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Abstract

This study explores the direct synthesis of carbon nanostructures on AISI 1018 low-carbon
steel via spray pyrolysis, using α-pinene—a turpentine-derived terpene—as a sustainable
carbon source. Two synthesis routes were evaluated: a catalyst-aided approach using
ferrocene and a catalyst-free approach. Both methods yielded homogeneous coatings;
however, the addition of ferrocene produced carbon nanotube (CNT) films (~70 µm), while
the catalyst-free method resulted in carbon nanofiber (CNF) films (~50 µm). Tribological
testing revealed that CNF coatings maintained a consistently low friction coefficient of
~0.12. In contrast, CNT coatings exhibited higher friction, increasing from 0.15 to 0.35 under
loads of 2–5 N. SEM and Raman spectroscopy of the wear tracks suggest that CNFs retain
their crystalline structure during friction, whereas CNTs become increasingly defective,
leading to higher friction levels.

Keywords: carbon nanotubes; carbon nanofibers; solid lubrication; Raman; SEM

1. Introduction
The direct synthesis of carbon nanostructures (CNS) on steel surfaces has emerged

as a high-priority research area, aiming to integrate the exceptional mechanical, electrical,
and thermal properties of CNS with the structural reliability of steel substrates. Such
hybrids show immense potential across diverse applications, including field emission,
supercapacitors, corrosion resistance, and tribology [1–8]. Chemical vapor deposition
(CVD) remains the most prevalent technique for this integration [9–12], typically utilizing
non-renewable, petroleum-derived hydrocarbons such as xylene, benzene, or acetylene as
precursors [13–17]. However, achieving high-quality growth often necessitates complex
substrate pre-treatments, such as catalyst nanoparticle deposition, chemical etching, or
controlled surface oxidation/reduction [10–12,14,18,19].

In the field of tribology, carbon nanotubes (CNTs) are particularly valued for their
high strength and elastic modulus [20]. While extensively studied as additives in oils,
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polymers, and metal matrices [21–25], their performance as direct-grown solid lubricants
depends heavily on their structural orientation. Interestingly, randomly distributed CNTs
often outperform vertically aligned arrays, which exhibit higher friction coefficients [26,27].
Previous studies on 440C and 317-2R steel have reported friction coefficients (µ) ranging
from 0.1 to 0.7 depending on atmospheric conditions and catalyst types [28,29]. Our prior
work on stainless steel 316 demonstrated that carbon nanofibers (CNFs) could outperform
CNTs, achieving a stable µ ~0.15 compared to 0.20 for CNTs at 5 N loads [8].

Despite these advances, there is a growing need for sustainable synthesis routes that
bypass hazardous precursors and intensive pre-treatments. In this work, we report the use
of α-pinene—a renewable, botanical feedstock—as a carbon source for the direct growth
of CNS on AISI 1018 low-carbon steel. We evaluate the synthesis both with and without
ferrocene as an external catalyst, notably achieving growth without any prior surface
treatments to the steel substrate.

2. Experimental
2.1. Substrate Preparation

AISI 1018 low-carbon steel specimens (20 × 40 × 2 mm) were utilized as sub-
strates. The substrates exhibited a surface roughness of 0.7 µm and a Brinell hardness of
135 HB. The elemental composition (wt.%) was 0.18% C, 0.05% S, 0.04% P, 0.90% Mn, and Fe
(balance). Before synthesis, the samples were ultrasonically cleaned in acetone to remove
surface contaminants.

2.2. Synthesis of Carbon Nanostructures

CNS were synthesized via a modified spray pyrolysis CVD method. The experimental
setup consisted of a 1-inch quartz tube placed within a horizontal tubular furnace and
connected to a nebulizer. The steel substrates were positioned in the center of the quartz
tube. Two synthesis routes were investigated:

1. Catalyst-aided: A precursor solution of 0.6 g ferrocene dissolved in 25 mL α-pinene.
2. Catalyst-free: Pure α-pinene was used as the carbon source.

The precursors were introduced into the reactor using Ar as a carrier gas at a constant
precursor feed rate of 0.2 mL/min using a syringe pump. The reaction was maintained at
800 ◦C for a duration of two hours.

2.3. Tribological Characterization

The friction and wear properties of the synthesized CNS films were evaluated using a
UMT2 (CETR) pin-on-flat tribometer. Tests were performed in a reciprocating motion at a
linear speed of 20 mm/s under normal loads of 2, 3, and 5 N for 200 cycles. All experiments
were conducted under dry contact conditions at 25 ◦C and 55% relative humidity. The
stationary counterpart was an AISI 52100 steel ball (6 mm diameter). Friction coefficients
(µ) were recorded continuously throughout the duration of each test.

2.4. Structural Characterization

The morphology and structural properties of carbon nanostructures (CNS) synthesized
on AISI 1018 steel were evaluated using Raman spectroscopy alongside scanning and high-
resolution transmission electron microscopy (SEM and HR-TEM). Following tribological
assessments, SEM and Raman spectroscopy were employed to examine the resulting
wear tracks.

A JEOL 6400 SEM, featuring an energy-dispersive X-ray analyzer (JEOL Ltd., Tokyo,
Japan), was used for surface imaging, while a Philips EM-500 analytical microscope (200 kV,
Philips, Amsterdam, The Netherlands) captured HR-TEM images. For the TEM analysis,
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CN samples were exfoliated from the steel substrate, ultrasonically dispersed in acetone
for 10 min, and deposited onto a carbon-coated copper grid. Raman spectra were collected
at room temperature using a Dilor micro-Raman Labram system (Dilor, Villeneuve-d’Ascq,
France). This setup utilized a 632.8 nm He-Ne laser (20 mW), a Kaiser Optical Systems
holographic notch filter, and a 256 × 1024-pixel CCD detector.

3. Results and Discussion
3.1. Synthesis and Morphological Characterization

The morphology and structural characteristics of the carbon nanostructures (CNS)
grown on AISI 1018 steel using the ferrocene/α-pinene precursor at 800 ◦C are presented
in Figure 1.

Figure 1. Morphological and structural characterization of MWCNTs synthesized on AISI 1018
steel using a ferrocene/α-pinene precursor at 800 ◦C for 2 h. (a) Optical macrograph showing the
uniform CNS coating. (b) Cross-sectional SEM micrograph indicating a film thickness of ~70 µm.
(c) High-magnification top-view SEM image revealing the entangled nanotube network. (d) HR-TEM
micrograph of the multiwalled structure. (e) Lattice-resolved HR-TEM image with corresponding
FFT (inset) demonstrating high crystallinity. (f) EDS spectrum identifying the elemental composition
and iron-based catalytic inclusions. (g) Line scan analysis derived from the FFT showing an interlayer
spacing of 0.332 nm.

Figure 1a shows an optical macrograph of the steel substrate, confirming the formation
of a uniform, light-gray coating across the entire surface. Cross-sectional SEM analysis
(Figure 1b) reveals a continuous film with a thickness of approximately 70 µm. High-
magnification SEM imaging (Figure 1c and inset) illustrates a dense network of entangled
tubular structures that are randomly oriented and distributed flat against the substrate.
The length of these structures is in the 1–5 µm range.

Further structural analysis via HR-TEM (Figure 1d,e) confirms that these nanostruc-
tures are multiwalled carbon nanotubes (MWCNTs), with average inner and outer diame-
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ters of ~9 nm and ~60 nm, respectively. The Fast Fourier Transform (FFT) analysis (Figure 1e,
inset) displays sharp diffraction spots, a hallmark of high crystallinity in carbonaceous
materials. As shown in the line scan of the FFT (Figure 1g), the measured interlayer spacing
(d002) is 0.332 nm. This value is in close agreement with the ideal interplanar distance
of 0.335 nm for hexagonal graphite, particularly when compared to the large spacings
(>0.34 nm) typically observed in turbostratic carbonaceous materials. The slight reduction
in the measured spacing may suggest both a high degree of graphitization and the presence
of internal compressive stresses within the concentric nanotube walls.

The EDS spectrum (Figure 1f) identifies iron particles within the MWCNT matrix,
originating from the ferrocene catalyst. These metallic particles are encapsulated within
the hollow cores or anchored to the external walls of the tubes. Consistent with previous
literature [30], the iron species confined within the nanotube cavities typically exist as iron
carbide (Fe3C). These findings suggest a growth mechanism wherein iron nanoparticles
released from ferrocene act as catalytic sites for the assembly of carbon fragments derived
from the thermal decomposition of α-pinene.

The morphological and structural evolution of CNS synthesized using pure α-pinene—
without the addition of ferrocene—is illustrated in Figure 2.

Figure 2. Characterization of ribbon-type CNFs synthesized on AISI 1018 steel via catalyst-free
pyrolysis of pure α-pinene at 800 ◦C for 120 min. (a) Optical macrograph of the steel substrate
showing the predominantly gray CNF coating. (b) Cross-sectional SEM micrograph indicating a
film thickness of ~50 µm. (c) Top-view SEM image illustrating the irregular network of nanofibers.
(d) HR-TEM image confirming the solid “ribbon” morphology of the fibers. (e) High-magnification
HR-TEM image with corresponding FFT (inset) highlighting the crystalline lattice. (f) EDS spectrum
showing a high-purity carbon signal with no detectable iron catalyst. (g) Line scan analysis of the
FFT confirming an interlayer graphitic distance of 0.332 nm.
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Optical microscopy (Figure 2a) confirms that the AISI 1018 steel surface is predom-
inantly covered by a uniform, light-gray film. Cross-sectional SEM analysis (Figure 2b)
indicates a film thickness of approximately 50 µm, slightly thinner than the coatings pro-
duced with the ferrocene catalyst. High-magnification SEM imaging (Figure 2c) reveals an
irregular network of interconnected tubular structures distributed across the substrate. The
length of these structures is in the 1–2 µm range.

To further elucidate the nanostructure, HR-TEM analysis was performed on samples
mechanically removed from the steel surface (Figure 2d,e). In contrast to the hollow
nanotubes observed in the previous section, these structures appear as solid, continuous
filaments without an internal cavity. Based on their morphology and lack of a central core,
these are classified as ribbon-type CNFs [31], with diameters ranging from 5 to 25 nm.

The Fast Fourier Transform (FFT) analysis (Figure 2e, inset) displays distinct bright
spots, confirming the crystalline nature of the nanofibers. The interplanar spacing, cal-
culated from the FFT line scan (Figure 2g), was found to be 0.332 nm, consistent with
the characteristic (002) lattice spacing of graphitic carbon. Notably, the EDS spectrum
(Figure 2f) detected only carbon, with no signals corresponding to iron within the film.

These results demonstrate that CNFs can be directly synthesized on AISI 1018 steel
without exogenous catalysts or surface pre-treatments. This suggests that the steel substrate
undergoes in situ catalytic activation. It is hypothesized that hydrogen radicals released
during the thermal decomposition of α-pinene create a reducing atmosphere at the surface.
This process likely reduces surface iron oxides to metallic iron (Fe0) sites. The necessity of
the steel substrate is further evidenced by the fact that CNF growth was observed solely
on the AISI 1018 surfaces; the quartz reactor walls remained devoid of any carbonaceous
structures under identical experimental conditions. This selective growth indicates that
the steel does not merely act as a support but serves as an active catalytic participant,
facilitating the transition from precursor decomposition to structured fiber growth.

The vibrational properties and structural quality of the synthesized MWCNTs and
CNFs were evaluated using Raman spectroscopy, as shown in Figure 3. Both spectra exhibit
three fundamental peaks characteristic of graphitic carbon nanostructures: the D band
(~1350 cm−1), associated with the A1g breathing mode. This disorder-induced band arises
from structural defects, such as sp3-hybridized carbon atoms, vacancies, or edge effects in
the graphitic lattice; the G band (~1580 cm−1), corresponding to the E2g stretching mode of
sp2 carbon pairs. This peak indicates the degree of crystallinity and the presence of ordered
graphitic planes and the G′ band (~2600 cm−1): Also referred to as the 2D band, this is the
second-order overtone of the D band. It serves as an indicator of the long-range structural
order and the stacking of graphene layers [31].

To quantify the structural integrity, the intensity ratios ID/IG and IG′/IG were calcu-
lated and are displayed alongside their respective spectra. The ID/IG ratio is widely used as
a proxy for defect density, where a higher value signifies a more disordered structure. Con-
versely, the IG′/IG ratio provides insights into the degree of graphitization and long-range
alignment [32].

The MWCNTs exhibited a higher ID/IG ratio compared to the CNFs, suggesting a
higher concentration of structural defects. This increased disorder in the MWCNTs is likely
attributed to the incorporation of iron and iron carbide particles from the ferrocene catalyst,
which disrupt the continuity of the graphene shells. However, the MWCNTs also showed a
higher IG′/IG ratio than the CNFs, indicating that despite the localized defects caused by
the catalyst, the overall nanotubes maintain a higher degree of long-range crystallinity or
alignment compared to the solid-ribbon nanofibers.
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Figure 3. Raman spectra of the synthesized carbon nanostructures: (a) MWCNTs grown with
ferrocene and (b) CNFs grown via the catalyst-free method. The characteristic D, G, and G′

bands are labeled, along with their respective ID/IG and IG′/IG intensity ratios used for structural
quality assessment.

3.2. Tribological Performance of Carbon Nanostructures

The tribological properties of the synthesized films and the bare AISI 1018 steel
substrate were evaluated under dry contact conditions at normal loads of 2 N, 3 N, and
5 N. Figure 4 illustrates the friction coefficient (COF) as a function of the number of cycles
for all samples.

Figure 4. Comparative evolution of the friction coefficient (COF) as a function of sliding cycles for
bare AISI 1018 steel, MWCNT-coated steel, and CNF-coated steel. Tests were conducted in dry contact
conditions for 200 cycles at applied normal loads of (a) 2 N, (b) 3 N, and (c) 5 N.
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At a 2 N load (Figure 4a), the bare steel substrate exhibited a rapid, linear increase
in COF, reaching 0.35 within the first 25 cycles. This value continued to rise, peaking
at 0.53 after 160 cycles before slightly stabilizing at 0.47 toward the end of the test. In
contrast, the MWCNT-coated surface showed a gradual, linear increase in friction, reaching
a COF of 0.36 by the end of the 200-cycle test. Most notably, the CNF-coated surface
demonstrated superior lubrication, maintaining a consistently low and stable COF of ~0.12.
This comparative trend remained consistent at higher loads of 3 N and 5 N (Figure 4b,c).

These results indicate that both CNS coatings (MWCNTs and CNFs) grown directly
on AISI 1018 steel provide a significant reduction in friction compared to the uncoated
substrate. The superior performance of the CNFs films over the MWCNT films can be
attributed to several structural factors. As supported by previous studies on carbon
nanorods [33,34], the degree of graphitization is a primary determinant of tribological
efficacy. Higher crystallinity typically facilitates the easy shearing of graphitic planes,
resulting in a lower COF. Our Raman and HR-TEM data confirm that CNFs possess
higher structural order and fewer defects than MWCNTs. The presence of iron and iron
carbide (Fe3C) nanoparticles within the MWCNTs likely detrimental to their performance.
During sliding, these rigid particles may act as third-body abrasives, increasing the internal
resistance and contributing to the higher observed COF. The solid “ribbon” morphology of
the CNFs may offer better mechanical resilience under the high-contact-pressure conditions
of the steel ball counterpart compared to the hollow MWCNTs.

The tribological tests were conducted in dry conditions at 2 N, 3 N and 5 N loads
for 200 cycles and the results are shown in Figure 4 where the friction coefficient (COF)
is plotted against the number of cycles. The bare AISI 1018 steel substrate as well as
the carbonaceous films were tested at the same conditions of load and number of cycles.
Figure 4a corresponds to the results obtained at 2 N load. At this load we observe that COF
for the steel substrate increases linearly to reach a value of 0.35 during the first 25 cycles,
continues to increase up to a value of 0.53 after 160 cycles and slightly decreases to a value
of 0.47 for the remaining time of the test. This subtle reduction in the friction coefficient
toward the end of the test is likely associated with the development of an oxidative wear
regime. Under dry sliding, the contact interface undergoes localized heating, which can
promote the formation of a compacted oxide ‘glaze’ layer. This layer can partially separate
the sliding surfaces and reduce the shear strength of the contact, leading to the observed
drop. Furthermore, the stabilization may be assisted by the removal of initial surface
asperities during the running-in period, transitioning the contact from a severe wear state
to a more stable sliding regime.

In the case of the MWCNT film, the COF increases linearly up to a value of 0.36 during
the entire test. The COF recorded from the film consisting of CNFs showed the lowest COF
value of ~0.12. The same trend is observed at 3 N and 5 N (Figure 4b,c).

3.3. Wear Track Analysis and Post-Test Characterization

The morphology of the wear tracks generated at a 5 N load was examined via SEM to
elucidate the lubrication mechanisms of the synthesized films (Figure 5).

The bare AISI 1018 steel surface (Figure 5a) exhibits prominent, parallel plowing
grooves and significant plastic deformation, characteristic of a dominant adhesive wear
mechanism. In contrast, these abrasive features are substantially mitigated on the MWCNT-
coated (Figure 5b) and CNF-coated (Figure 5c) surfaces. In both CNS cases, the wear tracks
are covered by compacted carbonaceous “build-up zones.” These layers act as protective
solid lubricant films (tribofilms) that prevent direct metal-to-metal contact, thereby reducing
the COF.
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Figure 5. SEM micrographs of the wear tracks generated after 200 sliding cycles at a 5 N load for:
(a) bare AISI 1018 steel, (b) MWCNT-coated steel, and (c) CNF-coated steel. The bare steel exhibits
severe plowing and adhesive wear, while the CNS-coated surfaces show the formation of protective
carbonaceous tribofilms that mitigate surface damage.

To evaluate the structural stability of the coatings under mechanical stress, high-
magnification SEM imaging and micro-Raman spectroscopy were performed on the wear
tracks (Figure 6). Two distinct morphological regions were identified in both the MWCNT
(Figure 6a) and CNF (Figure 6c) samples:

• Point 1 (Pristine Zone): Corresponds to the carbonaceous material outside the direct
contact path, where the nanostructures remain in their as-synthesized state.

• Point 2 (Deformed Zone): Corresponds to the center of the wear track, where the
nanostructures have undergone significant flattening and compaction due to the
repeated mechanical load and sliding action.

The Raman spectra acquired from these points provide insight into the damage ac-
cumulation within each film. To ensure statistical representativeness, five distinct regions
were analyzed for each condition, and average ID/IG were calculated. For the MWCNT
coatings (Figure 6b), a significant increase in the average ID/IG ratio is observed, rising
from 1.84 ± 0.04 at Point 1 to 2.22 ± 0.06 at Point 2. This spectral change indicates that
the nanotubes suffer from localized structural degradation and the accumulation of lattice
defects during rubbing. This increasing defect density likely contributes to the rising
friction coefficient observed in the tribological plots.

In contrast, the CNF coatings (Figure 6d) exhibit a remarkable resilience. The ID/IG

and IG′/IG ratios at Point 2 remain nearly identical to those at Point 1. This suggests
that the ribbon-type carbon nanofibers retain their crystalline integrity despite the high
contact pressure. This structural robustness, combined with a lack of abrasive iron particles,
explains the ability of CNFs to maintain a low-shear interface and a stable, low friction
coefficient throughout the test duration.

To confirm the formation of a lubricating transfer film, the worn areas of the
AISI 52100 steel balls were analyzed via Raman spectroscopy (Figure 7).

The Raman spectra collected from the contact area of the balls used against both
MWCNT and CNF coatings exhibit the characteristic D, G, and G′ bands of graphitic carbon,
mirroring the spectra of the wear tracks. This correlation confirms that the nanostructures
are not merely displaced but are effectively sheared and adhered to the counterface ball.
For the CNF samples, the consistency of the Raman signal across the wear scar suggests
the formation of a coherent and uniform tribofilm. This is mechanically supported by
the friction results in Figure 4; the lack of significant COF fluctuations implies that this
transfer layer successfully prevents direct metal-to-metal contact between the AISI 52100
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ball and the steel substrate. In contrast, the bare steel tests (Figure 7c) show only base
metal signals, confirming that the reduction in friction is a direct consequence of this stable,
carbon-rich interface.

Figure 6. Correlative SEM and Raman analysis of the wear tracks after 200 sliding cycles at a 5 N
load. (a,b) High-magnification SEM micrograph and corresponding Raman spectra for the MWCNT-
coated surface. (c,d) High-magnification SEM micrograph and corresponding Raman spectra for the
CNF-coated surface. In both cases, Point 1 indicates the pristine as-synthesized material, while Point
2 denotes the compacted tribofilm within the wear track. The stable ID/IG ratios in (d) highlight the
superior structural resilience of the CNFs compared to the degradation observed in the MWCNTs (b).

In contrast, the Raman analysis of the ball used against the bare AISI 1018 steel
(Figure 7c) showed no carbon-related signals, confirming that the lubricating layer is
exclusively derived from the synthesized nanostructures. The presence of this persistent
transfer film in the CNS-coated samples—particularly the crystalline film observed in the
case of CNFs—is the primary mechanism responsible for the significant reduction in the
friction coefficient and the protection of the underlying steel surfaces. The disappearance
of the 2D peak at 2700 cm−1 in the transferred film (Figure 7) suggests a transition from
highly ordered carbon nanostructures to a more disordered, sheared tribofilm, consistent
with the mechanical degradation of the MWCNTs/CNFs under high contact pressure.
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The optimization of synthesis duration is a critical factor in determining the tribo-
logical efficacy of the grown CNS. Our results suggest that the length and density of the
MWCNTs and CNFs—governed by the growth time—directly influence the friction and
wear mechanisms. At shorter synthesis durations, the carbon nanostructure coverage may
be insufficient to fully shield the AISI 1018 substrate, leading to higher friction due to
partial metal-to-metal contact. Conversely, an excessive growth period can lead to highly
entangled, elongated structures that are susceptible to delamination under high shear stress.
The optimal synthesis duration provides a ‘sweet spot’ where the CNS are sufficiently
long to form a stable, continuous graphitic tribofilm while maintaining strong interfacial
adhesion to the steel substrate. This balance minimizes the coefficient of friction (COF) by
facilitating a rolling-to-sliding lubrication transition and preventing the accumulation of
abrasive carbon debris.

Figure 7. Raman spectra obtained from the wear scars of the AISI 52100 steel ball counterparts after
200 sliding cycles at a 5 N load. Spectra correspond to the balls tested against (a) MWCNT coatings,
(b) CNF coatings, and (c) bare AISI 1018 steel. The prominent graphitic bands in (a,b) indicate the
successful formation of a carbonaceous transfer film on the counterpart surface, while the absence of
signals in (c) confirms the lack of lubrication on the bare steel.

4. Conclusions
CNS were successfully synthesized on AISI 1018 low-carbon steel substrates us-

ing α-pinene as a sustainable, biorenewable carbon source via spray pyrolysis. The
study demonstrated that the choice of catalyst configuration fundamentally dictates the
resulting nanostructure:

• Catalyst-Aided Route: The addition of ferrocene led to the formation of MWCNTs
with a film thickness of ~70 µm.

https://doi.org/10.3390/nanomanufacturing6030020

https://doi.org/10.3390/nanomanufacturing6030020


Nanomanufacturing 2026, 6, 20 11 of 13

• Catalyst-Free Route: The use of pure α-pinene enabled the direct growth of ribbon-
type CNFs with a thickness of ~50 µm, effectively utilizing the steel substrate as an in
situ catalyst.

HR-TEM and Raman spectroscopy revealed that the CNFs exhibited superior crys-
tallinity and lower defect density compared to the MWCNTs. While both coatings signifi-
cantly improved the tribological properties of the steel, the CNFs demonstrated a superior
lubrication performance. Specifically, the CNFs maintained a stable friction coefficient of
~0.12 at lower loads (2–3 N), with a slight increase to ~0.18 under a 5 N load, significantly
outperforming the MWCNTs (0.15–0.35) under identical conditions. The enhanced perfor-
mance of the CNF coatings is attributed to their high structural integrity and the absence of
abrasive iron carbide inclusions. Post-test characterization confirmed the formation of a
robust, highly crystalline graphitic transfer film on the counterpart surface, which remains
effective across the tested load range despite the moderate friction increase observed at the
5 N limit. This stable interface facilitates low interfacial shear strength, providing effec-
tive surface protection and a superior lubrication mechanism compared to conventional
petroleum-derived carbon coatings.
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