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Abstract: In this study, powder technology was used to obtain Fe-SiC composites in which SiC
particles act as precursors to generate a large amount of turbostratic graphite dispersed in the
composite matrix. The selection of the alloy composition was studied employing Thermo-Calc®
software to obtain the temperature and composition range for the stabilization of the graphite
phase in iron with a high yield. The extracted turbostratic 2D graphite particles were dispersed
in mineral oil in order to evaluate the potential of these particles as a lubricating oil additive. The
structure and morphology of the extracted graphite were examined by Raman spectroscopy and
transmission electron microscopy (TEM), indicating the highly disordered nature of turbostratic
graphite. Reductions in the friction coefficient and wear rate of a tribological pair were observed
when compared to the pure mineral oil and mineral oil with commercial graphite particles added.
The misorientation and increase in interplanar distances of turbostratic 2D graphite induce a low
degree of interaction between these atomic planes, which contributes to the low-friction coefficient
and the lower wear rate obtained for this system.

Keywords: turbostratic graphite; lubricant additive; solid lubricant; friction; wear; nanoparticle

1. Introduction

The severity of tribological contact imposes limits in controlling the energy-efficiency
performance of modern systems [1]. In particular, severe operating conditions with higher
speeds and smaller clearances of interfaces that are in contact require high strength of the
tribological pair to achieve higher energy efficiency [2]. In this context, intense investigation
and research has been directed toward the development of new contact materials [1,2].
The combination of solid and liquid lubrication may be one of the most promising choices
for controlling friction and wear in sliding tribological pairs. Indeed, effective control of
friction and wear contributes to increasing the energy efficiency of modern mechanical
systems [1-5].

Several inorganic materials are lamellar solid lubricants (MoS;, WS,, HBN, H303,
GaSe, GaS, SnSe), and the most important are carbon-based materials [6-8]. Graphite
is a lamellar solid composed entirely of carbon, which under appropriate conditions
provides low friction and high wear resistance to sliding surfaces. Furthermore, it is an
abundant mineral in nature, with low cost, and is used in many industrial applications [9].
Interest in the study of carbon-based materials is motivated by their capacity to hybridize
in sp, sp? and sp? [10]. Graphite, diamond, graphene, fullerene and carbon nanotubes,
among other materials, are composed entirely of carbon, presenting different physical and
chemical properties [11]. Graphite is organized in layers or lamellae with a hexagonal
arrangement of covalent bonds, exhibiting van der Waals bonds between the lamellae or
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layers [12]. This lamellar characteristic is one of the factors that make graphite a material
with lubricant properties. Graphite can be formed with a well-organized structure in
which the distance between lamellae does not show a significant variation. It can also
exhibit an amorphous structure and present a disordered intermediate structure, known
as turbostratic graphite [13]. In turbostratic graphite (TG), the lamellar stacking disorder
confers lower shear strength between the lamellae compared to crystalline or tridimensional
graphite, providing a low friction coefficient [12].

Recently, researchers [1-3,5,14] have identified and characterized turbostratic 2D
graphite in self-lubricating materials in the form of in situ generated second-phase particles
in the volume of a material developed. Binder [15] achieved success in developing a
ferrous alloy of high strength with graphite nodules derived from the precursor SiC. These
nodules are formed in situ in the metallic matrix volume and were characterized as having
a turbostratic structure by Consoni [16] and Binder et al. [17]. Such studies have opened
up significant opportunities to advance our understanding of routes for turbostratic 2D
graphite extraction, aimed at its use as a solid lubricant or as an additive for lubricant oils.
The development of solid lubricants is proving to be a promising field of tribology, since
they can aid with meeting the demands of energy efficiency through reducing the friction
and wear. Their use as additives in lubricant oils is in accordance with the need to replace
additives such as zinc dialkyl dithiophosphate (ZZDP) and molybdenum dithiocarbamate
(MoDTC), due to environmental regulations that address concerns regarding the gas
emissions of motor vehicles [18-21]. According to Spikes [19], these additives reduce the
efficiency of catalysts and gas locking filters of the engine exhaust system and, therefore,
vehicles fail to meet the gas emission regulations. For this reason, there is currently great
interest in the identification and /or development of additives that could be substitutes for
Z2ZDP and MoDTC, while also offering low sulphur, phosphorus and zinc levels [19,22,23].

Self-lubricating iron-based composites containing in situ generated turbostratic 2D
graphite (TG) is one of the most promising choices for controlling friction and wear in
modern energy-efficient systems [15].

In this study, powder metallurgy was used to obtain Fe-SiC composites in which
the SiC particles were used as precursors to generate a large amount of turbostratic 2D
graphite dispersed in the composite matrix [15]. Additionally, a method for chemical
extraction using hydrofluoric acid [3] to isolate turbostratic 2D graphite nanoparticles
from the metallic matrix is described. The structure and morphology of the extracted
graphite were extensively examined by X rays diffractometry, Raman spectroscopy, and
transmission electron microscopy. Particular emphasis is given to the feasibility of these
particles as additives for lubricating oils. A turbostratic 2D graphite-based nanofluid
was then chosen for transporting and supplying of solid lubricant agent to the contact
area. Commercial 3D graphite-based nanofluids and pure POE oil were also tested for
comparison. The tribological performance was investigated using incremental and constant
load reciprocating sliding wear tests using a constant stroke (10 mm) and frequency (3 Hz).
Experiments were conducted under controlled relative humidity (50+ 6%) and temperature
(22 = 4 °C). The counter-body was a hard steel AISI 52100 ball (3 mm diameter), and a
new surface area was used for each test. The same hard steel (AISI 52100) was used as a
specimen. To impose a high-severity lubrication regime, the experiments were conducted
under starved lubrication. In this regime, the severity of the contact is high due to the lack
of hydrodynamic fluid film, i.e., the lubrication process is governed by the contact between
the surfaces [24].

The scuffing resistance and friction coefficient values obtained in the lubricious regime
of the incremental load tests are statistically equivalent regardless of the lubricant. However,
the stability of both the scuffing resistance and the friction coefficient is higher for the tests
conducted with the nanofluids.

The evolution of the friction coefficient with sliding distance in the constant load tests
showed similar behaviour regardless of the lubricant. On the contrary, the time to achieve
the steady-state regime, the maximum friction coefficient, and the average value of the
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steady-state friction coefficient were higher for the tests conducted with pure oil as the
lubricant. The DTG nanofluid induced the lowest wear rate of the specimens but did not
show the best performance concerning the counter-bodies.

The wear mechanisms acting on the samples differed: In addition to evidence of
abrasive wear predominantly on the edges of the wear scars, regardless of the lubricant,
the tracks observed for tests using turbostratic 2D graphite-based nanofluid showed the
predominance, particularly in the central part of the wear mark, of tribo-chemical wear,
represented by the almost continuous presence of numerous islands of turbostratic 2D
graphite-rich tribolayers. On the other hand, specimens used in tests with pure oil and com-
mercial 3D graphite show detachments heterogeneously distributed throughout the central
region. In the case of pure oil, small evenly distributed oxygen-rich tribolayer islands.

2. Materials and Methods
2.1. Synthesis, Extraction and Characterization of Turbostratic Graphite

Pure iron powder obtained from Hogands do Brazil Ltda, Mogi das Cruzes, SP, Brazil
(AHC 100.29) and SiC hexagonal powder (Micro Service-Micrograf 99501 U], Nacional de
Grafite, Sao Paulo, SP, Brazil) with different particle sizes were used as raw materials. To
obtain the largest amount of turbostratic 2D graphite, the selection of the alloy composition
was established using a Fe-SiC phase diagram, generated in the Thermo-Calc® software
(Computational tools for materials science, Version 2015b, database TCFE?7 (Steel and Fe-
alloys)) [25]. The selection of the alloy composition was established using the Fe-SiC phase
diagram, generated in the Thermo-Calc software, in order to obtain the largest amount of
turbostratic 2D graphite [25]. According to the phase diagram shown in Figure 1, the most
favourable region for the formation of the largest amount of graphite lies between 1000
and 1150 °C with SiC contents of 17 to 19 wt.%. The alloy with 18.5 wt.% of SiC was chosen
to evaluate the tribological performance of turbostratic 2D graphite particles, as indicated
in Figure 1 [25].

The composite was prepared by mixing SiC and Fe powders with average particle
sizes of 10 um and 45 um, respectively. The composite was homogenized in a Y-type
mixer at 35 rpm for 45 min. After the mixing cycle, the alloy powder was fractionated
in portions of 5 g. Compaction (600 MPa pressure) was performed in a double-action
hydraulic press (Gabrielli L4). Each sample was produced in disk format with a diameter
of 20 mm and weight of 5 g. The sintering was carried out in a resistive tubular furnace
and the process parameters are presented in Table 1. The furnace was automatically turned
off and cooled until room temperature at the end of the cycle. The gas flow was interrupted
at 200 °C, and the samples were removed when the furnace temperature was below 80 °C.
All samples were sintered at 1150 °C. In addition, a well-known method for chemical
extraction using hydrofluoric acid (HF) to isolate the turbostratic 2D graphite nanoparticles
from the metallic matrix was used, Figure 2a [25]. Briefly, after sintering, the samples were
fragmented into small pieces using a side cutter. The fragments were then placed in a
plastic vessel containing 100 mL of HF. The chemical reaction occurred under stirring for
2 h, followed by double washing in distilled water. Subsequently, the powder was soaked
in 100 mL of absolute ethyl alcohol and then dried on a heating plate (150 °C for 1 h). At
the end of the chemical extraction, the mass of the extracted powder was measured. This
process was repeated until the stoichiometric mass of graphite was reached.

Table 1. Sintering parameters.

Sintering Parameters

Temperature 1150 °C
Gas composition 95% Ar + 5% Hp
Heating rate 10 °C/min

Time 1h




Lubricants 2021, 9, 43

40f16

1500 [rm—
quuu.i + Liquid + graphite Liquid
graphite +
1250] SiC a + FegSi,C + graphite
1150 — [ ¢ + graphite + SIC
1000 e
pd I
Lo | I 1 - I
%) a + graphite |
S 750 I B
?5) I
= FegSi,C + graphite + SiC : a + FegSi,C + graphite
:1-) 500
2. [
g I
R |
= 250 | o + graphite
a + graphite + SiC |
|
0 X
’ 70 75 80 l 85 90 95 100
i//‘x :
[ : . Weight %Fe
//— Weight 18.5% SiC &

Figure 1. Fe-SiC phase diagram generated by the Thermo-Calc® software. The red point indicates
the composition and sintering temperature of the alloy studied.

Phase analysis was carried out on all samples using a Philips X'Pert diffractometer
(Netherlands). The diffractograms were recorded using CuK« (A = 1.5418 A) radiation and
employing the Bragg-Brentano geometry (0° < 26 < 120°; 0.05° angular step; 2 s step time;
40 kV and 30 mA). The Inorganic Crystal Structure Database (ICSD) database was used to
identify the phases.

Raman spectroscopy analysis was performed at a wavelength of 514.5 nm argon
laser on a Renishaw In Via spectrometer (UK) Five (2 um?) regions were selected with
the aid of an optical microscope. In each region, five acquisitions were performed in
the range of 1000-3400 cm~!. An average of 25 acquisitions comprised the characteristic
Raman spectrum of each sample. TEM analysis was performed using a JEOL (JEM-1000,
Tokyo, Japan) microscope operating at 100 kV. Bright-field (BF) and selected area electron
diffraction (SAED) patterns were obtained with a Gatan charge-coupled device (CCD)
camera. The samples for TEM analysis were prepared as follows: carbon flakes (or sheets)
resulting from the chemical extraction procedure were placed in an ultrasonic bath with
ethanol solution for a few minutes. In the next step the solution was dripped onto a copper
grid and then dried in ambient air. The corresponding d values of the diffraction rings
were measured with the Diffpack digital micrograph program (Gatan, Inc., Pleasanton,
CA, USA).

2.2. Tribological Evaluation

The tribological performance was investigated using incremental and constant load
reciprocating sliding wear tests. To impose a high-severity lubrication regime, the experi-
ments were conducted under starved lubrication.

2.2.1. Preparation of Turbostratic 2D Graphite-Based Nanofluids

Turbostratic 2D graphite particles were dispersed (1:100 mass ratio) in pure mineral
oil (apolar, 0.8491 g/cm3, 11.85 ¢St at 40 °C) to act as a lubricant additive (dispersion of
turbostratic graphite—DTG). A commercial graphite (Nacional Graphite—Micrograf 99501
UJ; 99.95% C; d50 = 0.83 um) (dispersion of commercial graphite—DCG) and pure oil were
also tested for comparison. The dispersions were prepared in two steps, as illustrated in
Figure 2b. In the first step, the mineral oil was functionalized using oleic acid to stabilize
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the dispersed particles owing to steric repulsion. The functionalization of the mineral oil
involves the emulsification of the dispersant (oleic acid) in the solvent (mineral oil). Thus,
3 mg of oleic acid was added to the mineral oil under stirring for 1 h. After this time,
300 mg of turbostratic 2D graphite particles was added to the functionalized oil and the
mixture was kept under stirring for 24 h. In the second step, an ultrasonic sonicator was
used to exfoliate and dispersed turbostratic 2D graphite particles in the pure mineral oil
(PMO) employing three cycles of sonication of 1 min each. After sonication, a Zetasizer
Nano ZS (Red Badge) analyser, model ZEN3600 (Malvern Instruments, Great Malvern,
UK), was used to determine the hydrodynamic diameter of the particles, i.e., the average
size of the nanoparticle clusters present in the nanofluids. In the Zetasizer Nano analyser,
the principle of dynamic light scattering (He-Ne laser, wavelength A = 633 nm/red and
maximum power of 5 mV) was used to determine the hydrodynamic diameter of the
nanoparticles. This equipment can measure the hydrodynamic diameter of particles in a
size range of 0.3 nm to 10 pm. After each cycle in the sonicator, a fraction of 10 pL was
removed from the lubricant dispersion and diluted in a vial with 1.5 mL of mineral oil to
perform the test. The dilution was necessary because for the characterization of the particle
size distribution due to the turbidity of the dispersion.

The dispersion of a commercial graphite (DCG), used as a reference, was then prepared
using the same procedure described for the DTG.

2.2.2. Tribological Characterization

The tribological characterization was performed with a Bruker, CETR UMT, USA,
tribometer using constant starved lubrication and incremental load reciprocating sliding
tests with a constant stroke (10 mm) and frequency (3 Hz). Experiments were conducted
under controlled relative humidity (50 £ 6%) and temperature (22 + 4 °C). The counter-
body was a hard steel AISI 52100 ball (3 mm diameter), and a new surface area was used
for each test. The same hard steel (AISI 52100) was used as a specimen. For this, the
samples were cut to the appropriate dimensions, and polished to a mirror-like surface
(S5q = 0.123 £ 0.089 pum; Sy, = 31.22 & 19.8 and Sy = —3.012 + 1.04) using conventional
metallographic techniques. The incremental load tests started at a load of 50 N and the
methodology proposed by De Mello and Binder [4] was applied, with increments of 25 N at
10 min intervals to determine the scuffing resistance. In this paper, the scuffing resistance
is specified as the work (N.m) until the friction coefficient exceeded the value of 0.2 and
remained above this limit for at least 190 s. This point is essential to avoid premature
interruption of the test due to fluctuations in the friction coefficient, which may occur
during increases in the normal load. In the constant load tests, a constant normal load of
300 N was used for 1 h to obtain the friction coefficients and wear rates of the specimens
and counter-bodies. For each condition, at least five measurements were performed.

White light interferometry (ZygoNewView 7300, New York, USA) was used to quan-
tify the specimen wear volumes. Axonometric projections of the wear marks (Figure 6)
were obtained and from these the volumetric variation was calculated using MountainsMap
Universal 7.1® software. After levelling, an average profile was obtained, and the volumet-
ric wear was quantified by the area corresponding to the wear track (Figure 6) multiplied
by the wear mark length. The wear rate of the counter-bodies was obtained by measuring
the cap diameter formed in the sphere. This measurement was performed with the aid of
an optical microscope coupled with an image analyser. From the value of this diameter, the
volume of material removed, and the wear rate were calculated as previously reported [26].
Wear scars were analysed using a scanning electron microscope (VEGA3 LM, Tescan, Czech
Republic), white light interferometry (Zygo NewView 7300) and Raman spectrometry.
Raman analysis was conducted at a wavelength of 514.5 nm using an Ar laser Renishaw
inVia system. In each case, results reported are the average of at least five tests conducted
under identical experimental conditions.
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Figure 2. Schematic showing the processing steps. (a) HF-based purification process. (b) involved in the nanofluid preparation.

3. Results and Discussion
3.1. Characterization of Extracted Particles

The X-ray diffraction (XRD) pattern shown in Figure 3a reveals that the powder ex-
tracted from sintered samples is mono-phase, and it was identified and indexed as graphite
according to standard charts (ICSD 52230). Figure 3b shows the Raman spectrum (RS) of the
extracted powder, which is characteristic of graphite material. The presence of the D band
associated with crystalline disorder can be noted. The ID/IG ratio (0.09 & 0.02) and the
crystallite size (500.35 & 32.13 A) are, according to the literature [27-30], strong evidence of
disorder in the material. The full-width at half-maximum (FWHM = 69.16 + 3.37) and the
conical shape of the second-order G’ band are consistent with two-dimensional graphite,
also called turbostratic 2D graphite.
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Figure 3. Characterization of turbostratic graphite powder: (a) X-ray diffraction—indexed as graphite
by standard charts ICSD 52230; (b) Raman spectrum; (c) the SAED pattern showing the basal plane
(002); and (d) the SAED pattern showing elliptical rings typical of disordered structures.

The selected area electron diffraction (SAED) pattern shown in Figure 3c was indexed
as (002), (100), (101), (004), and (110) planes, confirming the presence of a polycrystalline
material with a P6/mmc hexagonal symmetry. This indexation is in agreement with the
X-ray diffraction results. The measured interplanar distance of the (002) basal plane was
approximately 3.41 A. This is larger than the interplanar distance along the c-axis of a
typical graphite structure (~3.34 A). However, it is similar to that of the disordered form,
which is known as turbostratic graphite [2,29]. Other evidence that indicates turbostratic
characteristics is the elliptical rings shown in Figure 3d [31-35].

Figure 4 shows the distribution of the hydrodynamic diameters of the nanofluids.
The turbostratic graphite nanofluid (DTG) shows a bimodal distribution in the lubricant
dispersions, with modes of 1.720 and 3.090 nm. In the case of the dispersion of commer-
cially available graphite (DCG), the hydrodynamic diameter distribution is also bimodal,
with modes of 396 and 615 nm, i.e., smaller clusters compared with DTG. The bimodal
distribution is likely due to the aggregation of particles not disaggregated by the ultrasonic
sonicator. The bimodal distribution is likely due to the agglomeration of particles not
disaggregated by the ultrasonic sonicator.

3.2. Tribological Characterization
3.2.1. Incremental Load Tests

Figure 6 reports the main results obtained in the incremental load tests. The bars
represent the average values of the scuffing resistance, while the triangles show the average
values for the friction coefficient (FC) in the lubricious regime (i < 0.2). These values were
found to be statistically equivalent (ANOVA). However, the stability of both the scuffing
resistance and, to a lesser extent, of the friction coefficient is higher for nanofluids, in
particular for the DCG, as indicated by the dispersion bars of the results. For DCG tests, all
the runs reached the limit of the load cell of the tribometer (500 N). In this sense, as all load
averages were the same, the variability was zero.



Lubricants 2021, 9, 43

8 of 16

50
DTG
40 i +DCG
<1
30
w
=
220
IR ERN
10 A \
0 Ak & & e e \-\'F
0 1000 2000 3000 4000 5000
Hydrodynamic diameter [nm]

Figure 4. Distribution of hydrodynamic diameter of nanofluids.

3.2.2. Constant Load Tests

Figure 5 shows typical aspects of the central region of the wear scars and the average
profile of the cross-sections of the specimens. It is possible to perceive the presence of
more than one wear mechanism: abrasion, acting mainly on the edges of the wear marks
(arrows), and adhesive and tribochemical wear in the inner part of the track. The prevalence
of these mechanisms varies according to the lubricant. Analysis of the average cross-
sectional profiles reveals the higher wear intensity of the samples related to the tests where
lubrication was carried out with pure oil and commercial-based graphite nanofluid. In
the tests where lubrication was performed with the turbostratic graphite-based nanofluid,
the samples showed the lowest worn volume 4.99 x 1072 & 0.698 x 103 mm? versus
721 x 1073 £ 1.26 x 107> mm? and 10.00 x 10~3 4 2.42 x 10~? mm? for lubrication with
pure oil and commercial graphite-based nanofluid, respectively.

Figure 7a shows the evolution of the friction coefficient with sliding distance in the
constant load tests. The evolution can be divided into two regimes: running-in and steady-
state. The running-in regime, shown in Figure 7b, can be characterized by a sliding distance
in which the tribological system adjusts to the operating parameters until a steady-state
regime is established (Figure 7c) [36].

The progress of the friction coefficient in the running-in regime shown in Figure 7b is
different in the tests with the DTG when compared to DCG. In the DCG tests, it reaches
the maximum value (0.184) within a very short sliding distance (0.47 m) and decays
progressively to the steady-state value (0.080) in about 3.90 m. In the DTG tests, the
maximum friction coefficient (0.214) is reached at a distance of 3.71 m and decays to the
steady-state value (0.073) at a distance of 7.1 m. This difference in behaviour may be
associated with the hydrodynamic diameter distribution of the two nanofluids determined
at the beginning of the tests.

It is reasonable to assume that, due to the smaller hydrodynamic diameter (Figure 4),
the commercial graphite aggregates penetrate more easily, making contact and subse-
quently providing immediate protective action. In contrast, given the larger size of the
turbostratic graphite aggregates it is difficult for them to make contact, delaying their
effective action. For this reason, both the maximum friction coefficient and the sliding
distance to achieve the running-in regime in the DTG nanofluid tests were practically twice
the corresponding values observed in the DCG tests. Although this hypothesis needs to be
confirmed by further studies, the same effect was found by Bordignon et al. [37], studying
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the influence of plasma functionalization of multilayer graphene (MG) as an additive for
low-viscosity polyol ester oil. Pure MG and MG functionalized via N2, and NH3 plasma
were analysed. They observe that in the POE + MG samples, the MG agglomeration leads
to a less stable suspension (large clusters), preventing the nanoparticles from entering
the sliding contact and allowing metal-metal contact. However, the addition of MG-NH3
in POE oil provides a well-dispersed suspension (small clusters), which contributes to
forming a continuous and homogeneous anti-wear tribofilm between the rubbing surfaces.
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Figure 5. Typical aspects and average profile of the wear scars obtained by white light interferometry.
(a) DTG. (b) Pure oil. (c¢) DCG.
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Figure 7. Evolution of friction coefficient with sliding distance: (a) full evolution, (b) running-in
regime and (c) steady-state regime.

To gain a better understanding of this behaviour, additional tests were performed and
interrupted at the end of the running-in period. The wear scars were then analysed by white
light interferometry. Analysis of the cross-sections obtained in the tests (Figure 8) revealed
that plastic deformation plays a predominant role in the formation of the wear marks. The
volume loss associated with commercial graphite-based nanofluids was low, as seen in
Figure 8a, since 86% of the total volume of the groove piled up at the edge of the wear scars.
On the other hand, in the tests with the turbostratic graphite-based nanofluid (Figure 8b)
only 58% of the groove volume stacked up at the edges, i.e., 42% was transformed into wear
debris, probably contributing to the formation of a 2D turbostratic graphite-rich third body
in the DTG experiments, as evidenced by the lower average friction coefficient throughout
the steady-state in the tests using DTG as an additive (Figure 7c).

The tendency toward smaller clearances and increased speeds imposes high wear
resistance on the tribological pair [5]. In this regard, the wear of both specimens and counter-
bodies is essential in systems operating under severe conditions. The use of carbon-based
nanoparticles as lubricant oil additives reduces the wear rate of the tribological system
(Figure 9). The DTG nanofluid induced the lowest wear rate of the specimens but did not
show the best performance concerning the counter-bodies. The reductions in the average
wear rate for specimen and counter-body were 26% and 47%, respectively, in the DTG
tests compared to the pure oil tests, evidencing an excellent performance of turbostratic 2D
graphite nanoparticles as a lubricant additive. However, the comparison between the wear
rates obtained in the tests with DTG and DCG nanofluids presented an unexpected result,
that is, the wear rate of the counter-body in the DCG tests was lower compared to the tests
performed with the DTG-based nanofluid, which may be associated with the combined
effect of hydrodynamic diameter distribution and wear mechanisms.

Figure 10 presents an overview of the sample wear scars and the difference in the wear
mechanisms is clear. The track for tests using turbostratic 2D graphite-based nanofluid,
seen in Figure 10a, shows evidence of abrasive wear at the edges and a predominance,
particularly in the central part of the wear mark, of tribochemical wear, represented by the
almost continuous numerous islands of tribolayers. On the other hand, the images obtained
for tests with commercial 3D graphite in Figure 10b and pure oil in Figure 10c show evidence
of abrasive wear associated with detachments heterogeneously distributed throughout the
central region, and, in the latter case, small, evenly distributed tribolayer islands.
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Figure 9. Average wear rate.

Figure 11 illustrates the typical wear mechanism presented by the samples submitted
to the test using the turbostratic 2D graphite-based nanofluid. In addition to the grooves
typically associated with abrasive wear present at the wear scar edge, the formation of
tribolayers islands homogeneously distributed in the central part predominates. The
insert in Figure 11 shows one of these islands. The analysis by EDX (Figure 11d) showed
that they are mostly made up of iron, oxygen and carbon, the latter in turbostratic form
as illustrated by the Raman spectrum in Figure 11c. It is reasonable to assume that the
excellent tribological performance imparted by the turbostratic graphite-based nanofluid
is due to the high mechanical strength tribolayer formed by the tribochemical reactions
between the wear debris from both specimens and counter-bodies and the solid lubricating
particles of the turbostratic graphite dispersion.
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Figure 10. Overview of wear marks showing typical wear mechanisms: (a) DTG, (b) DCG and
(c) pure oil.

In fact, the similarity between the Raman spectra obtained for the tribolayer islands
in the central parts of the wear mark, seen in Figure 11c, and the powdered turbostratic
graphite used as an additive (Figure 3b) indicates that the turbostraticity is maintained
even after the tribological phenomenon, a factor also noted in the literature [2,3,5,15,17]
as the origin of the excellent tribological performance. All of these characteristics are
compatible with the tribochemical wear mechanism [23]. The formation of iron oxide
was also observed in the smooth regions, free of tribolayers (position ‘b’ in the insert of
Figure 11) as illustrated by the Raman spectrum in Figure 11b.

As shown in Figure 10b, the wear mechanism for the samples of the tests using
commercial graphite-based nanofluid is characterized by intense material detachment. In
some regions within the wear scars (Figure 12a), a tenuous tribolayer comprised of iron
oxides and graphite was observed, as indicated by the associated Raman spectrum in
Figure 12a. In other regions (Figure 12b), black islands are clearly visible and these are
mainly composed of carbon, as indicated by the EDX analysis.

The most significant difference presented by the wear mechanism associated with the
tests with pure oil as the lubricant, as previously noted, was the presence of small, evenly
distributed tribolayer islands, shown in the insert of Figure 13, which are rich in oxygen, as
verified in the associated EDX analysis (Figure 13b.1). The Raman spectrum (Figure 13b.2)
of the region shows, in addition to the presence of oxides (bands at low frequencies), bands
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characteristic of disordered carbonaceous materials, probably a consequence of the reaction
of the lubricating oil during the tribological phenomenon.
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Figure 11. Typical wear scar analysis of turbostratic 2D graphite-based nanofluid. Raman spectra (b,c) taken at positions ‘b’
and ‘¢’ indicated in the insert (a,d) EDX results.
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within the specimen wear mark (test with commercial graphite-based nanofluid).
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Figure 13. Analysis of typical wear scar produced during the test with pure oil as the lubricant. Raman spectra (b.1) and
the EDX results (b.2) indicated in point ‘b’ of the insert (a).

4. Conclusions

In this study, powder technology was used to obtain Fe-SiC composites in which SiC
particles act as precursors to generate a large amount of turbostratic 2D graphite dispersed
in the composite matrix. The chemically extracted turbostratic 2D graphite was used as
an additive for mineral oil. Commercial graphite-based nanofluids and pure oil were also
tested for comparison. The main results can be summarized as follows:

1.  The powder obtained was analysed (XRD, Raman spectroscopy, SEM, and TEM) and
characterized as turbostratic 2D graphite;

2. Thehydrodynamic diameter distribution of the turbostratic 2D graphite-based nanofluid
shows a bimodal distribution with modes of 1.720 and 3.090 nm;

3. The values for the scuffing resistance and friction coefficient obtained in the lubricious
regime of the incremental load tests are statistically equivalent regardless of the
lubricant. However, the stability of both the scuffing resistance and, to a lesser extent,
of the friction coefficient is higher for the tests conducted with the nanofluids;

4. The evolution of the friction coefficient with sliding distance in the constant load tests
showed similar behaviour regardless of the lubricant, that is, a maximum followed
by a progressive decay to the steady-state value. However, the time to achieve the
steady-state regime, the maximum friction coefficient, and the average value of the
steady-state friction coefficient varied, being higher for the tests conducted with
pure oil as the lubricant. For nanofluids, these parameters could be associated with
the hydrodynamic diameter distribution at the beginning of the tests: a smaller
hydrodynamic diameter (DCG) induced shorter times and lower friction coefficient
maximum but higher friction coefficient;

5. The use of carbon-based nanoparticles as a lubricant oil additive reduces the wear
rate of the tribological system. The DTG nanofluid induced the lowest wear rate of
the specimens but did not show the best performance concerning the counter-bodies.
The reductions in the average wear rate for the specimens and counter-body were
26% and 47%, respectively, in the DTG tests compared to the pure oil tests. This
demonstrates the excellent performance of turbostratic 2D graphite nanoparticles as a
lubricant additive; and

6. The wear mechanisms acting on the samples differed: the tracks observed for tests
using turbostratic 2D graphite-based nanofluid provide evidence of abrasive wear
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on their edges and the predominance, particularly in the central part of the wear
mark, of tribo-chemical wear, represented by the almost continuous presence of
numerous islands of turbostratic 2D graphite-rich tribolayers. On the other hand,
specimens used in tests with pure oil and commercial 3D graphite show evidence of
abrasive wear associated with detachments heterogeneously distributed throughout
the central region and, in the case of pure oil, small evenly distributed oxygen-rich
tribolayer islands.

5. Patents
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