap between the two plates,
reveal a nonlinear relationship between the
mechanical performance of the welded plates and
the magnitude of the gap. When plates are welded
without a gap, the peak load reaches an average
value of 5.4 kN, indicating robust bonding at the
plate contact and optimal nugget formation [1].
The peak load magnitude and extension prior to
rupture, with a 0.5 mm gap, changed the minimum
average force and extension values before failure,
reaching 4.2 kN. Extending the distance to 1.0 mm
undermines the welding strength and elongation,
as indicated by the nugget during inadequate
fusion. Notably, at a distance of 1.5 mm,
intermediate gaps exhibit optimal weld quality,
achieving a maximum load of 5.8 kN before failure,
indicating enhanced fusion in the nugget zone.

Results of a gap equal to zero are
presented in Figure 11. The results are shown for
both non-inert particles and the two interlayer iron
and TiO nanoparticles. Robust joint integrity
appears with the absence of inert particles,
complete plate contact with zero gap, and
continuous heat flow. The tensile shear test
results show a peak load of 54 kN and an
extension of 6.8 mm. When using iron particles,
the peak load levels remain significantly elevated.
TiO, particles served as a significant barrier within
the weld zone, reducing the peak load to 4.9 kN
and extending the weld by 3.5 mm when used as
an interlayer.

The efficacy of spot welding is significantly
affected by the 0.5 mm spacing and the use of
inert particles, as illustrated in Figure 12.
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Figure 10. Peak load vs the extension of spot welding without inert particles and varying gaps
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Figure 11. Peak load vs extension for inert particles in spot welding with zero gap
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Figure 12. Peak load vs extension for inert particles in spot welding with 0.5 mm gap

In contact between plates without the addition of
particles, the peak load exhibits a reduced
average value of 5.0 kN with an extension of 3.1
mm. The minimal space between the plates
restricts complete contact and heat transfer. The
peak load increased with the incorporation of
nanoparticles as an interlayer, primarily due to the
enlargement of the weld nugget diameter; this
increase in nugget area produced a restraining
effect against shear failure [13], culminating in a
peak load of 5.7 kN and an extension of 5.5 mm.
The use of TiO, improved peak load and

extension, achieving a peak load of 6 kN and an
extension of 5.6 mm [20].

Effect of advantage the addition of inert
particles between gaps equal to 1 mm is obvious,
as shown in Figure 13. Without additional particles
between the gaps, the minimum peak load
reached 4.3 kN and 4.5 mm extension. The iron
particles rising in the size of the nugget are due to
the presence of particles between the layers.

These particles enhance heat transfer more
effectively between the plates in contact; the peak
load reaches 5.9 kN with a 6.3 mm extension. The
incorporation of nanoparticles enhances thermal
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input in the welding area, leading to deeper and
broader spot welds. The elevated heat
conductivity of nanoparticles facilitates quick and
uniform solidification in the nugget zone, hence
diminishing thermal stress, deformation, and
stress concentration [20]. The integration of TiO,
exhibits notable shear-force resistance, with an
average peak load of 5.0 kN and an elongation of
4.6 mm. The interaction of the molten nugget zone
was augmented and disseminated when TiO,
filled the vacuum.

As the space between welded plates
expands to 1.5 mm, as seen in Figure 14. The
efficacy of nanoparticle integration declines under
insufficient pressure, leading to wider particle
dispersion and poor maintenance of the current
pathway. This resulted in a decrease in heat
generated and transmission.

The performance of three distinct types of
spot welds varies. The effect of adding
nanoparticles decreases as the distance between
the weld sheets increases, due to the reduced
formation of an ideal nugget. Peak load results
with and without inert particles: nearby in peak
load, reaching 5.8 kN and a 6 mm extension
without adding an interlayer. Incorporating iron
particles into the interstice before welding
diminishes joint strength and reduces the average

peak load. This effect, influenced by heat transfer
and metallurgical bonding, results in an average
peak load of 4.7 kN and a 4.3 mm extension. The
intermediate behavior of welded connections was
achieved when TiO, was utilized as filler material
in the gap. The average peak load attained was 5
kN, and the extension measured 4 mm.

Using one-way ANOVA with n=3, statistical
analyses were conducted on the tensile peak load,
examining the differences between the welded
plates with and without an interlayer. The
minimum magnitude occurs at p=0.00267 when
the gap is 1.0 mm, but the magnitudes are
p=0.0756 and 0.0653 for initial gaps equal to 0.5
mm and 1.5 mm, respectively. Not statistically
significant, p=0.465 was reached when the gap
was equal to zero. The magnitude of the
resistance between the welded plates and the
current-constriction effect on the generated heat
influences nugget growth prior to solidification.

The findings indicated that using iron and
TiOz interlayers to modify the microstructure and
enhance bond strength was more effective than
previous research utilizing coated nanoparticles,
such as graphene, for welding AISI-1008 material
[13][16].
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Figure 13. Peak load vs extension for inert particles in spot welding with 1.0 mm gap
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Figure 14. Peak load vs extension for inert particles in spot welding with 1.5 mm gap
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The investigation revealed a variation in
shear strength resistance by experimental test,
along with the differential initial gap magnitude.
Moreover, the results clarify the relationship
between gap geometry and the additive interlayer
process and provide essential experimental data
for more precise prediction of failure under shear
loads [1][10].

CONCLUSION

In spot resistance welding, the strength of
welded plates with an initial gap is affected by
incorporating nanoparticles as an intermediate
structure. This study examines the interaction
among mechanical performance, initial gap
magnitude, the characterization of conductive
nanoparticles as a filler, and the mechanisms of
heat generation and dissipation within the welding
zone. The gap- heat — microstructure finding the
particular interlayer utilized, offering a credible
foundation for predicting the influence of varying
gap dimensions on welding efficacy.

1- Gap-Dependent Reinforcement:

In scenarios with the fewest gaps,
nanoparticles serve as interlayer fillers. In these
situations, nanoparticles play a vital role as
mechanical fillers and heat conduits. This
improves contact efficiency and elevates Joule
heating. Medium gaps enhance the distribution of
current density between the welding electrodes,
thereby increasing joint strength through thermal
concentration.

2- Saturation Thresholds of Gap Dimension:

The heat gradient can explain the
microevolution  observed  during  welding.
Conductive nanoparticle interlayers facilitate heat
concentration and transfer, thereby influencing the
cooling rate during solidification, controlling weld
zone geometry, and enhancing grain structure.
The concentration of grains is directly correlated
with interlayer characteristics, thermal transfer
rate, initial gap, and weld formation.

3. Theory of Microstructural Evolution:

The thermal gradient produced distinct
grain morphologies due to differing heat effects,
resulting in an elliptical nugget. The HAZ exhibited
transitional microstructural changes between the
BM and FZ, while the BM retained elongated
ferritic grains resulting from the deep drawing
process. There is a relationship between the
interlayer and the cooling rate, which influences
grain refinement through the creation of an
elliptical nugget post-solidification.

4. Relationship Between Hardness and Grain
Structure:

The rise in hardness was attributed to grain
refinement in the fusion zone, a result of the rapid
cooling rate associated with the resistance spot

welding method in all welded plates. The hardness
of the heat-affected zone and base metal
decreases as coarser grains are present.

5. Mechanics of Compaction:

Strength results from the tensile shear test
are affected by the addition of nanoparticles,
which compact the interlayer by increasing the
effective contact area and augmenting the
electrical resistance between the welded surfaces.
6. Dynamic Loading Limitation:

The strength of welded plates requires
analysis under applied dynamic loads and should
factor in impact-resistance fatigue failure.
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