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In recent years, spot welding has received increasing attention from metal sheet-re-
lated industries due to its efficiency, high speed, and low operational costs. This
study aims to enhance the spot welding properties of galvanized sheets by incor-
porating carbon-based and metallic reinforcements, utilizing recycled steel powder
and synthesized reduced graphene oxide (RGO). The welding zone characteristics
were analyzed using Scanning Electron Microscopy (SEM), X-ray Diffraction
(XRD), hardness, and corrosion tests. The results from the conducted tests confirm
the beneficial effects of incorporating RGO and recycled steel powder. The findings
from the hardness and corrosion tests further validate the positive influence of RGO
and recycled steel shavings powder on the material's performance. The hardness
and corrosion resistance values improved significantly, with the unreinforced sam-
ple showing 209 HV and 0.25 um/year, compared to 261.8 HV and 0.1 um/year for
the optimally reinforced sample.

1. Introduction

Galvanized steel sheets are extensively utilized
across various industries owing to their lightweight na-
ture, environmental friendliness, high strength, and ex-
cellent corrosion resistance [1]. Temporary connections,
which require the disassembly and reassembly of com-
ponents, commonly employ mechanical fasteners. Such
connections necessitate the drilling of holes, which are

susceptible to stress concentration, potentially resulting
in a reduction in structural strength. Moreover, the use
of screws and rivets adds weight to the structure, com-
promising design objectives focused on lightweight
construction [2—5]. Permanent connections are typical-
ly achieved through adhesive bonding or welding tech-
niques. Adhesive bonding demands meticulous surface
preparation, and its performance is highly influenced by
factors such as environmental conditions, temperature,
curing time, and the specific adhesive type used. No sin-
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gle adhesive formulation can meet the requirements of
all applications [6-9]. Adhesive bonds provide superior
stiffness, enhanced shear strength, and more uniform
load distribution compared to mechanical fasteners or
welding [10-12]. Welding, a widely used method for
permanent connections, is categorized into fusion weld-
ing and solid-state welding. Fusion welding involves
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melting the surfaces of base metals until they reach their
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melting point, facilitating their union during the weld-
ing process. Common techniques include resistance spot
welding (RSW), arc welding (AW), and resistance seam
welding (RSSEW). In contrast, solid-state welding bonds
the surfaces of base metals without heating them to their
melting point, with examples including friction welding
(FW) and ultrasonic spot welding (USW). Although me-
chanical fasteners and adhesive bonds are suitable for
joining dissimilar materials and composites, welding,
despite its inherent limitations, is often preferred for its
compatibility with process automation and high produc-
tion speed. Spot welding is particularly prevalent in the
automotive industry, where a car body typically incorpo-
rates thousands of spot welds [13, 14]. On the other hand,
resistance spot welding (RSW) is an efficient method for
joining metal sheets, widely recognized across industries
for its speed, cost-effectiveness, and compatibility with
automation. The reliability and mechanical performance
of spot welds are critical in ensuring safety and structural
integrity during vehicle collisions [15]. Graphene, with
its significant electrical and thermal conductivity [16],
high Young's modulus [17], and desirable tensile strength
[18], has shown special appeal as a reinforcement for
enhancing spot welding properties. Introduced in 2010,
graphene, a two-dimensional nanomaterial, has been
utilized for its unique tensile strength, up to 200 times
that of steel, and its ability to react to form hard phases,
along with desirable wear resistance, in various applica-
tions [19]. Industrial activities in 2021 directly contrib-
uted to the emission of 4.9 gigatons of CO,, representing
one-fourth of global emissions. Among these, iron and
steel production accounted for 30% of the world's CO,
emissions in 2021. This trend is on the rise as industrial
emissions have increased by over 70% from 2000 to the
present, driven by a slight increase in energy efficiency
alongside a growing global demand for industrial goods
[20]. Predictably, separating material demand from eco-
nomic and population growth can contribute to reducing
CO, emissions. One primary pathway for reducing pri-
mary material production and resource separation from
economic growth involves implementing circular econo-
my strategies, including longer product lifecycles, repair,
product upgrades, modularity, remanufacturing, compo-
nent reuse, and recycling. Solid-state recycling strate-
gies, particularly using machining waste powders, have
been tested and improved [21]. In summary, metal ma-
chining chips, traditionally regarded as waste, are often
sent for melting, thereby erasing their processing history
entirely. Alternatively, these metal chips can be effective-
ly utilized as raw materials for spot welding reinforce-
ment, providing a sustainable solution compared to con-
ventional thermomechanical recycling routes. Akbari et
al. [22] presented an algorithm for optimizing resistance
spot welding and enhancing joint strength, showing a sig-
nificant increase in fracture force by selecting the correct
positions for two, three, and four spot welds. In another
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study, Morad et al. [23] investigated the effect of welding
point diameter on the strength of galvanized sheet con-
nections. The results showed that the diameter of the spot
weld does not affect the microhardness of the weld zone,
but as the spot diameter increases, the weld strength
also increases. Khosravi et al. [24] in an interesting
study examined the effect of graphene oxide and revived
graphene oxide nano-sheets at different concentrations
on arc spot welds. The results of these studies showed
that with an increase in RGO concentration up to 10 mg/
ml, the tensile strength and hardness of the weld metal
improved by 5.20% and 38.4%, respectively. Dong et al.
[25] used graphene nanoplates to improve the strength of
aluminum alloy connections in spot welding. They found
that fatigue life and tensile strength of the connections
significantly increased with the addition of this reinforce-
ment. In another research, Das et al. [15] investigated the
effect of graphene nanoplate on improving the mechan-
ical properties of galvanized steel in spot welding. The
results indicated a 124% increase in strength, ductility,
and a reduction in the brittleness of the spot weld. Eisi et
al. [26] reported on the effect of graphene on the strength
and microhardness of copper-aluminum connections in
friction stir welding. These studies showed that adding
graphene to the copper-aluminum connection signifi-
cantly increased the shear strength and microhardness of
the joint while reducing the resistivity of the alloy. The
improved mechanical properties of graphene-reinforced
connections make them ideal for a wide range of appli-
cations, highlighting the critical role of recycling and
reusing metal machining waste to promote sustainabil-
ity in industrial practices. To address the need for en-
hanced strength in spot welding, reduced graphene oxide
(RGO) and recycled machining chips are introduced as
innovative reinforcements. RGO, with its exceptional
mechanical, thermal, and electrical properties, signifi-
cantly improves the strength, heat transfer efficiency, and
fatigue resistance of welds. At the same time, utilizing
recycled machining chips not only minimizes costs and
industrial waste but, when combined with RGO, further
enhances the mechanical performance of welds. These
innovations create significant advancements in industries
such as automotive, aerospace, and electronics, which
require strong and lightweight connections, demonstrat-
ing that the combination of nanotechnology and material
recycling can lead to significant progress in industrial
processes.

2. Materials and Experiments

2.1. Production of Raw Materials for the Ex-
periment: Machining Chips and Reduced
Graphene Oxide (RGO)

Steel chips were produced from CK45 steel shafts
through a closed machining cycle with parameters spec-
ified in Table 1. and Fig. 1. This machining process took
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place in an industrial production center, and the cutting
parameters listed in Table 1. reflect common industrial
machining practices, ensuring that the characteristics
of the chips used are representative of those produced
in the manufacturing industry. Graphene oxide was pre-
pared from graphite powder using a modified Hummers'
method [27]. A 200 mL aqueous solution of graphene
oxide with a concentration of 2.5 mg/mL was prepared
and subjected to ultrasonic waves for 1 hour to achieve
dispersion. When working with the ultrasonic device, to
prevent the suspension and tipping of laboratory beakers
containing solution materials, these containers should be
manually adjusted before starting the process. For reduc-
tion, the suspension was placed inside an autoclave un-
der hydrothermal conditions for 12 h at a temperature of
190 °C and a pressure of 12 bars. The resulting hydrogel
product then underwent freeze-drying at -50 °C for 12
h to remove absorbed water and form a porous network

structure [28].

2.2. Powder Composition and Characterization

As shown in Fig. 1. to achieve a homogeneous final
gel composition, RGO powder was dispersed using an
ultrasonic device for 45 min. To more precisely inves-
tigate the reinforcing behavior of the weld joint with
recycled steel powder, this material was also converted
to powder using a ball mill and added to the mixture
along with RGO. The composition ratios are provided in
Table 2. Before starting the resistance spot welding pro-
cess, the surfaces of galvanized sheets were cleaned with
silicon carbide paper with a mesh size of 2000-400, dried,
and prepared with a clean stone. The fixation of the two
sheets was done using a perforated template, and the re-
inforcing agent mixture was injected at a specified point
on the sheets. The welding of the two sheets was carried

Table 1. Material Properties Under Investigation.

Galvanized sheet

Element Fe Al S p Mn Si C
Composition (%w) Balance 0.051 0.008 0.012 0.207 0.009 0.033
CK45
Element Fe Si Cr C P Mn S
Composition (%w) Balance 0.25 0.27 0.46 0.1 0.57 0.1
RGO
E P Elongation Ther conductivity Electrical conductivity
1060 GPA 1 g/cm? 20% 3000W/MK 15000 cm?/v.s

CKA4S Powder
Synlesls wih Slirrer Composite powder

Fig. 1. Schematic of the Process Steps and Dimensions of the Sheet.
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out using a welding machine model 4645N-16K VA with
optimal parameters as listed in Table 3. After producing
the samples, X-ray diffraction (XRD) was performed
on the samples to examine the phases present, using an
Explorer device from GNR Italy under the conditions of
V=40Kv and Current=30mA. Morphological changes in
the welded samples were also investigated using a Scan-
ning Electron Microscope (SEM) model MIRA3 from
TESCAN, Czech Republic, with a resolution capability
of up to 1.5 nm at a voltage of 15 Kv. The hardness of
the samples was measured using the Vickers method with
an INNOVATEST NEXUS 8000XL hardness tester, ap-
plying a 612.9 N tungsten carbide indenter with a diam-
eter of 2.5 mm and a holding time of 15 sec, according
to ASTM A370 (2020) standard. To obtain an average
value, the hardness test was repeated at least three times
for each sample. Electrochemical corrosion tests on the
samples were conducted in the voltage range of -250 to
+250 mV, with a scan rate of 1 mV and an OCP duration of
1200 sec.

3. Discussion and Conclusion
3.1. XRD

XRD analysis was conducted to identify the phases
formed in the weld area, and the results are shown on the
produced samples in Fig. 2. As indicated in the figure,
during the chip extraction and production stages of recy-
cled CK45, the steel powder contains phases with peaks
at 110, 200, and 211, corresponding to iron phases. The
110 peak corresponds to the austenite phase (y-Fe), the
200 peak corresponds to the ferrite phase (a-Fe), and the

211 peak can correspond to either the martensite phase
(a'-Fe) or the ferrite phase (a-Fe). Furthermore, the peaks
observed at 73 and 78 degrees correspond respectively to
the phases of iron (Fe) and iron carbide (Fe,C). The no
significant change in the nature and integrity of the met-
al has occurred, indicating the success of this stage. The
presence of a 26.5-degree peak in the chart also indicates
the presence of RGO in the samples, demonstrating prop-
er control over the production conditions. Additionally,
weaker peaks corresponding to the iron phases, mainly
attributed to the presence of steel chips, are observable.

3.2. Morphological Examination by SEM

SEM images of various points on the produced sam-
ples are shown in Fig. 3. where the bond interface and
the injection lines of the reinforcements into the melted
structure are clearly visible. Image (a) illustrates the mi-
crostructure of the base metal, revealing a dark-colored
ferritic structure, a light-colored martensitic structure,
and the remaining regions being austenitic. As observed,
the ferrite content in the base metal is higher than that
of martensite. In the Heat-Affected Zone (HAZ), the
temperature is lower than in the Fusion Zone (FZ), so
a complete transformation from austenite to martensite
does not occur. It is evident that the ferrite and marten-
site levels are nearly equal in Image (b), representing the
HAZ region. In Image (c), which depicts the boundary
between the weld and the HAZ, a reduction in ferrite
content is observed. Finally, in Image (d), due to com-
plete melting and rapid thermal cycles during spot weld-
ing, a martensitic structure is formed.

Table 2. Sample Naming.

Sample Type of Reinforcement
R1 -
R2 100%W RGO
R3 50W% RGO +50W% Chip (0/5 mm)
R4 50W% RGO +50W% Chip (1 mm)
RS 50W% RGO +50W% Chip + Balmil (0/5 mm)
R6 50W% RGO + 50W% Chip (1/5 mm)

Table 3. Welding Process Parameters.

Welding process variables

Tungsten rod diameter, (mm) Welding current, (kA)

Welding time, (cycle) Electrode force, (kN)

4 10-26 10 2/1
Machining process variables
Cutting speed, (rpm) cutting depth, (mm) Feed rate, (mm) Coolant

350 0/5

0/1 -
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Fig. 2. XRD Results of Different Stages in the Process.
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Fig. 3. SEM Images a) Base metal body, b) Heat-Affected Zone (HAZ), ¢) Boundary between FZ and HAZ,
and d) Fusion Zone (FZ).
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3.3. Hardness

Changes in microhardness characteristics in the pres-
ence of various types of reinforcements are illustrated in
Fig. 4. After examining the Vickers microhardness test
results from the weld zone, sample R5 exhibited the best
outcome. Weld hardness is directly influenced by the
phases formed during the welding process and the pres-
ence of reinforcements. Hardness test results from the
weld zone indicated that sample RS, with its reinforce-
ment compositions, has the highest average hardness,
showing a significant increase compared to the untreated
sample. Given the constant weight percentage of RGO,
the fluctuations in hardness values are attributed to the
type of recycled steel powder. The addition of 50% by
weight RGO resulted in a slight reduction in hardness.
The highest recorded value is also in sample R5, which
utilized both RGO and ball-milled recycled steel chips as
reinforcements. Therefore, the optimal thickness of the
chips and the uniform distribution of ball-milled pow-
der relative to recycled chips play a significant role in
the hardness and its variations. By consolidating the ob-
tained results, it can be concluded that adding RGO and
recycled steel powder up to an optimal level increases
hardness, and beyond that, it leads to a decrease in the
hardness of the weld zone. The presence of inclusions
and recycled metal chips from steel machining can alter
the chemical composition, microstructural arrangement,
and residual stress distribution in spot weld regions.

studies in the field of mechanics. Higher hardness in spot
welds enhances wear and corrosion resistance, which is
particularly important in industries such as automotive,
aerospace, and heavy equipment manufacturing. Spot
welds with optimal hardness can withstand heavier loads
and are commonly used in engineering structures, such
as car bodies, metal frameworks, and mechanical com-
ponents. This attribute contributes to a longer service life
and reduced maintenance requirements, which is crucial
in industries like automotive manufacturing and the mass
production of metal parts, where access to weld points is
often difficult. In industries where safety is paramount,
such as rail transportation and aerospace, suitable hard-
ness in spot welds can prevent sudden failures and en-
sure safety. Additionally, appropriate hardness serves as a
quality control indicator in production processes, helping
to ensure uniformity and structural integrity of manufac-
tured parts. Overall, the hardness level of spot welds has
a direct impact on the performance, safety, and lifespan
of industrial components and structures, making it highly
significant in many industrial applications.

3.4. Potentiodynamic Polarization Corrosion

To measure corrosion, Tafel slopes were plotted in
the linear region of polarization curves, and polarization
resistance was calculated based on the Stern-Geary equa-
tion provided below [29] :

babc

The presence of these materials may lead to the forma- Rp = 2303(b.1bL)i Eq.(l)
tion of hard phases, mechanical discontinuities, changes ' a’rcicorr
in cooling rate and heat transfer, and the generation of . _ B Eq.(2)
local stresses-factors that could potentially increase the tcorr = Rp
localized hardness of the weld zone. Understanding the
impact of these factors can be further refined through fu- — _ babe Eq.3)
ture experimental tests and supplementary microscopic 2.303(batbc) '
300
261.8
250 245.3
209
198.4
—~ 200 186.9
>
=
w)
& 150
=
S
i
<
= 100
50
0 L1 L1 L L1 L L___|
R1 R2 R3 R4 RS R6

Fig. 4. Vickers Microhardness Results.
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In the equation, R represents the Linear Polariza-
tion Resistance (LPR) of the produced sample, b, and
b, are the anodic and cathodic Tafel slopes, respective-
ly. I is the corrosion current density, and E__ is the
corrosion potential. Fig. 5. shows the potentiodynamic
polarization test of the sample without the reinforce-
ment compared to the samples with reinforcements.
According to the data extracted from the Stern-Geary
equation [19], the corrosion potential has changed
from -1.0234 for the sample without reinforcement to
-1.008 for sample R4, indicating a decrease in thermo-
dynamic corrosion likelihood in these samples [30].
Additionally, the corrosion current density of sample
R1 has decreased from 6.5066 pA per square centime-
ter to 0.00014648 pA per square centimeter in sample
RS. Due to the injection of RGO and ball-milled steel
reinforcement into the samples, the corrosion current is
reduced by more than 6 times compared to the sample
without reinforcement. Past research suggests that if the
corrosion potential increases and the corrosion current
density decreases, the corrosion of the sample decreas-
es [31], which is confirmed in the produced samples of

this study. Finally, the corrosion rate in micrometers per
year for the produced samples indicates that the sample
with RGO shows a slight decrease in the corrosion rate
compared to the sample without reinforcement. While
the ball-milling process positively impacts mechani-
cal properties, it exhibited the worst performance in
terms of corrosion rate. In contrast, RGO significantly
reduces the corrosion rate in spot welds through multi-
ple mechanisms. It enhances uniform load distribution,
acts as a physical barrier against corrosive agents, and
possesses inherent anti-corrosive properties. Addition-
ally, RGO increases the electrical resistance of the weld
area, effectively lowering the corrosion current. Addi-
tionally, it improves the mechanical properties, such as
hardness and strength, which minimizes micro-cracks
and corrosion-induced fractures. RGO also reduces
the concentration of active corrosive ions by adsorb-
ing them. Scientific studies confirm that incorporating
RGO into metals substantially enhances their corrosion
resistance by providing physical and electrochemi-
cal protection, improving mechanical characteristics,
and limiting the penetration of corrosive substances.

1E-03 = //
< :
k=
£ 1E-04 —
§ e R
,:: ——— R2
;_; 1E-05 — ———— R3
z — R4
e R5
1E-06 - R6
T T T T T T T T T
1.3 -1.2 -1.1 -1.0 -0.9 -0.8 -0.7 -0.6 -0.5
Potential applied (V)
Fig. 5. The potentiodynamic polarization test curves.
Table 4. Corrosion Test Results.
Parameter R1 R2 R3 R4 R5 R6
Ecorr (V) -1/0234 -1/01 -1/0127 -1/008 -1/237 -1/0277
icorr (RA/cm?) 6/5066 5/653E 0.5 5/7811E 0.5 2/6204E 0.5 0/00014648 E 0.5  5/1804E 0.5
E 0.5
ba (V/dec) 0/034786  0/031357 0/039804 0/031875 0/074495 0/037711
bc (V/dec) 0/44567 0/68609 0/77318 0/2632 0/19124 0/23207
Rp (ohm) 215/37 230/37 284/34 470/98 158/95 271/95
Corrosion rate 0/25708 0/22335 0/22841 0/10353 0/57875 0/20468

(pm/year)
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5. Conclusions

In this study, the effects of RGO and recycled CK45
steel powder on the spot welding efficiency of galvanized
sheet metal were systematically investigated. The study
yielded several noteworthy findings regarding the chang-
es in the mechanical properties of the weld zone:

* Ball-milled recycled steel powder, compared to the
original recycled steel, has a better effect on the ten-
sile strength and hardness of the weld zone, likely due
to a more uniform distribution and better dissolution
in the weld zone.

e The thickness of the chip has optimally increased
hardness of the welded joint, followed by a decreas-
ing trend.

e Samples containing RGO showed a slight reduction
in the corrosion rate compared to samples without a
reinforcing agent, and the ball-milling process, con-
trary to its positive effect on mechanical properties,
yielded the worst result in terms of corrosion rate.
These findings point to the complexity of the interac-

tions among various parameters in the welding process,
where the selection of reinforcing agents, their distribu-
tion, and the powder thickness play critical roles in de-
termining the mechanical and corrosion properties of the
welded joints. Future research could focus on variations
in thickness and machining conditions for the production
of recycled powder.
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