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Abstract: In this work, self-lubricating composites containing MoS, and graphite dispersed in an iron
matrix were produced by powder metallurgy and sintering. Previous studies demonstrate that MoS,
reacts with iron matrixes during sintering, making the production of Fe-MoS, composites rather
difficult. Therefore, this study focused on a potential solution to avoid or reduce this reaction, whilst
still providing good tribological properties. Our results show that the addition of graphite retards the
reaction of MoS, with iron and that the combination of MoS; + graphite results in composites with an
optimized coefficient of friction associated with a low wear rate both in nitrogen and air atmospheres.
Through adequate control of the lubricant’s particle size, composition, and processing parameters,
self-lubricating iron-based composites with a low dry coefficient of friction (0.07) and low wear rate
(5 x 107 mm3-N~1.m~1) were achieved.
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1. Introduction

Friction is present in every mechanical system and is associated with losses in power,
performance, and money [1-3]. According to Holmberg et al. [4], up to 1.4% of the world’s
gross domestic product could be saved by reducing friction losses. Moreover, the authors
estimated that about one-third of the total energy generated by fuel combustion in a car is
lost in the form of friction in the engine. When not controlled, friction can also result in
failure of parts. Thereby, it is of great interest to research means to decrease the friction and
wear rate within such systems.

Lubricants have been used by mankind since ancient times. The role of a lubricant
is to build a continuous and adherent film between surfaces in contact, providing a low
coefficient of friction and preventing them from coming into direct contact, reducing wear
and potential failure. Hydrated calcium sulfate (gypsum) was used by the Egyptians
in the third millennium before Christ (B.C.) to facilitate the movement and settlement
of large blocks of stone [5]. Nowadays, oils and greases are widely used as lubricants
worldwide. Unfortunately, oils and greases cannot provide proper lubrication when
operating at extreme environmental conditions such as high or cryogenic temperatures,
vacuum, radiation, and extreme contact pressure [6-11]. This limits their application in
chemical industries, aerospace, cryogenic, or radioactive environments [12]. Under such
conditions, the use of solid lubricants is justified and recommended. The incorporation
of solid lubricants into mechanical components can be performed using several different
techniques including spraying, painting, burnishing, and rubbing. They can also be present
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in forms of coatings, deposited via physical or chemical vapor deposition [6]. However, the
use of solid lubricants in the form of coatings is linked to a limited life span as the amount
of solid lubricant available for lubrication is defined by the film’s thickness.

Alternatively, dry self-lubricating bulk composites produced via powder metallurgy
(PM) provide a solid lubricant stock for self-replenishment that is virtually infinite, i.e.,
the solid lubricant is dispersed homogeneously in the whole component. Self-lubricating
metallic composites produced via powder metallurgy have been commercially consolidated
for many decades and find applications in automobiles, home appliances, electronics,
and office and gardening equipment [12,13]. Nevertheless, in the development of PM
self-lubricating composites, it is a great challenge to predict the tribological properties
resulting from the combination of certain materials based only on the initial powders’ (solid
lubricants and the matrix) physical, mechanical, and structural properties [6,7,14].

A recent review by our group has shown that the low “thermodynamical stability”
of MoS; makes the processing of “pure” self-lubricating Me-MoS, composites at high
temperatures rather difficult [15]. This is especially critical for iron-based matrices, as the
iron sulfides present higher stability, i.e., a higher value of (negative) Gibbs free energy of
compound formation AG? than molybdenum disulfide in the range of the temperatures
commonly used for the sintering of iron-based composites. This reaction has also been
reported by other authors [16-22]. Furthermore, Furlan et al. have shown that for a pure
Fe-MoS, system the reaction starts already at a very low temperature of 775 °C, altering
the microstructural aspects of the lubricant phase [23]. After sintering at 1150 °C, all the
MoS; is consumed to form FeS in the case of pure iron matrices and mixed sulfides in the
case of iron-based matrices containing allowing elements [24].

In a former publication [23], we presented a detailed microstructural analysis of iron-
based self-lubricating composites containing only MoS; graphite and h-BN sintered at
825 and 1150 °C. Although the composites sintered at 1150 °C showed a clear reaction
between MoS; or graphite and iron, the samples sintered at low temperatures showed a
value of friction coefficient (COF) and wear rate of 0.07-0.10 and 8 x 107 mm3 N~!m™1,
respectively. The limiting sintering temperature of 825 °C was higher than the sintering
temperature previously reported for the reaction, 775 °C, indicating that the presence of
graphite in the initial powder mixture and composite could have a beneficial effect in
retarding the consumption of MoS, by the solid-state reaction.

In this work, we have studied the influence of the initial graphite particle size, content,
and sintering temperature on the reaction between the MoS; and the iron matrix. The
volume ratio together with the particle size defines the mean free path between the solid
lubricant particles and when homogeneously distributed in the matrix, the area that will be
lubricated by each particle. Furthermore, we have performed microstructural and tribologi-
cal characterizations of the sintered composites. Our results confirm that graphite retards
the reaction of MoS, with the iron matrix, especially when the graphite particles are located
around the initial MoS; reservoirs and in between the MoS, and Fe particles, i.e., for smaller
particle sizes. Moreover, there is an optimum graphite amount that assures lubrication
without the lubricant’s reservoir cover-up during service. With optimized conditions, it was
possible to raise the sintering temperature of the composites to 850 °C, whilst achieving a
value of COF and wear rate of 0.07 and 5 x 107® mm3-N~!1-m~1, respectively.

2. Materials and Methods

Iron, MoS;, and graphite powders were mixed in a Y-shape mixer for 45 min at
different proportions, as listed in Table 1. The powders used in the mix were Fe (Hoganés
AB, Hogands, Sweden, AHC 100.29, d5p = 90 um), MoS, (Dow Corning, Midland, TX, USA,
Molykote Z, dsp = 32 um), and graphite type a (Nacional de grafite, Itapecerica, Brazil,
99,501, dsp = 0.8 um), type b (Hogands AB, Hogands, Sweden, UF4, dsg = 5.9 um), and type
¢ (Nacional de grafite, Itapecerica, Brazil, 99,545, d5p = 32 um). Amide wax, a lubricant
usually added to assist in the pressing stage, was not used, since the disulfide acts as a
lubricant also in the pressing stage. The optimal volumetric content of 9% for MoS; was
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defined in a previous study [25]. Cylindrical billets (J 20 mm per 6 mm height) were
produced by die uniaxial pressing at room temperature and 700 MPa of applied pressure.

Table 1. Powders proportions used in the mixtures.

. Composition (vol.%)
Sample Name and Description

MoS; Graphite Fe
L_Cla Fe + C (0.8 um) + MoS, 9.0 25 Bal.
L_C2a 9.0 5.0 Bal.
L_C3a 9.0 7.5 Bal.
L_COa 0.0 9.0 Bal.
L_Clb Fe + C (5.9 um) + MoS, 9.0 2.5 Bal.
L_C2b 9.0 5.0 Bal.
L_C3b 9.0 7.5 Bal.
L_COb 0.0- 9.0 Bal.
L_Clc Fe + C (32 um) + MoS, 9.0 2.5 Bal.
L_C2c 9.0 5.0 Bal.
L_C3c 9.0 7.5 Bal.
L_COc 0.0 9.0 Bal.

The green samples were sintered in a tubular furnace with resistive heating (Fortelab—
FT1200H/3z, Sao Carlos, Brazil) under a controlled atmosphere of 5% H;/95% Argon
(purity 99.995%) with a constant gas flow of 0.4 L per minute (LPM). During the thermal
cycle, a heating rate of 10 °C per minute was used up to the sintering temperatures of 825
or 850 °C with a dwell time of 60 min. A minimum of 3 samples were produced at each
sintering condition for each composition.

The density of samples in the green and sintered states were determined by the geo-
metrical method using a precision scale (Mettler Toledo XS205, Greifensee, Switzerland)
and a micrometer caliper (Mitutoyo, Kawasaki, Japan). The microstructural morphology
of the sintered samples was characterized by optical (Olympus BX60, Tokyo, Japan) and
scanning electron microscopy (JEOL JSM-6390LV, Tokyo, Japan) coupled with a detector
for chemical analysis via energy-dispersive X-ray spectroscopy (EDS). Prior to such anal-
ysis, the samples were metallographically prepared and etched with Nital 2%. Phases
characterization and identification were performed by X-ray diffraction measurements
(Philips X"pert, Amsterdam, Netherlands, Cu K, 40 kV, 30 mA, step size 0.029, step time
2 s), which were analyzed using the X'Pert Highscore Plus program and the ICDD PDF-2
2004 database. The hardness of the composites was assessed by Vickers microhardness
(LECO AMH 43, St. Joseph, MI, USA) in accordance with the MPIF 51 standard using 50 g
(HVO0.05) of load during 13 s in a total of 5 indentations per sample.

The tribological properties were characterized by unlubricated reciprocating sliding
tests (CETR UMT-4, Billerica, MA, USA) under nitrogen (N;) and air atmosphere at a
controlled humidity and temperature. A fixed hard steel sphere (AISI 52100, S6 Esferas,
Sao Paulo, Brazil 10 mm J) was pressed at a constant load (7 N) against the movable
specimen surface (2 Hz, 10 mm stroke) for 60 min (equivalent to 144 m of sliding distance).
The wear track volume was measured by optical interferometry (Zygo Newview 7300,
Middlefield, OH, USA, 640 x 480 points, 0.28 um/point, vertical resolution of 0.1 nm)
and used to calculate the wear rate. For each composite, a minimum of 3 measurements
were performed.
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3. Results and Discussion
3.1. Microstructural Analysis

The sintered density of the samples containing graphite and MoS; as solid lubricants
decreased with the increase in the graphite content (Figure S1) independent of the particle
size, which was expected and related to the low density of the graphite (2.26 g/cm?).
Meanwhile, the microstructural phases of the sintered samples differed greatly depending
on the graphite content and particle sizes, but also on the sintering temperature (Figure 1).
For the smallest particle size (5.9 um), a homogeneous distribution of the perlite phase
is observed, even though the diffusion coefficient of graphite into iron is considered to
be smaller at such low sintering temperatures (825 and 850 °C) than at usual sintering
temperatures (1150 °C). The perlite phase formation occurs in both the reference samples
(Fe + 9% C) as well as the samples with MoS,.

Sintering temperature

T = AT

A RGP

Graphite content and particle size

Figure 1. Exemplary microstructures of samples with different particle sizes of graphite (A-C) 0.8 um
(D-F) 5.9 um and (G-I) 32 pm sintered at low temperatures of (A,D,G) 825 °C and (B,E,H) 850 °C,
and (C,F,I) at high temperature of 1150 °C. Samples shown in (A,D) are the reference samples with
Fe + 9% C, whereas the other images are the samples with 9% MoS, and (C,F,I) 2.5%, (B) 5.0%, and
(E,G,H) 7.5% of graphite.

The relevance of the initial particle size of graphite become more evident when an-
alyzing the sintered samples at high temperatures (1150 °C). Although a homogeneous
microstructure of fine perlite has been formed for the smaller particle size (0.8 um), for
the largest graphite particle size (32 um) a non-homogeneous microstructure with ferrite
islands between the perlite grains (coarse and fine) is formed. The largest surface area of
the smaller particles provides more points of contact during sintering, whilst the reduction
of the large free specific surface is a driving force for sintering. This suggests that the car-
bon content homogenization by diffusion of C into the Fe matrix is achieved after shorter
sintering times for smaller particles than for larger particles.

Moreover, the microhardness of the samples” matrixes (indentations made on the
matrix) is influenced by the carbon diffusion into the matrix even at such low sintering



Lubricants 2022, 10, 142

50f11

temperatures (Figure 2). This leads to an average increase of 56% compared to pure Fe and
an average increase of 21% and 17% for 2.5% and 5.0% of graphite, respectively, in relation
to the reference sample containing only MoS,.

Graphite content

250 0.0% 2.5% 5.0% 7.5%
] 850 °C
o ] 825°C |
g 200 ] SJnterlng Temperature
> 1 [
< 150 ]
» ]
g ]
£ 100 1
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Figure 2. Matrix microhardness of the reference samples and of the samples containing MoS, plus
different volumetric percentages of graphite sintered at two different temperatures of 825 °C and
850 °C.

In the samples containing MoS, and graphite, the increase in the matrix microhardness
is caused by two factors: C diffusion in the matrix and Mo and S diffusion from the reaction
of MoS, with the ferrous matrix. The latter is responsible for the increase in the values
between the reference samples of pure Fe and Fe + 9% MoS; (0% C). As it will be shown
later, the graphite is capable of delaying the MoS, consumption in this reaction but it is not
able to completely eliminate it. Thus, the low microhardness value found for the matrix
with a content of 7.5% C (0.8 um and 5.9 um at 825 °C and 0.8 um at 850 °C) could be
associated with the fact that for these samples the carbon prevents the diffusion of Mo and
S to the ferritic matrix and therefore the microhardness value remains lower. Note that
although the increase in microhardness from the carbon diffusion is desirable, the increase
related to the Mo and S diffusion due to the MoS, reaction with the matrix is not. Since
these mechanisms occur simultaneously, it is difficult to evaluate which graphite content
would have the best performance in preventing MoS, consumption during the reaction
with the matrix by just observing the microhardness results. Moreover, the higher the
graphite content, the higher the content of the second phase, which is also known to reduce
the hardness [8]. Considering the standard deviations associated with the measurements, it
is not possible to observe a clear trend in relation to the initial particle size of graphite in
the increase of the matrix microhardness

3.2. Phase Transition and Thermal Stability

The results of a study conducted by Furlan et al. [23], indicated that the addition
of graphite had a beneficial effect in delaying the MoS, reaction with the ferrous matrix.
However, in that previous study, only large contents of graphite (7.5%) and particle size
(72 um) were investigated. It is known that the size of the particles can greatly alter
the kinetics of chemical reactions due to the increased surface area [26,27]. Moreover, in
sintering practice, the size of the particles within a mix can define and completely alter the
particles’ distribution within the green body. Although large particles might sit side by side,
smaller particles tend to adhere to the bigger particles’ surfaces, which in our case, would
be the surfaces of the MoS; and Fe particles, thus potentially creating an additional barrier
to the reaction. Therefore, Table 2 and Figure 3 show the phases formed after sintering of
Fe + MoS, + Graphite samples according to the initial graphite particle sizes.
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Table 2. Identification of phases in the reference samples Fe + 9% MoS; and in this composition
containing the addition of 5.0% of graphite with different particle sizes sintered at 825 °C and 850 °C.

Sintering Temperature (°C)
825 850

Fe « 06-0696
FeMo,S,4 71-0379
Fe1_25M06S7,7 37-1442

Sample

Fe o 06-0696 *
Fe + 9% MoS, MoS, 37-1492
FeMo,S, 71-0379

FeS 80-1027
Fe o 06-0696
Fe + 9% MoS, + Graphite 26-1080
5.0% C (0.8 pm) MoS; 37-1492
Fe1_25Mo687_7 37-1442
Fe « 06-0696
Fe + 9% MoS, + Graphite 26-1080 Fe o 06-0696
5.0% C (5.9 um) MoS, 37-1492 Graphite 26-1080
Fe1_25M0657_7 37-1442 MOSZ 37-1492
Fe o 06-0696 Fe1_25Mo6S7_7 37-1442
Fe + 9% MoS; + Graphite 26-1080 FeMo,S, 71-0379
5.0% C (32 um) MoS, 37-1492

FeMo,S,4 71-0379
* Numbers indicate the pattern file number according to the database PDF2-2004.
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Figure 3. Diffractograms of the reference samples Fe + 9% MoS, and of this composition with the
addition of 5.0% of graphite with different particle sizes sintered at 825 °C and 850 °C. Zoom in on
the regions of interest where the most intense peaks of the sulfides are located. A complete version of
the diffractograms with the whole scanned range is found in the Supplementary Information.

The results confirm the effect of graphite in delaying the MoS, consumption in the
reaction with the ferrous matrix, regardless of the initial particle size. There is no influence
of the particle size of the graphite on the temperature for which MoS; still exists, but there
is a difference between the phases formed, and for the samples containing graphite there is
no formation of the FeS phase. In samples containing only MoS,, the formation of mixed
sulfide FeMo0,S4 occurs first, and then the formation of the mixed sulfide Fe; ,5Mo04S7 7.
This is in agreement with what was reported by Wada et al. [28]. For the graphite with
the largest particle size (32 pum), this relation is maintained, whereas for smaller particle
sizes (0.8 and 5.9 pm) the preferential formation of the mixed sulfide Fe; 55Mo04S7.7 occurs
at 825 °C. Thus, as expected, not only does the addition of graphite influence the formed
phases, but also the initial particle size of the graphite.
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3.3. Tribological Behavior

The previous results of the study by Furlan et al. [23] pointed out the importance
of the matrix hardness in the final tribological behavior, as a too-soft matrix leads to the
covering of the lubricant’s reservoir and consequent rising of the COFE. A graph of the
relationship between the coefficient of friction and the wear rate for all samples is shown in
Figure 4. The gas atmosphere used in these tests was nitrogen. It is possible to visualize
that the higher the coefficient of friction associated with the sample, the greater the wear of
the sample. The beneficial effect of adding graphite on the tribological behavior is clearly
visualized when comparing it to the reference sample without graphite (black squares), as
all the composites investigated here presented values of COF and wear rates lower than
the reference sample (Fe + 9%Mo0S;) and some samples showed values lower than 0.2 for
the COF. Note that these tests were performed in an N, atmosphere, which does not favor
the lubrication behavior of the graphite [29-31] but highlights the MoS, behavior, which
then acts as the main solid lubricant. It is also possible to notice the sensible decrease in
the composites” wear rates when the sintering temperature is raised by only 25 °C (from
825 °C to 850 °C), which could be associated with the higher matrix hardness discussed
earlier (Figure 2).

fln‘ 15 _ ®
o ®
—
‘—If u | |
Z' 2
"€ 101 o "
' 2 m
=
. s -
et [ |
£ . -
5 51 g
Q
| & .
0""I""I""I""I""I""
0.0 0.1 0.2 0.3 04 0.5 0.6
Friction coefficient
Sintering temperature
825 °C 850 °C
Graphite content
Q +2.5% +5.0% +7.5% +2.5% +5.0% +7.5%
2%08um o o . = = .
%%5.9pm ® u * S - &
15 E 32um
S m Reference Fe+9% MoS,

Figure 4. Coefficient of friction vs. wear rate of the samples containing MoS, plus graphite sintered
at 825 and 850 °C. All the tests were conducted under a nitrogen atmosphere.

Nonetheless, the relation between graphite particle size, content, and sintering temper-
ature does not follow a single trend. At 825 °C, the best performance is that of the sample
containing the graphite with the largest particle size (32 pm). This is clear for samples
containing 2.5 and 5.0% of graphite, whereas for those containing 7.5% graphite, the sample
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with the medium particle size (5.9 pm) shows a smaller COF. At 850 °C, the superiority of
this type of graphite (5.9 um) over the others becomes clear.

Analogously to microhardness, there are two concomitant phenomena with diverse
effects: C diffusion into the matrix and MoS, consumption due to its reaction with the
ferrous matrix, which ends up causing the diffusion of Mo and S into the matrix. Both are
favored by the increase in the sintering temperature. Although the dissolution of C, Mo,
and S that hardens the matrix may be beneficial, the fact that a greater amount of MoS,
has been consumed in the reaction is not. Thus, the absence of a trend in the tribological
behavior reflects the interactions discussed in the previous sections.

At last, the different graphite powders are manufactured by two different suppliers,
which can influence their purity, crystallinity, and porosity [32]. A study published by
Pambaguian and Merstallinger [33] showed that the COF and wear rate in Cu matrices
containing graphite as a lubricant varied not only according to the content but also accord-
ing to the type of graphite that was used. Similarly, it is believed that the different types of
graphite used here may have diverse properties not only influenced by the particle size,
but also by the manufacturing process itself. Unfortunately, the suppliers did not disclose
information regarding their fabrication processes.

The performance of the investigated composites is further increased when the test is
conducted in air (Figure 5) in which the influence exerted by graphite and the synergistic
effect of the two lubricants is favored, as already reported by other authors [29,30,34]. These
results point out to the possibility of using these composites in situations where there is
a need for lubrication in different atmospheres (vacuum and air, for example). Note the
reduced scale of the graph: the coefficient of friction varies between 0.05 and 0.15 and the
wear rate between 0 and 20 x 10~® mm3® N~!-m~1. In this case, the samples containing
graphite that showed the best results were the samples with +2.5% graphite of 32 um
particle size sintered at 825 °C and the composites with the initial graphite particle size of
5.9 um sintered at 850 °C.

20
| N, atmosphere: @

T ® 25%C32um* 7
Eis | & 25%C59m _
= = 50%C59m &3
E ¢ 7.5%C59um ©3
S 04 2 s Air atmosphere: =
5 = c ¢ O 25%CO0.8um 3
=] *% 490 O 25%C59m Sa
£ L 25%C32um O3
] it | ® 2.5%C08um
o & 2.5%C59m <
= ] ® 25%C32um O

g -

0.05 0.10 0.15

Friction coefficient

Figure 5. Coefficient of friction vs. wear rate of the composites containing MoS, plus graphite tested
under nitrogen atmosphere and in air. Zoom in on the regions of interest, i.e., low coefficient of
friction (<0.15) and low wear rate (<20 x 10~® mm3.N—1.m=1).

These results confirm the beneficial effect of graphite in delaying the MoS; consump-
tion in the reaction with the iron matrix and the further advantage of the graphite addition
for the synergic lubricating behavior, which allowed us to achieve lower values of COF
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than previously reported for composites containing MoS; in iron-based matrices as well as
other metallic matrices (see Table 3).

Table 3. Comparison between the COF of composites reported in the literature and the one obtained
in this work. The references are indicated within the table.

Author (Year) Nl[;:tsr eix Composition (w.%) MoS,; Graphite Lgvg)ert
This work Fe Fe 9 vol.% 7;'3;{? o 0.07
et g T OO ssen w0 o
Gna?lgﬁsreti;r?;o%;?m] Fe Fe + 0.6%C + 2.5%Cu 3t05w.% 0.0 0.30
Li and Xiong (2008) [34] Ni Ni + 20%Cr + W + Fe 51 ;gvar/‘d 3w.% 0.20
égig)e[tzzl] Ag Ag 15 vol.% 5vol.% 0.14
éﬁf?ﬁliﬁ Ag Ag 2oov$.% 20 %E;/ 0.12
Huang et al. (2012) [30] Cu Cu 5 Oovtvo " 3(? ‘;" ” 0.30
Ju(s2zoclz4};k[3e;]aL Cu Cu+10%5n 205 vtvo/ 205 vtvo/ 0-20

4. Conclusions

Iron-based self-lubricating composites containing MoS, and graphite with a low coeffi-
cient of friction and wear rate were fabricated by powder metallurgy and low-temperature
sintering. The graphite addition presented a beneficial effect on retarding the MoS, reaction
with the matrix, that is, the addition of graphite raised the temperature at which all the MoS,
is consumed to form Fe or Fe-Mo sulfides, which are not lubricants. Moreover, the graphite
addition raised the matrix hardness, which also contributed to the good tribological behavior.
An interdependent effect between the graphite type, graphite content, and sintering tempera-
ture was observed. The best results were achieved by the addition of 2.5% graphite with an
initial particle size of 32 um sintered at 825 °C and 2.5% graphite with an initial particle size
of 5.9 um sintered at 850 °C, which resulted in composites with an average friction coefficient
of 0.07 and an average wear rate of 7 x 107® mm*N"!-m~! and 5 x 107® mm3-N~!1-m~1,
respectively. These composites presented a great tribological behavior in both nitrogen and air
atmospheres, confirming the synergic effect of both lubricants.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/lubricants10070142/s1, Figure S1: (A) Density and (B) porosity of
the sintered iron samples containing MoS; and Graphite as solid lubricants, Figure S2: Diffractograms
of the reference samples Fe + 9% MoS, and of this composition with the addition of 5.0% of graphite
with different particle sizes sintered at 825 °C and 850 °C.
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