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Sintered self-lubricating components may present inappropriate mechanical properties
despite their excellent tribological properties. In general, alloying elements are used to
improve these properties, but with a cost increase. As an alternative, surface enrichment
(or surface alloying) with alloying elements may be applied. This study developed and
characterized sintered composite materials surface-enriched with nickel or molybdenum.
The results showed that the surface enrichment process is useful for increasing the
tribomechanical properties. The Mo-enriched samples presented superior tribological
results. Compared with the reference samples (not enriched), the Mo-enriched
specimens showed an increase of 4,954% in scuffing resistance, lower friction
coefficient (0.09), and reduced wear rate (68% and 96% lower for the specimen and
the counter body). These results were mainly attributed to microstructural modification.
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INTRODUCTION

With the current importance of economic and environmental aspects for maintaining a more
sustainable society, issues related to friction and wear have been gaining increasing attention
(Holmberg et al., 2014; Holmberg, Erdemir, 2017).

When service conditions become unfavorable or very severe, for instance, in cases of high-vacuum
conditions, extreme temperatures and high speed and/or intense load, or in medical, pharmaceutical,
or food processing equipment, liquid lubrication cannot be applied and solid lubrication is an
alternative option (Stachowiak and Batchelor, 2001; Miyoshi, 2001; Miyoshi, 2007; Erdemir, 2015;
Zhu et al., 2020).

Solid lubricants can be roughly defined as materials providing a dry friction coefficient below 0.2
and a wear rate of the order of l0−6 mm3/N.m (Miyoshi, 2001). There are two ways to incorporate a
solid lubricant into a component: in the form of films (or coatings) (Erdemir, 2001; Donnet and
Erdemir, 2008; Velkavrh et al., 2008; Donnet and Erdemir, 2008; Erdemir, 2015; Argibay et al., 2018
or as particles dispersed in the entire volume of the component (De Mello et al., 2010; Tang et al.,
2011; Mahathanabodee et al., 2014; De Mello et al., 2017).

Self-lubricating composites are produced by powder metallurgy methods, mainly using uniaxial
die pressing, the most economical and commonly used processing route (Thummler, Oberacker,
1993; De Mello et al., 2010; Mahathanabodee et al., 2014), and have been commercially consolidated
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for many decades. Metals, ceramics, and polymers are all used as
matrix materials, and graphite, fluorides, nitrides, sulfides, or
polytetrafluoroethylene (PTFE) are the most common solid
lubricants.

Given the higher strength, low cost, and wide availability
(Teisanu and Gheorghe, 2011) of iron powders and iron-based
sintered tribomaterials as a whole, the use of high-performance
iron-based self-lubricating composites, in particular, has
grown substantially, even superseding the use of copper-
based tribomaterials (Dhanasekaran and Gnanamoorthy,
2007; Yilmaz et al., 2010; Merie et al., 2011; Ünlü, 2011; De
Mello et al., 2013; Scharf, Prasad, 2013; Campos et al., 2015;
Schroeder et al., 2015; Sharma, Anand, 2016). Structural
parameters, in particular the degree of continuity of the
metallic matrix associated with the content, size, and size
distribution of the solid lubricant (Huang et al., 2009; Zhu
et al., 2011; Reeves et al., 2015) and the mean free path between
the solid lubricant particles combined with mechanical matrix
properties, are at the origin of the high mechanical and
tribological performance.

One of the most common solid lubricants used in producing
iron-based self-lubricating composites in this manufacturing
method is graphite, which presents a low coefficient of friction
(COF) and very high thermal stability (Erdemir, 2001; Miyoshi,
2001; Stachowiak and Batchelor, 2001; Miyoshi, 2007; Erdemir,
2015; Su et al., 2017). However, traditional iron-based matrix self-
lubricating composites usually need a large amount of graphite
(>20%), and this represents a problem in conventional powder
metallurgy techniques.

A parameter that requires special attention is the dispersion of
the particles in the composite volume. In the classical method, for
example, mixing of the solid lubricant particles with matrix
powders, the solid lubricant spreads between the powder
particles of the metal matrix, leading to unsatisfactory packing
(Binder et al., 2008). Consequently, a discontinuous metallic
matrix and, ultimately, low mechanical strength are observed
due to the layers of the insoluble solid lubricant, which hampers
the contact between the particles during sintering (Wu et al.,
1997; Yas’ et al., 1976; Teisanu and Gheorghe, 2011; Binder et al.,
2016; Omrani et al., 2017; Furlan et al., 2018; Hammes et al.,
2017).

To prepare self-lubricating components with a controlled
microstructure, three main approaches can help overcome
these difficulties. The first is based on the capillary action of a
liquid phase. The liquid phase spreads and penetrates the
interfaces by capillarity, thus carrying the solid lubricant
particles and rearranging them in discrete agglomerates (De
Mello et al., 2017). The second case, recently introduced by
our group (De Mello et al., 2010; De Mello et al., 2013;
Campos et al., 2015; De Mello et al., 2017), has proven to be
remarkably efficient in obtaining high tribological (dry friction
coefficient = 0.04; wear rate = 8.28.10−6 mm3. N−1.m−1) and
mechanical (ultimate tensile strength = 800 MPa; elongation
6.3%) performance. In this processing route, solid lubricant
reservoirs are generated in situ during sintering by
decomposing a precursor, giving rise to a more continuous
matrix.

The granulation process (Ma et al., 2015; Demetrio et al., 2017;
Mônego et al., 2018; Damin, 2019), which is the third approach,
not only avoids the spread of the solid lubricant between the
powder particles of the metal matrix but also creates a barrier
between the graphite and ferrous matrix, thus effectively avoiding
diffusion of carbon into the matrix (Mônego et al., 2018; Damin,
2019). The granulation process can be defined as the intentional
agglomeration of fine particles (powders) by adding water or a
binder solution to form agglomerates with controlled sizes called
granules (Reed, 1998). This process makes it possible to use more
than one powder and thus produce granules with specific
properties (Bernardes, 2006).

One way to obtain sintered ferrous matrix composites with
high mechanical strength is to use alloying elements (Thummler
and Oberacker, 1993; Dhanasekaran and Gnanamoorthy, 2007).
However, the use of these alloying elements will increase the
processing complexity due to additional processes used to
disperse them throughout the component volume, thus
increasing the cost of the component. Therefore, it is
necessary to promote the increase in wear resistance only on
the component surface and thus avoid alloying elements in the
entire volume. One way of economically achieving the desired
microstructural change is by applying surface modification
techniques. One such approach is plasma surface enrichment
(Bendo et al., 2016; Pavanati et al., 2007), in which alloying
elements are added from a reusable cathode onto the surface of
the sintered component. The aim is to modify the chemical
composition and microstructure on the surface and volume
immediately below it, producing materials that are more
resistant in the surface region and have longer functional life
(Pavanati et al., 2007; Klein et al., 2013; Bendo et al., 2011).
Furthermore, in addition to being an environmentally friendly
process, the plasma enrichment co-occurs in the sintering step,
without incurring additional processing costs (Bendo et al., 2011;
Klein et al., 2013). Also, the process does not require high-cost
pre-alloyed powders, which strongly influence the
compressibility, dimensional variation, and homogenization
during processing and sintering (German, 1996).

This investigation aimed to produce sintered self-lubricating
composites using granulated solid lubricants and evaluate the
microstructural modifications and tribological performance
obtained with the surface enrichment of these composites with
molybdenum or nickel.

MATERIALS AND METHODS

The surfaces of the specimens of the granulated self-lubricating
composites produced by powder metallurgy were enriched with
nickel or molybdenum using plasma technology. Hexagonal
boron nitride (hBN) and graphite powders were used to
produce the granulated particles. Table 1 shows the details of
the powders. Polyvinyl alcohol (PVA), supplied by Sigma
Aldrich, was used as a binder. Figure 1 shows a schematic
flowchart describing the steps of the sample preparation.

The granulation process consisted of homogenizing the
lubricants (hBN and graphite) in a Y mixer for 30 min,
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without beads. A ratio of 1/3 of graphite to 2/3 of hBN was
used. Concomitantly, an aqueous PVA solution (4 wt%,
relative to the total mass of the lubricant) was prepared
with distilled water (2.6X). The solution was heated (~85°C)
in a magnetic stirrer (Nalgon–HOTLAB II) under stirring until
complete dissolution of the polymer and then placed in a spray
bottle.

The lubricant mixture was rotated on a bowl, while the
aqueous PVA solution was sprayed onto the powders to form
granules. This process was carried out until the powder mixture
no longer absorbed the solution. The mixture was then oven-
dried (De Leo–DL-SEDT) at 80–100°C for 10–15 min. After
drying, the larger granules were separated and broken with a
blade. These steps were repeated several times until the entire
solution (PVA + water) was sprayed.

After drying, the granules were sieved (Bertel–VP-01) for
5 min, and the granular fraction (125–300 μm) was used to
produce the self-lubricating sintered composite.

The metallic matrix was prepared using iron and carbon
powders (details in Table 1), and the chemical composition of
the specimens can be seen in Table 2.

Iron powder, graphite, and 0.8% amide were homogenized in a
Y-type mixer (45 min, 35 rpm using ϕ= 3 mm and ZrO2 balls).
Due to its high degree of segregation in the mixing step, the
granulated lubricant was added to the matrix powders
immediately before compaction. The mixture was manually
shaken after spraying with ethyl alcohol (p.a.) to facilitate
agglutination of the granules with the powders of the matrix.
The samples were compacted using a double-acting uniaxial
matrix, applying a compacting pressure of 600 MPa.
Cylindrical specimens (ϕ = 19.8 mm, h = 3 mm) were produced.

After compaction, the samples were sintered and
simultaneously surface-enriched in a plasma reactor prepared
in the laboratory (Hammes, 2006). The specimens were
positioned on the anode and processed in a floating potential
plasma in this process. Two groups of samples were enriched, one
group with molybdenum and the other with nickel. For
enrichment with Mo, the cathode used contained 99.4% Mo
(TZM alloy). For enrichment with Ni, the cathode was produced
with a Ni 200 alloy with 99.7% Ni. The samples subjected only to
sintering were also prepared for comparison purposes. In this
case, an AISI 1020 steel cathode was used. The parameters of the
processing step and the sample designations are shown in
Table 3.

The characterization of the samples included analysis of the
surface and cross section by scanning electron microscopy (SEM)
(TESCAN Vega 3), energy-dispersive X-ray spectroscopy (EDS)
(Oxford x-act), and Vickers microhardness determination
(Future-Tech FM-800) according to MPIF Standards 51 and
52 (Metal Powder Industry Federation, 2005; Metal Powder
Industry Federation, 2010), with a load of 0.01 kg for 15 s. In
addition, the surface was also analyzed by X-ray diffraction
(XRD) (Philips X’Pert) using the Bragg–Brentano geometry
and Cu–Kα radiation. Data from the JCPDS database were
used to identify the phases from the positions of the

TABLE 1 | Specifications of the powders used.

Powder Commercial name Manufacturer Particle size (μm)

Granules hBN AC 6004 Momentive 12–13
Graphite Micrograf 99,545 HF Nacional de Grafite 20–45 (d-50)

Matrix Iron AHC 100.29 Höganäs 100 (d50)
Graphite UF4 Höganäs <6.10 (d50)

FIGURE 1 | Sample production schematic flow-process diagram.

TABLE 2 | Chemical composition of samples.

Fe (matrix) (%w) C (matrix) (%w) C (granulate) (%v) hBN (granulate) (%v)

Balance 0.6 2.5 5.0
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diffraction peaks (International Center for Diffraction Data,
2004).

The tribological properties were evaluated on a CETR UMT
tribometer. In this analysis, two configurations were tested, both
being sphere-on-plane under reciprocating sliding movement
using a 5 mm diameter, with an AISI 52100 steel ball as the
counter body, at a constant frequency (2 Hz) and stroke (10 mm).
The first test configuration (incremental load tests) was
performed as proposed by de Mello and Binder (De Mello and
Binder, 2006) and had the objective of determining the scuffing
resistance, defined as the work (N.m) carried out while the
coefficient of friction (COF) remained below 0.2. At the same
time, at least 190 s of permanence above this value was considered
to establish this definition. The second test configuration
(constant load tests) involved using a constant load of 7.0 N

for 1 h and was used to evaluate the COF and wear rate of the
specimen and counter body. At least four measurements were
performed in all tribological tests for each condition. White light
interferometry (Zygo NewView 7,300) was used to measure the
sample wear volumes. Topographical data processing was carried
out using MountainsMap Universal 7.1® software. For all the
results obtained in this study, an evaluation to detect spurious
values was performed using the Chauvenet criterion (Taylor,
1996).

RESULTS AND DISCUSSION

Figure 2 shows the typical surfaces of the specimens studied. The
reference sample (sintered only, S.G) comprised granules of the

TABLE 3 | Parameters of the sintering and surface enrichment processes.

Designation Condition Temperature
(°C)

Time
(min)

Pulse
active
time
(μs)

Pressure
(Pa)

Output
voltage

(v)

Gas
composition

(%)

Gas
flow
(cm3/
tin)

S.G Sintered 1,150 60 20 133 × 102 400 5H2/95Ar 4 × 10−6

Mo.G Sintered Mo
enriched

1,150 60 150 2.66 × 102 500 20H2/80Ar 4 × 10−6

Ni.G Sintered Ni enriched 1,150 60 150 333 × 102 600 20H2/80Ar 4 × 10−6

FIGURE 2 | SEM micrographs of typical surfaces (A) sample S.G–sintered only, (B) sample Mo.G–molybdenum-enriched, (C) sample Ni.G–nickel-enriched, and
(D) EDS analysis results.
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solid lubricants (dark phase) and the metallic matrix (light
region), as seen in Figure 2A .

Regardless of the enrichment element (Mo or Ni), it can be
observed that the enrichment occurred heterogeneously both in
the matrix and solid lubricant reservoirs, generating the
formation of three regions presenting different concentrations
(Figure 2B,C). Region 1 within the lubricant reservoir
corresponds to an area where the enrichment was minimal. In
this region, for the Mo.G sample, the Mo concentration was
0.0–0.2 wt% Mo (Figure 2D) and for the Ni.G sample, the Ni
concentration was 0.1–0.6 wt% (Figure 2D).

In region 3, the concentration ranges for the enrichment
elements in the Mo.G and Ni.G samples were 18.0–58.3 wt%
and 56.2–70.7 wt%, respectively. In the case of region 2, the Mo
concentration in the Mo.G sample matrix was 1.7–3.7 wt%,
increasing the hardenability (Teisanu and Gheorghe, 2011;

Hammes al., 2017; Binder et al., 2016), while the
concentration of Ni in the Ni.G sample was 14.3–21.1 wt%,
which allowed the formation of kamacite and taenite phases,
as observed in the X-ray diffraction patterns (Figure 3). The
JCPDS cards used to identify the phases were as follows: 01-075-
1,621 (graphite), 01-087-072 (α-Fe), 00,045 0895 (hBN), 00-037-
0474 (kamacite), and 00-047-1,417 (taenite). Kamacite is a nickel-
poor solid iron solution with a CCC structure and microhardness
around 181 HV (Bralla, 1996; Al-Bassam, 1978). On the other
hand, taenite is a nickel-deficient solid iron solution with a CFC
structure and microhardness ranging from 350–500 HV,
depending on the nickel content (Bralla, 1996; Al-Bassam,
1978; Bendo et al., 2014; Anthony et al., 2017).

Figure 4 shows microstructural aspects of the cross sections of
the samples. The sintered sample S.G comprises perlite and ferrite
(Figure 4A) as confirmed by the microhardness profile showing
values between 150—250 HV (Figure 5).

The Mo-enriched layer (needle-like morphology between the
arrows) of the Mo-enriched samples can be seen in Figure 4B. It
has a thickness of 13.38 ± 2.67 μm and a molybdenum content
between 2.4 and 0.9 wt% in the first 10 μm, as seen in the EDS
results (Figure 6). Furthermore, according to Figure 5, the
microhardness profile values were within the typical limits for
bainite (~450–230 HV) (Clayton et al., 1987; Bhadeshia, 2001),
thus corroborating the presence of this phase.

The microstructure of the Ni.G sample (Figure 4C) is
complex, and two regions can be observed. It is assumed that
the outermost region (I – thickness 4.88 ± 1.45 μm) is formed by
taenite as it presents a high concentration of nickel (between
11.5–19.4 wt%) (Figure 6) and microhardness (340.8 ±
28.2 HV–Figure 5) according to the values reported for taenite
(Al-Bassam, 1978; Xie, Chen, 2015; Anthony et al., 2017).

The inner region (II–thickness 7.29 ± 2.69 μm) has a low
nickel concentration (0.3–9.3 wt%) (Figure 6) and
microhardness (~250–200 HV–Figure 5), which is in
agreement with the properties of kamacite (Al-Bassam, 1978;
Xie, Chen, 2015).

FIGURE 3 | X-ray diffraction pattern obtained from the surface of the Ni-
G sample.

FIGURE 4 | SEM micrographs of cross sections of (A) the S.G sample, (B) Mo.G sample, and (C) Ni.G sample. Nital 2%.
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To evaluate how the enrichment process altered the
tribological characteristics of the samples, the scuffing
resistance, COF, and wear rate were determined. Figure 7
shows the evolution of the COF during the incremental load
tests. First, there is a transient region related to the beginning of
contact between the counter body and specimen for all
conditions. A high lubricity steady-state was then reached for
the Mo.G sample. For the S.G and Ni.G specimens, after the
transient region, the COF remains the same up to approximately
10 m. In the case of the S.G sample, it increases rapidly to values
above the lubricity limit (0.2), while for the Ni.G sample, the COF
remains between 0.15 and 0.2 up to a distance of 20 m. After this,
the COF value increases rapidly.

Figure 8 shows the average scuffing resistance. It can be
observed that the sample enriched with molybdenum (Mo.G)
showed a 4, 954% increase in scuffing resistance (14,505 N.m)
compared to the non-enriched condition (287 N.m). The
massive performance improvement may be associated with
the presence of bainite, formed due to enrichment by
molybdenum (Figure 6). Due to its greater hardness, bainite
prevented premature plastic deformation of the matrix, even
under high loads. This consequently hindered the sealing of
solid lubricant reservoirs, promoting higher scuffing resistance,
as previously reported (De Mello et al., 2013; Damin et al., 2019:;
Damin et al., 2020).

The statistical analysis of the scuffing resistance of the Ni.G
(425 N m ± 62 N m) and S.G (287 N m ± 188 N m) samples
indicated that the two results are statistically identical,
suggesting that nickel enrichment did not promote
improvement in scuffing resistance. Furthermore, the same
result was obtained by Damin (Damin et al., 2019) in the Ni-

FIGURE 5 | Microhardness profiles (cross section) and the surface
microhardness (0 µm) of the specimens.

FIGURE 6 | Chemical composition profiles (EDS) of the cross section
(error bars show standard deviation).

FIGURE 7 | Evolution of the COF and the normal load with the sliding
distance.

FIGURE 8 | Average scuffing resistance (error bars show standard
deviation).
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enrichment of self-lubricating composites (Fe + 0.6C + 3SiC)
produced by powder injection molding.

In addition, although enrichment promotes the formation of
taenite (340.8 ± 28.2 HV), which is more resistant than kamacite
(~250–200 HV–Figure 5), the taenite formed has less thickness
(4.88 ± 1.45 μm). Thus, the action of the counter body quickly
consumes it. Moreover, an increase in the COF can be observed in
Figure 7, indicated by the red arrow, suggesting that the thin layer
of taenite was consumed with consequent interaction with the less
resistant kamacite.

The low scuffing resistance can, therefore, be explained by the
hardness difference and the consequent ability to restrict the sealing
of reservoirs (granules) of the solid lubricant of the active phase:
ferrite and perlite for the S.G samples, bainite for the Mo.G samples,
and taenite and kamacite for the Ni.G samples (Figures 4, 5).

Figure 9 shows the evolution of the COF with the sliding
distance during the constant load tests. The reference sample
(S.G) showed two steady states. At the beginning of the test, the
first state had a low value (0.16) retained until about 20 m of the
sliding distance. After this point, the COF increased outside the
lubricity region (0.37). This value remained until the end of the
test, indicating a probable sealing of the granular lubricant due to
the low mechanical resistance of the metal matrix to plastic
deformation, as previously reported (Damin et al., 2020).

Surface enrichment affects lubricity. For Mo- and Ni-enriched
specimens, the COF presented only one steady state, with average
values of 0.09 and 0.12, respectively (Figure 10). The Mo-
enriched samples showed reductions of 44% and 76% in the
COF concerning the first and second steady state of the S.G
samples, and these values were 25% and 67%, respectively, for the
Ni-enriched samples.

Figure 11 shows how the surface enrichment reduced the wear
rates of the samples and the respective counter bodies. The wear
rate decreased from 87.52 ± 10.50 × 10–6 mm3N-1 m-1 for the S.G
sample to 42.52 ± 6.29 × 10–6 mm3 N-1 m-1 for the Ni. G sample
and to 27.98 ± 1.69 × 10–6 mm3 N-1 m-1 for the Mo.G sample
(Figure 11A). This is equivalent to 51% and 68% reductions in
the wear rate. There was also a reduction of >96% in the wear rate
of the counter bodies of both enriched samples (Figure 11B).
This figure also shows that the wear of the specimens controls the

FIGURE 9 | Evolution of the COF in tests under constant normal
load (7 N).

FIGURE 10 | Average steady-state COF (error bars show standard
deviation).

FIGURE 11 |Wear rates after reciprocating sliding tests: (A) specimens
and (B) counter bodies.
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behavior of the system since the wear of the counter bodies is, as a
rule, at least an order of magnitude lower. In addition, the wear
rate of the nickel-enriched samples and respective counter bodies
is around twice that of the samples enriched with molybdenum.

Figure 12 shows typical aspects of the wear marks after the
constant load tests.

For the non-enriched composites (190.9 ± 44.4 HV–surface
hardness), seen in Figure 12A, the wear mark is pronounced and
uniformly wide. Also, there is total sealing of the solid lubricant
reservoirs and evidence of abrasive wear (white arrows) and some
small tribolayer islands randomly distributed (red arrows). The
EDS results (not shown) revealed that these islands and the
surrounding regions are oxygen-rich, which explains the
greater wear and COF values. In contrast, the wear marks of
the enriched samples (Figures 4B,C), in addition to not showing

evidence of abrasive wear, present variable width (a possible
consequence of the heterogeneity of enrichment shown in
Figure 2). In addition, regardless of the enrichment material,
the results show active reservoirs of solid lubricants (granules)
inside the wear mark (blue arrows) and thin oxygen and solid
lubricant–rich tribolayers (evidenced by EDX, also not shown),
which could explain the lower wear and friction coefficient of
the pair.

Concerning the enriched samples, it was observed that the
Mo.G sample had a lower wear rate, which was attributed to the
higher hardness (385.8 ± 61.4 HV–surface hardness) and
thickness (13.38 ± 2.67) of the bainitic microstructure that
developed in the Mo-enriched sample (Mo.G) when compared
to the Ni-enriched sample (Ni.G), in which the taenite had higher
hardness (340.8 ± 28.2 HV) but lower thickness (4.88 ± 1.45 μm).

FIGURE 12 | SEM micrographs showing typical wear scars: (A) S.G, (B) Ni.G, and (C) Mo.G.

FIGURE 13 | Average cross-sectional profile of the wear track: (A) Ni.G and (B) Mo.G.
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Consequently, during the wear test of the Ni.G sample, the
kamacite phase of less hardness showed a higher wear rate
(Al-Bassam, 1978.; Damin et al., 2019; Damin et al., 2020).
This result is confirmed by the cross section profile of the
sample wear track after the reciprocating sliding for 1 h at 7 N
(Figure 13).

For the Ni.G sample (Figure 13A), the maximum wear depth
(11.7 μm) was greater than the depth of taenite (4.88 μm ±
1.45 μm) and reached the kamacite phase. On the other hand,
for the Mo.G sample (Figure 13B), it was observed that the
maximum wear depth (9.6 μm) remained within the bainitic
region.

CONCLUSION

The influence of nickel or molybdenum-surface enrichment on
the microstructural and tribological properties of self-
lubricating composites (granulated graphite (2.5%v) and
hBN (5.0%v) in a Fe + 0.6C metallic matrix) produced by
powder metallurgy was investigated. The following
conclusions can be drawn:

1) The surface enrichment was efficient for the metallic matrix
and solid lubricant reservoirs.

2) The Ni.G sample had a COF of 0.12 and showed a reduction in
the wear rate of the specimen (51%) and the counter body
(96%) compared to the reference sample (S.G).

3) The Mo.G sample showed the best tribological properties with
a COF of 0.09. In addition, the scuffing resistance increased by
4, 954%, and the wear rate reduced by 68 and 96% for the
specimen and the counter body, respectively. This result is
attributed to minor wear and plastic deformation of the
matrix, which reduced the sealing of the lubricant
reservoirs, with an increase in the microhardness of the
matrix due to the formation of bainite.

Finally, this study showed the possibility of producing self-
lubricating composites with improved properties without adding
alloying elements and a consequent decrease in cost and potential
processing issues such as the segregation of powders during
mixing.
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