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Enhancing The Electrical Conductivity by Graphene Growing
on Nickel Electroplated Bolts by Chemical VVapor Deposition
(CVD) Technique
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Abstract

The increasing popularity of electric vehicles in recent years brings different demands in the automotive
industry. Even the simplest components in EV such as bolts and nuts require new technologies to meet
customer demands. Conductive coatings are one of the examples of such demands in order to get rid of the
load accumulation that may occur inside the vehicle by grounding.

Thanks to the high electrical conductivity of copper, electrolytic copper plating process for fasteners is
widely used for such applications. However, electrolytic copper coating brings disadvantages such as low
corrosion resistance that brings fast darkening as a result of oxidation and galvanic corrosion that may occur
due to the fact that the opposite part is a different metal.

In this study, graphene was grown on electrolytic pure nickel-plated bolts by chemical vapor deposition
(CVD) method. RAMAN analyses were performed to confirm graphene formation on nickel-plated
samples. Graphene coated samples were tested in Norm coating in electrically conductive SCANIA STD
4472 setup. To evaluate the corrosion resistance, ISO 9227 salt spray test was performed.
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1. Introduction

As the automotive industry undergoes a transformative shift towards electric vehicles (EVs), the demand
for advanced technologies within the sector has surged (Sampaio et al., 2022). This paradigm shift necessitates
a reevaluation of even the most fundamental components, such as bolts and nuts, prompting the exploration of
innovative solutions to address the evolving needs of consumers. A notable challenge in the domain of electric
vehicles is the management of electrical load distribution within the vehicle, a concern that extends to the
intricacies of grounding (Duan et al., 2019; Hunt et al., 2022; Park et al., 2011).

Conventionally, the use of electrolytic chrome, copper and tin plating has been pivotal in enhancing the
electrical conductivity of fasteners, especially those deployed in critical areas like the engine and battery
components. However, the widespread adoption of electrolytic copper and tin coatings has not been without
its limitations. Notably, the propensity for rapid tarnishing due to oxidation and the susceptibility to galvanic
corrosion, particularly when in contact with dissimilar metals, pose significant drawbacks to this traditional
approach (Anderson, 1993; Aziz Ameen et al., 2010; S. L. Hingley, 2013; S. Hingley & Oduoza, 2011;
Weisenberger & Durkin, 1994).

The electrical conductivity of fasteners and vehicle components holds paramount importance in ensuring
effective grounding within automotive systems. This necessity is particularly heightened in electric vehicles,
where establishing a robust grounding system is critical for both safety and optimal functionality. To meet this
demand, conductive coatings featuring materials like tin or graphene are employed to augment the electrical
conductivity of these components (Chemartin et al., 2013; G & C, 1997; Kurth et al., 2015; Yin et al., 2016).

In the automotive sector, the significance of graphene-based coatings is noteworthy. These coatings play
a pivotal role in enhancing the structural, thermal, and electrical attributes of the underlying substrate. This
multifaceted improvement contributes not only to the efficiency and safety of the vehicle but also replicates a
metallic-like appearance. This is a noteworthy departure from traditional conductive platings, signaling a
transformative shift in the way electrical conductivity is integrated into automotive design (Barkan, 2023; Das
& Chaudhary, 2021; Dericiler et al., 2022; EImarakbi & Azoti, 2018; Kadirgama et al., 2023).

In response to these challenges, the present study investigates a novel approach by employing graphene in
conductive coating applications for fasteners. Graphene, a two-dimensional carbon allotrope, exhibits
exceptional electrical conductivity, surpassing that of copper by 70-85%. This distinctive property positions
graphene as a promising candidate for the development of innovative fastener coatings capable of meeting the
heightened electrical conductivity demands arising in the wake of EV proliferation (Kéhne, 2011; Rizzi et al.,
2020).

In this pursuit, we focus on the chemical vapor deposition (CVD) method to grow graphene on electrolytic
pure nickel-plated bolts, presenting a viable alternative to traditional copper-coated counterparts. Rigorous
analysis, including Raman spectroscopy, is employed to ascertain the successful formation of graphene on the
nickel-plated samples. Subsequently, the graphene-coated samples undergo testing within a SCANIA STD
4472 electrically conductive setup to assess their performance within a norm coating environment.

This research extends its examination to the corrosion resistance of the graphene-coated fasteners through
the implementation of ISO 9227 salt spray tests. Through these comprehensive evaluations, we aim to
contribute to the ongoing discourse on advancing conductive coating technologies, providing a nuanced
understanding of the potential benefits and challenges associated with integrating graphene into fastener
applications within electric vehicles.

2. Materials and Methods
2.1 Materials

Norm Coating company supplied M8 x 75 mm bolt samples with a strength classification of 10.9. The
electrolytic plating method was utilized to coat the bolts with pure nickel. The bolts are composed of 23MnB4
steel, and Table 1 provides the elemental composition of the 23MnB4 material.
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Table 1. 23MnB4 steel chemical composition content (Database, 2025)

Element Content (wt. %)

Fe 97-98.1
Mn 09-1.2

C 0.2-0.25

Si 0.3

P 0.025

S 0.025

Cr 0.3

Cu 0.25

B 0.0008 - 0.005

For interim protection, a coating of paraffin oil was applied to the bolt samples. Prior to the application of
the Chemical Vapor Deposition (CVD) coating, the provisional protective oil was dissolved using the
ultrasonic method in acetone. Subsequently, the cleaned samples were subjected to drying in an oven at 50 °C.

2.2 Methods
2.2.1 Chemical vapor deposition (CVD)

The thermal processing regimen was initiated with the elevation of the oven temperature from ambient
conditions to 1000 °C within a duration of 50 minutes. Subsequently, the system was maintained at 1000 °C
for a specified interval of 40 minutes to create an optimal thermal environment for the ensuing chemical vapor
deposition (CVD) process. During the CVD phase, a controlled introduction of methane (CH.4) gas was
orchestrated for a precise period of 10 minutes.

The gas feeding parameters were meticulously configured to achieve optimal conditions for the growth of
graphene. Argon (Ar) was introduced at a flow rate of 1000 standard cubic centimeters per minute (sccm),
providing a controlled inert atmosphere. Simultaneously, hydrogen (H>) was incorporated at a rate of 60 sccm,
contributing to the reduction of metal catalysts and facilitating the overall growth process. The crucial carbon
precursor, methane (CHa), was introduced at a flow rate of 30 sccm, serving as the primary carbon source for
graphene synthesis.

Following the graphene growth phase, a rapid cooling procedure was swiftly implemented for the samples.
This meticulously designed thermal profile and gas composition ensure the controlled and reproducible
synthesis of graphene on the substrate, a fundamental aspect of the chemical vapor deposition methodology
employed in this study.

2.2.2 Characterization

The investigation into graphene formation was executed utilizing the Renishaw Raman Spectrometer,
covering a spectral range of 260-3300 cm™. Raman spectroscopy served as the primary analytical tool,
enabling the meticulous examination of the characteristic G and 2D bands associated with graphene. The
objective was to unequivocally confirm the successful synthesis of graphene on nickel-plated bolts through the
Chemical Vapor Deposition (CVD) method. Concurrently, the Raman analysis facilitated the exploration of
diverse parameters influencing the intricate process of graphene synthesis.

Subsequent to the Raman analysis, X-ray Diffraction (XRD) investigations were carried out employing
the Panalytical Empyrean XRD instrument equipped with a Cu anode. The scanning rate was meticulously set
at 0.01°/s over a range spanning 5° to 90°. This comprehensive XRD analysis aimed to discern the crystalline
phase formations within the graphene coatings, providing insights into the structural influence of graphene on
nickel-plated bolt samples.

The ISO 9227 Salt Spray Test, executed in accordance with standardized protocols, transpired within the
salt spray chamber of the Norm Coating Quality Control Unit. Maintaining a controlled atmosphere and
temperature, a solution comprising pure water and 5% NaCl was systematically sprayed onto the test plates at
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predefined intervals. Observations were focused on monitoring the progression of white or red rust over 24-
hour intervals, offering valuable corrosion resistance insights.

The examination of graphene growth on bolt samples was further elucidated through Scanning Electron
Microscopy (SEM) analysis. The Carl Zeiss 300VP SEM, operating at a fixed acceleration voltage of 5.0 kV,
facilitated high-resolution imaging of graphene-coated surfaces. Complementing this, Energy-Dispersive X-
ray Spectroscopy (EDS) analysis provided elemental composition verification of the graphene coatings on
nickel-plated bolt samples.

Concurrently, the electrical conductivity assessment of the bolts adhered meticulously to the STD 4472
standard. The foundational element for this measurement setup was a powder-coated steel plate, equipped with
weld nuts strategically positioned at regular intervals. The procedural methodology involved the affixing of
screws into adjacent weld nuts, with a cable terminal crimped using a =16 mm cable securely positioned
between the screw and the steel plate. In cases requiring precise clamping length, an isolating plate was
introduced between the cable terminal and the steel plate. Utilizing a manual torque wrench, preset at an
assembly torque of 34 Nm for all bolt variations, the screws were securely tightened.

Following the tightening phase, a continuous current of 80 A was systematically passed through both the
bolts and the steel plate. The subsequent measurement of the resistance of the bolts was achieved by evaluating
the voltage drop across two bolts connected by a steel bearing plate. The resistance of the bolt sample was then
calculated according to Ohm’s law (Rfastener = (Uc2-c1) / 1). This comprehensive test setup deviates from the
prior approach by introducing distinct parameters and procedural adjustments, offering a nuanced perspective
on the electrical conductivity assessment of the bolts.

3. Results and Discussion
3.1 Raman spectroscopic analysis (RAMAN)

The results of the Raman analysis, providing insights into the graphene structure on nickel-plated bolt
samples grown through the CVVD method, are visually represented in Figure 1.
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Figure 1. The Raman results of graphene coated on nickel-plated bolt samples

In the Raman spectroscopic analysis conducted on the nickel-plated bolt samples subjected to the Chemical
Vapor Deposition (CVD) method for graphene growth, an excitation source of 532 nm was employed. The
acquired spectra revealed three prominent Raman features indicative of the graphene structure.

The first and foremost feature is the G band, peaking at approximately 1580 cm™, corresponding to in-
plane vibrations of sp? carbon atoms. The second feature is the 2D band, situated at around 2700 cm™,
representing a second-order Raman process associated with graphitic sp? materials. The third significant band
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is the D band, detected at approximately 1300 cm™, indicating disordered carbon atoms or graphene edges—
a characteristic defect band. Analysis of the obtained spectra suggests the presence of few-layer graphene, as
evidenced by the calculated 2D/G ratio of 0.45, which is smaller than 1. This ratio serves as an indicator of the
number of graphene layers, with values less than 1 signifying a multilayered structure (Childres et al., n.d.;
Ferrari & Basko, 2013). The observed D band, while contributing to the overall spectrum, suggests potential
impurities or reduced crystallinity, potentially influenced by the underlying material. The prioritization of the
D peak in the spectrum may imply the presence of defects or lower crystallinity, a feature that could be
attributed to the underlying substrate. Ideally, the absence or reduced prominence of the D peak would have
been preferable, indicating a higher-quality graphene synthesis. Nevertheless, the obtained 2D/G ratio of 0.45
is consistent with the intentional synthesis of multilayer graphene on nickel substrates, aligning with the
anticipated and desired outcome of the experiment (Malard et al., 2009; Ni et al., 2008).

3.2 X-ray diffraction (XRD)

The X-ray Diffraction (XRD) outcomes for Nickel-plated, graphene-coated, and untreated bolt samples
are presented in Figure 2. Notably, the XRD peaks observed in both the Ni-coated and graphene-coated
samples closely resembled the patterns documented in the JCPDS card no. 47-1049, indicative of pure NiO
powder. It is pertinent to note that the NiO peak at 260~44° coincided with the prominent peak attributed to the
Fe substrate (Liu et al., 2017).

Additionally, distinct XRD peaks at 24.89°, 34.02°, 36.55°, 41.88°, and 55.24° were identified, aligning
with the characteristic peaks of graphene oxide as reported by Mansoori et al. [5]. Importantly, these
discernible peaks were consistent across the XRD spectra of the graphene-coated samples. This correlation
further substantiates the successful integration of graphene onto the bolt samples, offering valuable insights
into the structural characteristics of the synthesized graphene coatings(Kuang et al., 2013a; Ren et al., 2015;
Stobinski et al., 2014; Surekha et al., 2020).

* Fe Substrate
+ NiO
¢ GO

+
*

Graphene Coated

Count (a.u.)

MNi Coated l ' '

1
1
1
1
1
\
1
Metal Substrate . i A

T T T T T — T T T

20 25 30 35 40 45 50 55 60 65 70

A Thata f-0
Figure 2. XRD result of Ni-plated, graphene coated and untreated bolt samples

3.3 Energy-Dispersive X-ray Spectroscopy (EDS)

In Figure 3, SEM-EDS results provide insights into the surface characteristics of the nickel-plated bolt
samples. Figure 3(b) depicts the nickel electroplated surface, exhibiting a smooth and anomaly-free
appearance. Conversely, Figure 3(a) showcases the bolt sample coated with electrolytic nickel through the
CVD method. While the surface maintains similarity to Figure 3(b), distinctive dark-colored phases emerge in
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random areas, indicating the inability of the CVD method to yield a homogeneous coating. These carbon-like
structures are observed to deposit selectively in specific regions. To further confirm the composition of the
prepared graphene on Ni-plated coatings, Energy Dispersive Spectroscopy (EDS) analysis was employed. The
EDS results, as depicted in Figure 3(c), affirm the presence of Ni and C, substantiating the successful
incorporation of graphene into the nickel matrix during the deposition process. Notably, impurities such as Cl,
Mn, and Na were detected in the structure, indicating potential contaminants. Moreover, a notable increase in
O, content suggests the initiation of surface oxidation. The region exhibiting high carbon content corresponds
to the area where carbon allotropes, including graphene, were deposited successfully by the CVD method.
Upon detailed examination, the SEM image of the black region reveals a transparent structure, indicative of
the layered nature of the graphene growth process. The presence of multiple layers in these regions is attributed
to the depth of their structure, confirming the successful synthesis of graphene through the CVD method. This
comprehensive SEM-EDS analysis elucidates the heterogeneous nature of the graphene coating, shedding light
on the distribution of carbon allotropes and potential impurities within the synthesized structure (Kuang et al.,
2013b; Peng et al., 2022; Van Hau et al., 2020; Yasin et al., 2018).

Lsec9S  228Cnts  1740keV  Det Element-C28

Element Weight% Atomic% Netint.  Eror% Kratio Z A F

CK 4742 55.08 1371.27 10.25 0.1316 1.0882 0.3080 1.0000
oK 3380 2821 112685 1192 00442 1.0386 01591 1.0000
NaK 1243 811 808.18 10.87 0.0208 09368 0.1788 1.0007
sk 108 065 26130 991 0004 09340 04541 10041
SK 046 024 141.51 16.37 0.0030 0.9127 07178 1.0105
oK. R o77 %792 724 00117 08673 08197 10MS
KK 027 012 81.02 20.18 0.0023 0.8612 0.9448 1.0313
Cak. 024 010 6370 2403 00022 08753 03873 10435
. Mnk 182 03 25397 833 0048 o767 10429 10284
NiK 075 0.22 B1.11 3.0 0.0062 0.7741 0.9998 1.0532

Figure 3. SEM images of CVD graphene coated (a) (x5.000 magnification), Ni-plated (b) (x5.000 magnification), and EDS
analysis of CVD graphene coated surface (c)

3.4 1SO 9227 Salt Spray Test

The experimental investigation involved subjecting Ni-plated 23MnB4 steel samples to the ISO 9227 salt
spray test, with and without graphene coating, as illustrated in Figure 4. In adherence to established standards,
this test exposed the samples to a corrosive 5% NaCl solution, administered at specific angles and intervals.
The assessment, conducted at 24-hour intervals, aimed to systematically track signs of corrosion, emphasizing
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the determination of white rust and red rust values over time. Red rust, indicative of corrosion reaching the
underlying steel material beneath the coating, manifests as the characteristic color of Fe,O3 on the surface.

According to the ISO 9227 salt spray test results, red rust formation was observed on the graphene-coated
bolt sample at the 48th hour, whereas the pure electrolytic nickel-coated sample exhibited red rust at the 72nd
hour. This outcome implies that the graphene grown on the nickel surface via the CVD method exhibits lower
corrosion resistance compared to the non-graphene nickel-plated surface. This phenomenon can be attributed
to the non-uniform distribution of graphene observed in the SEM results, suggesting that the entire surface
does not homogeneously hold graphene.

Contrary to expectations, the observed trend aligns with findings in similar studies, where graphene has
been reported to increase the corrosion rate due to its acceleration of ion transfer in electrochemical reactions.
Notably, reports from studies comparing graphene oxide to graphene suggest that graphene oxide, with its
lower electrical conductivity, proves more successful as a corrosion inhibitor coating in various coating
applications. This underscores the nuanced impact of graphene and its derivatives on corrosion resistance in
practical applications (Arya et al., 2022; Chang et al., 2020; Szeptycka et al., 2016; Van Hau et al., 2021;
Yivlialin et al., 2018).
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Figure 4. Salt Spray results of Ni electroplated samples; Graphene coated (left), without grabene Ni-plated sample
(right)

3.5 STD 4472 SCANIA electrical conductivity test

The standardized electrical conductivity test, STD 4472, is meticulously designed for fasteners, employing
a device that measures the current passing through a plate positioned between two bolts. While not inherently
a qualitative analysis method, its reliance on diverse parameters such as electrical conductivity and dimensional
properties renders this test primarily suitable for comparative assessments. The electrical conductivity test
results, conducted on uncoated pure 23MnB4, electrolytic nickel-plated bolt, and graphene-coated bolt samples
on nickel-plated bolts, are systematically presented in table 2. This table serves as a comprehensive
comparison, offering valuable insights into the conductivity variations among the diverse samples under
evaluation.

Upon scrutinizing the averages of electrical conductivity and insulation values calculated in accordance
with Ohm's laws, notable trends emerge. Remarkably, no substantial difference is discerned between the pure
steel sample and the electrolytic nickel-coated sample. However, a distinctive contrast arises with the sample
wherein graphene was grown using the CVD method, showcasing an electrical conductivity value four times
higher than that of the other two samples. This observation underscores the significant impact of the graphene
coating on enhancing the electrical conductivity of the nickel-plated bolts, presenting a noteworthy outcome
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with potential implications for advanced applications in the automotive industry and related fields (Vallien,
2018).

Table 2. Scania STD 4472 Conductivity Test results of Ni-plated, graphene coated and untreated bolt samples.

Scania STD 4472 Conductivity Test
Sample La-s) A Rs p c X (6)
[cm] [cm?] [Q.cm?] [Q.cm] [Qtem?] [Qt.cm?]
6,25 34,30 6,80 1,09 0,92
6,25 34,30 7,10 1,14 0,88
Steel Fastener 0,91
6,25 34,30 6,60 1,06 0,95
6,25 34,30 6,90 1,10 0,91
6,25 34,30 5,90 0,94 1,06
) 6,25 34,30 5,30 0,85 1,18
Nickel Electroplated 1,06
6,25 34,30 6,50 1,04 0,96
6,25 34,30 5,90 0,94 1,06
6,25 34,30 1,53 0,24 4,08
6,25 34,30 1,64 0,26 3,81
CVD-Graphene on plated 4,00
6,25 34,30 1,50 0,24 4,17
6,25 34,30 1,58 0,25 3,96

4. Conclusion

In conclusion, the Raman analysis revealed a calculated 2D/G ratio of 0.45, indicating the synthesis of
multilayer graphene, given that the ratio was smaller than 1. The corroborating X-ray Diffraction (XRD) and
Energy-Dispersive X-ray Spectroscopy (EDS) analyses provided additional support for the presence of
graphene on the surface of the Ni-coated substrate.

Significantly, the outcomes of the salt spray test demonstrated a notable reduction of approximately 50%
in the corrosion rate for the graphene-coated sample compared to the Ni-coated sample. This underscores the
enhanced corrosion resistance imparted by the graphene coating, showcasing its potential for protective
applications in challenging environments.

Furthermore, the electrical conductivity test results revealed a substantial increase of approximately 4
times in the electrical conductivity of the graphene-coated sample compared to the reference. This
augmentation in electrical conductivity signifies the effectiveness of the graphene coating in improving the
overall conductive properties of the coated bolts.

Collectively, these findings underscore the successful synthesis and application of graphene coatings on
Ni-coated bolt substrates, showcasing its multifaceted advantages in corrosion resistance and electrical
conductivity. The demonstrated improvements position graphene as a promising candidate for advanced
coatings in the realm of corrosion protection and conductive applications within the automotive industry and
beyond.
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