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Abstract: AISI 4140 steel is still one of the most distinguished steels employed in tribological
applications because of its low cost, great mechanical properties, and appropriate wear resistance. In
this contribution, the tribological performance of AISI 4140 annealed steel against engineering ceramic
was analyzed to promote parameters for the application of this steel, especially in systems that are
subjected to contact pressures between 490–1240 MPa. Dry and lubricated pin-on-disk experiments
were completed at different normal loads. The worn surfaces were analyzed by contact profilometry,
optical and scanning electron microscopies, energy dispersive spectroscopy, and microhardness
examinations. In dry conditions, a better friction response was found on the steel tested with ZrO2.
Friction coefficient and wear rate resulted in reductions up to 60% and 99% compared with those
obtained with Al2O3 and Si3N4 counterparts. A strain-hardening phenomenon due to the friction
process was observed on the samples tested with ZrO2 and Si3N4, which showed grain refinement
and hardness increment on worn surfaces. Therefore, those systems exhibited better wear responses.
In lubricated conditions, all counterparts exhibited low friction and wear, but the performance
of Al2O3 and Si3N4 was highlighted. The results demonstrate that the performance of AISI 4140
annealed steel under the tested conditions is comparable with that of the same steel with other
surface treatments.

Keywords: AISI 4140 steel; ZrO2; Al2O3; Si3N4; tribology; sliding friction; wear; lubrication

1. Introduction

AISI 4140 steel continues to receive much attention in applications as a mechani-
cal component in the metal-mechanic industry. Several authors have described it as a
“ubiquitous material” because of its extensive use in the automotive, aerospace, and man-
ufacturing sector [1–3]. The content of elements such as Molybdenum (0.15–0.25 wt.%),
Chromium (0.80–1.10 wt.%), and Manganese (0.75–1.00 wt.%) provides this low-alloy steel
with great properties. Depending on the microstructure and hardness, the AISI 4140 steel
is commonly employed for various applications such as frames, support tools, crankshafts,
tools joints, connecting rods, gear, pump, sprockets, tool holders, etc. [4,5]. Moreover, it
is a very attractive material for studies on surface modification to enhance, particularly,
its hardness and wear performance for specific applications. These modifications include
a wide variety of following methods that have an essential impact on the cost and time
of the workpiece or mechanical parts’ manufacturing. Such changes in the steel involve
thermochemical treatments, plasma nitriding, plasma oxynitride, nitrocarburizing and
boronizing processes; even until hard coatings deposition [1,3–6]. Although the annealing
condition of AISI 4140 steel is represented by lower mechanical strength with higher plastic
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energy and ductility than the same material exposed to other thermal treatments [7,8], it
has been demonstrated that this state involves significant improvements in the low-cycle
fatigue behavior [7], and on its wear resistance [8].

On the other hand, ceramic materials have become increasingly important for design-
ing wear-resistant components due to their superior hardness, null chemical reaction, high
melting point, as well as their distinguished anti-wear and anti-friction performance [9–13].
Additionally, ceramics can maintain their high hardness and strength at extreme tempera-
tures [14]. Ceramics employed in this kind of application generally involve oxides, nitrides,
or carbides of metals such as aluminum, silicon, and others [14]. Silicon nitride (Si3N4),
Zirconium oxide (ZrO2), and Aluminum oxide (Al2O3) ceramics have been proposed as
mechanical pairs in hydraulic systems [9], whereas ZrO2 and Al2O3 have been used in
applications for the drilling industry [10].

The present study focused on investigating the tribological performance of AISI 4140
annealed steel against three different ceramics counterparts, Zirconium oxide (ZrO2),
Aluminum oxide (Al2O3), and Silicon nitride (Si3N4), in order to spread the applications
of AISI 4140 annealed steel and to contribute with the understanding of these ceramic
counterparts as friction pairs. Besides, the idea to consider the annealed condition is to
contribute to sustainability based on green tribology which, in addition to various other
considerations, encourages the use of materials that do not require several processes but
possess desirable strength-low-cost characteristics. For that purpose, sliding friction tests
were conducted under dry and wet conditions applying three different loads. Additionally,
the influence of wear performance on the surface properties of AISI 4140 annealed steel
was analyzed by microhardness indentation.

2. Materials and Methods
2.1. Disk and Pin Materials

In this research, commercial AISI 4140 steel in annealed condition was used for the
manufacturing of the disks, and no additional surface or thermal treatments were applied.
Table 1 includes the chemical composition range of the steel according to the supplier
information. Disk samples of 5 mm in thickness were cut from a 12.7 mm radius cylindrical
steel bar and polished to an average surface roughness of Ra = 0.04 µm. Commercial
balls of Zirconium dioxide with Yttria Stabilized Zirconia (YSZ) phase (in the following
named as ZrO2), Aluminum trioxide (Al2O3), and Silicon nitride (Si3N4) were employed
as counterpart materials since they have great potential for use in tribological contacts.
The radius and surface roughness of balls were 3 mm and Ra = 0.03 µm, respectively.
A Mitutoyo profilometer Surftester 402 was used to determine the Ra parameter of the
samples. Table 2 shows the mechanical properties of the disk and counterpart materials.

Table 1. Chemical composition of the AISI 4140 annealed steel.

%C %Mn %Cr %Mo %Si %P %S %Fe

0.38–0.43 0.76–1.00 0.80–1.10 0.15–0.25 0.15–0.35 0.035 max. 0.04 max. Balance

Table 2. Mechanical properties of the disk and counterpart materials.

Material
Vickers
Micro-

Hardness (GPa) a

Tensile Strength
Ultimate (MPa) b

Fracture
Toughness

(MPa.m1/2) b

Modulus of
Elasticity (GPa) b

Poisson’s
Ratio, ν b

AISI 4140 2.08–2.16 850–1000 117–123 210 0.27
ZrO2 12.43–12.93 200–350 7–13 200 0.23–0.3
Al2O3 20.65–21.49 200–300 2–3 300–400 0.23–0.25
Si3N4 13.22–13.22 200–350 3.5–5 280–310 0.21–0.25

a Average value obtained in this study. b Standard supplier literature value.
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2.2. Microstructure Characterization of the AISI 4140 Annealed Steel

The microstructure of the steel material was revealed by its chemical etching with
Nital’s reagent (2 mL HNO3 and 98 mL ethanol). After the etching, the surface was studied
by using an optical microscope Carl Zeiss Axio Image (Zeiss, Oberkochen, Germany),
whereas the phase determination was analyzed by a PANalytical Empyrean (Malvern Pan-
alytical, Malvern, United Kingdom) X-ray diffractometer equipment (radiation of CuKα,
λ = 1.5406Å). Additionally, the grain size was determined by the Planimetric Procedure
recommended in ASTM E 112-12 standard, and the volume fraction of constituents was
determined according to the ASTM E 562-02 using a square grid.

2.3. Friction and Wear Investigation

Friction experiments were carried out by the pin-on-disk method in a Standard Tri-
bometer (TRB) of CSM Instruments Company (Needham, MA, USA). All tests were fixed
to the following conditions: room temperature of 25 ◦C, a total sliding distance of 1000 m,
a radius of wear track of 2 mm, and normal loads of 1.5, 3, and 5 N. Table 3 gives the corre-
sponding contact pressures for each ball on the steel flat surface, which were determined
from the Hertz contact theory. On the other hand, the employed relative sliding speeds
were 0.1 ms–1 for dry and 0.05 ms–1 for lubricated tests. The lubricated tests were carried
out by employing 20 mL of a commercial mineral base oil, which is used as a lubricant in
the manufacturing process. This lubricant was previously characterized in [15], where its
performance was compared against that of pure castor oil.

Table 3. Mean (pm) and maximum (pmax) contact pressures obtained under different conditions.

Counterpart
Hertz Contact Pressure (MPa)

1.5 N 3 N 5 N
pm pmax pm pmax pm pmax

ZrO2 490 730 610 920 720 1090
Al2O3 550 830 690 1040 820 1230
Si3N4 550 830 700 1050 830 1240

The kinetic friction coefficients (µk) were obtained directly from the Tribox 4.5 R
software (accessed on 10 February 2015). Five measurements of friction were tested to
assess the repeatability; thus, the presented results are the average of the five readings.
Steel worn surfaces were investigated by using a scanning electron microscope JEOL JSM-
6510LV (JEOL Ltd., Tokyo, Japan) connected with an energy-dispersive X-ray detector.
The wear of the pin pair was negligible compared to the wear of the steel disk in all the
examinations; therefore, the pin pair wear was ignored in this study. The volume loss (V)
was calculated by using a metrological technique, as suggested in [16]. Wear track profiles
were obtained by contact profilometry with the equipment commented on Section 2.1 at
several regions of the wear track on the disk material, as shown in Figure 1a (direction
of the profile lectures). The volume loss (V) was evaluated by integrating the wear track
profile to obtain the cross-section area of the wear track (Awt) by using data analysis and
graphics software OriginPro 8 Figure 1b), and by multiplying this value by the average
track length (L). The wear track area represents the real cross-section area of the material
that was removed from the original surface. Considering that L=2πR and R is the wear
track radius, V can be determined from Equation (1):

V = Awt × L (1)
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Figure 1. Schematization for readings of wear track profiles obtained (a) and calculations of the wear
track section area (Awt) (b).

Wear rate (K) was calculated from Equation (2), where F is the applied normal load
and S is the sliding distance.

K = V/FS (2)

To compare the friction and wear performance of AISI 4140 annealed steel with
that of the hardened and tempered steel, additional tests were carried out using the
ZrO2 counterpart under the same tribological conditions at 5 N and without lubrication.
For this purpose, AISI 4140 annealed steel disk samples were austenitized in a muffle
furnace Barnstead International 48,000 (Thermo Fisher Scientific, Waltham, MA, USA) at a
temperature of 855 ◦C for 15 min; consecutively, samples were quenched in commercial
engine oil. As soon as the quenching procedure was completed, the samples were tempered
in another furnace at a temperature of 425 ◦C for 15 min to achieve a hardness value of
45 HRC (Vickers hardness of 5.18 GPa). Then, the hardened and tempered steel samples
were allowed to cool in standard air until reaching room temperature. After this procedure,
the Rockwell hardness was measured in a Hardness Tester TH722 from Time Group, Inc.
(TIME Group, Inc., Beijing, China), while the microstructure was revealed following the
procedure described in Section 2.2. Additionally, the samples were metallographically
prepared to achieve the surface roughness that was fixed for the tribological evaluations
(0.04 µm in Ra).

2.4. Microhardness Measurements

To analyze the influence of the wear performance on the mechanical surface properties
modification of AISI 4140, the microhardness was measured by using a Microhardness
Tester (SMVK-1000ZS) from Metrotec (Metrotec, Lezo, Spain) with a load of 9.81 N for 15 s.
Ten measurements were taken before and after wear tests, these were obtained at 500 m
and 1000 m of sliding distance in different points within the wear track.

2.5. Lubrication Regime Estimation

In order to define the lubrication regime in which the tribosystems operated, the
film thickness ratio (λ) was determined. It is well established that boundary lubrication
exists when λ is lesser than 1, mixed lubrication when λ ranges from 1 to 3, and hydrody-
namic/elastohydrodynamic lubrication when λ is higher than 3. This parameter is given by
Equation (3) where h is lubricant film thickness and σ* is the composite surface roughness.

λ=h/σ* (3)
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In this work, based on the theory of Hamrock and Dowson [17], the lubricant film
thicknesses were determined following the methodology described in [18].

3. Results
3.1. Microstructure of the AISI 4140 Annealed Steel

Figure 2a exhibits the typical microstructure of the AISI 4140 annealed steel. It can be
observed that the optical micrograph displays coarse pearlite and ferrite phases, whereas its
X-ray diffraction pattern (Figure 2b) shows only the phase α-Fe by the PAN–ICSD code from
the PANalytical database. The mean grain size of the ferrite and pearlite phases were 26 ± 7
and 42 ± 15 µm, respectively, and the average of them was 33 ± 14 µm. The number of grains
by mm2 at 500X was 1214.3 ± 62 and the average grain area was 0.00082 ± 0.00005 mm2.
Approximately, it corresponds to a grain size number (G) of 7 ± 5 agreeing with the ASTM E
112-12. On the other hand, in accordance with the ASTM E 562-02 standard, approximately
40% of the steel is in the ferrite phase, while the other 60% is found as coarse pearlite.
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3.2. Tribological Behavior of AISI 4140 Annealed Steel against Ceramics in Dry Conditions
3.2.1. Friction Behavior

The effect of different ceramic counterparts and normal loads on the mean kinetic
friction coefficient of the AISI 4140 annealed steel for dry conditions is shown in Figure 3.
It can be observed in Figure 3 that AISI 4140 annealed steel tested with ZrO2 as counterpart
exhibited the lowest friction coefficient values under the three employed normal loads. The
friction coefficient values varied from 0.38 to 0.55, whereas the highest friction values were
found when the steel was tested against Si3N4; here the kinetic friction coefficient ranged
from 0.92 to 0.71. A clear tendency to increase the friction coefficient with the growth
of normal load was observed in systems tested against ZrO2 and Al2O3. However, the
opposite behavior was exhibited with the Si3N4 counterpart. The variation in the friction
coefficient with increasing load was much lower in the system tested against alumina,
where in all cases the friction coefficients were closed to 0.56.
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dry conditions.

3.2.2. Wear Mechanisms

Figure 4 shows representative micrographs of the wear track region on AISI 4140
annealed steel examined at 5 N, as well as the wear profiles of the systems. Under the tested
conditions, it was observed that the wear mechanism exhibited by AISI 4140 annealed steel
in dry conditions depended heavily on the counterpart employed, but not on the load. It
is well established that friction and wear are very complex phenomena that are highly
dependent on all the tribosystem conditions [19,20]. Even worn surfaces generally wear
out by more than one process concurrently or one after another. It can be seen in Figure 4a
that, when AISI 4140 annealed steel was tested against ZrO2, it presented a combination of
abrasive and adhesive wear modes, which led it to generate wear marks with little depth
and width, as can be confirmed by the wear profiles (Figure 4d). The Al2O3 counterpart
produced the wear of the steel mainly by abrasion; see Figure 4b,e. The material removed
from the contacting surface generated deeper wear tracks and pile-up material stacking
at the ends of the track. On the other hand, steel samples tested against Si3N4 showed
common signs of abrasive and adhesive wear (Figure 4c,f). The wear profiles showed some
grooves due to abrasive wear; some of the material was trapped inside the wear track and
some was piled up at the ends. In all systems, it was observed that as the load increased,
the width and profundity of the wear tracks, including the amount of pile-up material,
increased. Figure S1 in the Supplementary Materials file shows optical micrographs of AISI
4140 annealed steel worn surfaces at all loads.

For in-depth analysis of the wear of the steel, Figure 5 shows SEM images and EDS
spectra for AISI 4140 annealed steel worn surfaces tested at 5N with the three different
ceramic counterparts as representative samples. It can be observed in Figure 5a that
the steel sample tested against ZrO2 displayed some furrows as well as some bumps of
adhering material. As stated in [19], adhesion typically arises at the joints of rough edges,
then, plastic shearing of the softest asperities occurs; in this case, the AISI 4140 annealed
steel, releasing particles that adhere to the counterface. However, as sliding continues, the
transferred particles dislodge from the pin surface and adhere again to the steel. Such
processes can create larger and harder particles that can end up adhered to the surface,
or free between contact, thus producing abrasive wear, as can be observed in Figure 5a.
Nevertheless, when analyzing the region marked with number 1 through EDS (Figure 5d),
the presence of oxygen was observed, which could imply oxidation of the steel.
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with a polarizing filter and correspond to the load of 5 N as representative samples. SD represents the sliding direction of
the friction tests.
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the location for the EDS analyses. SD represents the sliding direction of the friction tests.

Furthermore, the presence of Zirconium in this spectrum suggests that scraps of pin
particles that could be detached due to local regions of low strength or due to fatigue
stresses were trapped in this area. In contrast, the micrograph of the steel sample tested
against Al2O3 (Figure 5b) showed wedge wear marks and scratches in the sliding direction,
both characteristics of abrasive wear. It has been established that there are various degrees
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of abrasive wear of metals [20]. Cutting first appears to generate a long ribbon-like wear
scrap due to repeated abrasive contact. Then the material is pushed in front of the grit
forming wedges; this grows till its subsequent separation and the process repeats over
and over again. Lastly, ploughing wear with no wear particles arises as a stable abrasive
state where the material is displaced sideways. This last characteristic was confirmed
by the wear profiles in Figure 4e. By analyzing the worn zone marked with number 2
(Figure 5e), a considerable amount of oxygen was observed, which suggests oxidation of
the steel. Similarly, a small amount of aluminum can be observed in this region, which could
indicate traces of the counterpart material. Regarding the wear of the steel tested against
Si3N4, a certain degree of adhesive wear is observed in Figure 5c. Plastic deformation
can be observed here, but no large bumps of adhering material, as observed against ZrO2.
However, abrasive wear traits such as scratches and wear debris were observed. The EDS
analysis in point 3 (Figure 5f) also suggests large degradation of the steel by oxidation
by indicating a high degree of oxygen content. The presence of silicon could indicate the
presence of pin wear particles.

3.2.3. Wear Behavior

To quantify the wear suffered by the AISI 4140 annealed steel under the different
systems, Figure 6 shows the width of the wear track (a) as well as the wear rate value
obtained by profilometry (b) representing the rate at which the material was removed from
the original surface. It can be corroborated from Figure 6a that, under all loads, the wear
track width was smaller for the AISI 4140 annealed steel samples tested against ZrO2; these
values ranged from 132 to 368 µm, whereas those tested against Si3N4 exhibited the widest
wear tracks, which varied from 467 to 1002 µm. As expected, with all the counterparts,
an increase in the wear track width was observed with the increase of load. On the other
hand, Figure 6b shows that the steel samples tested against ZrO2 also showed the lowest
wear rate, which was two orders of magnitude lower than the values generated with Al2O3
and Si3N4 at the load of 1.5 N. The highest values were found with the Al2O3 counterpart
because it was the one that generated the deepest wear marks. The wear rate values were
in the order of ×10–6 [mm3/Nm]. The samples tested against Si3N4 were the only ones
that showed a slight, but clear tendency in wear rate, to decrease with the intensity of load,
which could be because a more stable state was reached.
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3.2.4. Effect on Microhardness Behavior

To evaluate the effect of the sliding process on the properties of the AISI 4140 annealed
steel in the contact surface, the microhardness on the wear track of the steel samples
studied under 5 N was analyzed. Figure 7 shows a representative optical micrograph of a
microhardness indentation on the worn surface of a steel sample tested with ZrO2 (a), and
the Vickers Microhardness behavior (b) of worn surfaces for each ceramic counterpart at
different sliding distances. It can be seen that the microhardness of the worn steel surfaces
was affected by the friction and wear processes. Those samples tested against ZrO2 and
Si3N4, which were essentially worn due to the adhesive mechanism, showed an increase in
the hardness of the steel as the sliding distance increased. An increase in hardness of up to
20% at the end of 1000 m was achieved concerning the initial hardness of the substrate on
both counterparts. Besides, it is important to note that as these samples also exhibited the
lowest values of wear rate, it could be implied that the increase in hardness improved the
wear resistance of the steel.
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In contrast, those tested against Al2O3, which suffered abrasive wear, exhibited a
slight increase of only 5% after 1000 m of sliding. Figure A1 of Appendix A shows the
evaluation of microhardness in steel samples tested against ZrO2 but at a greater sliding
distance of 2000 m. A limit of this behavior of hardness was exhibited to increase with the
sliding distance. This result opens the possibility to further investigate the growth rates in
hardness with respect to time/distance, as well as the removal rates of the hardest particles
to define the most appropriate conditions for several purposes.

With the goal of identifying the cause of microhardness increments, the steel samples
were cut in the transversal direction. They were then polished and chemically etched
to observe the microstructure. Figure 8 shows micrographs of the AISI 4140 annealed
steel etched surfaces. It can be noted that the microstructure near the worn surfaces of
the steel samples tested against ZrO2 and Si3N4 revealed a change in the original phases.
The Pearlite phase displayed reductions in the grain size as well as in the interlamellar
distances between ferrite and cementite constituents. However, the ferritic phase showed
only decreases in the grain size. These responses are attributes of strain hardening, which
increases the hardness and toughness of metallic materials due to rise in yield stress
with the increase of plastic strain [21]. In these cases, the plastic deformations occurred
during the sliding friction process. The refinement on worn surfaces tested with ZrO2 and
Si3N4 was launched to a depth of approximately 50 µm (Zone I). After that distance, a
transition layer can be observed (Zone II), where the pearlite was not completely refined.
In contrast, the sample tested against Al2O3 did not show a perfect grain refinement near
the worn surface.
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3.3. Microstructure and Tribological Behavior of Hardened and Tempered AISI 4140 Steel against
ZrO2 in Dry Conditions

Figure 9 shows optical micrographs of the microstructure (a) and wear track surface
(b) of the hardened and tempered AISI 4140 steel. It can be observed that the microstructure
of the steel consists basically of tempered lath martensite, which is characteristic of this
thermal treatment. Regarding the worn surface of the steel, the same wear mechanism
can be observed, presented by its corresponding characteristics in annealed condition.
It comprises adhesive wear in the form of bonded material, combined with abrasive
marks. Besides, the hardness values in the worn surface section slightly decreased. Table 4
includes the friction and wear results obtained in this system. Although the hardness
value was increased by this thermal treatment, there was a minimal improvement in the
tribological properties.
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Figure 9. Optical micrographs of the microstructure (a) and worn surface (b) of hardened and tempered AISI 4140 steel. SD
represents the sliding direction of the friction tests.

Table 4. Friction and wear results of hardened and tempered AISI 4140 steel vs. ZrO2.

Kinetic Friction
Coefficient

Wear Track Width
(µm)

HV in the Worn Surface after
1000 m (GPa)

Mean Std. Dev. Mean Std. Dev. Mean Std. Dev.

0.47 0.04 309 39 4.80 0.16

3.4. Tribological Behavior of AISI 4140 Annealed Steel against Ceramics in Lubricated Conditions
3.4.1. Friction Behavior

The effect on the kinetic friction coefficient of AISI 4140 annealed steel by the different
ceramic counterparts and normal loads in lubricated conditions is presented in Figure 10.
It can be observed that lubrication helped significantly decrease friction. This property
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reached reductions up to 76%, 81%, and 88% in systems tested against ZrO2, Al2O3, and
Si3N4, respectively, in comparison with their correspondents in dry conditions at 1.5 N.
Concerning lubrication, the friction coefficient of the steel under almost all counterparts
and loads was very low and within a closed range from 0.08 to 0.13. The highest friction
coefficient (µk = 0.19) was detected when the steel was tested against Al2O3 under 5 N,
whereas the lowest value (µk = 0.08) was found against Si3N4 at the same load. In all
systems, a clear tendency was not observed on the friction coefficient with the increase
of load. An exception was presented by the Al2O3 counterpart, which exhibited a clear
upward trend.
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Figure 10. Effect of counterparts and loads on the friction performance of AISI 4140 annealed steel in
lubricated conditions.

3.4.2. Wear Mechanisms

In lubricated conditions, for each ceramic counterpart, the wear mechanism of the
AISI 4140 annealed steel was almost identical in all loads employed. Figure 11 displays
characteristic optical micrographs of wear tracks on AISI 4140 annealed steel analyzed at
5 N as representative samples, and the profiles of worn surfaces at different loads. It can
be observed that with the lubricating medium, the wear was considerably decreased. The
steel samples tested against ZrO2 (Figure 11a) exhibited slight wear; only some scratches
in the sliding direction were seen, typical of incipient abrasive wear. However, such
wear could not be observed by profilometry (Figure 11d). On the other hand, the steel
samples tested against Al2O3 and Si3N4 exhibited even lesser wear. The wear marks for
these samples were barely perceptible by light microscopy (Figure 11 b,c), they looked
like shades. Furthermore, in these cases, the depth of the worn indentation could not be
detected by profilometry (Figure 11 e,f) but could suggest that the wear mechanism was a
light polishing. In Figure S2 in the Supplementary Materials file, optical micrographs of
AISI 4140 annealed steel worn surfaces in lubricated conditions at all loads can be observed.

3.4.3. Wear Behavior

Since the wear suffered by the AISI 4140 annealed steel in lubricated conditions was
only perceived by optical microscopy, Figure 12 presents the width of the wear tracks as a
particular method to measure wear. Under lubricated conditions, the wear track width values
obtained with the different counterparts were up to 12 times smaller than their equivalent dry
values. At loads of 1.5 and 3 N with lubrication, the widest wear tracks were obtained with the
ZrO2 counterpart, while the smallest were presented when the steel was tested against Al2O3.
However, at the 5 N load, the roles were inverted, and the samples tested against Al2O3 showed
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the highest values. Again, it was observed that, for each counterpart, there was a well-defined
tendency in the wear track width to increase as the load increases.
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Figure 11. Optical micrographs and profiles of the wear mark on AISI 4140 annealed steel tested in lubricated conditions
with different ceramic counterparts: ZrO2 (a,d), Al2O3 (b,e), and Si3N4 (c,f). Note: The optical micrographs were taken at
100X with a polarizing filter and correspond to the load of 5 N as representative samples. SD represents the sliding direction
of the friction tests.
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Figure 12. Effect of counterparts and loads on the wear track width of AISI 4140 annealed steel under
lubricated conditions.

3.4.4. Lubricating Regimes

Table 5 summarized the estimated central and minimum lubricant film thicknesses
and lambda ratio values for the lubricated systems of AISI 4140 annealed steel and the
different counterparts. With all counterparts, the central and minimum lubricant film
thicknesses decreased with the increasing of normal load but were within a close range
from 168 to 153 nm, and from 94 to 84 nm, respectively, while the lambda ratio varied
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from 3.4 to 3.1, and 1.9 to 1.7 for central and minimum values. Those dates correspond to
hydrodynamic and mixed lubrication, which are regimes in which a considerable thick
lubricating film separates the surfaces in contact and reduces wear. The highest values
were obtained with the ZrO2 counterpart, but against Al2O3 and Si3N4, the lubricating film
thickness and the lambda ratio were estimated to be equal.

Table 5. Lubricant film thickness (h) and lambda ratio (λ) of AISI 4140 annealed steel lubricated systems.

Counterpart Load
H λ

c min C min
N nm nm Nm nm

ZrO2

1.5 168 94 3.4 1.9
3 160 89 3.2 1.8
5 155 86 3.1 1.7

Al2O3

1.5 166 92 3.3 1.8
3 158 87 3.2 1.7
5 153 84 3.1 1.7

Si3N4

1.5 166 92 3.3 1.8
3 158 87 3.2 1.7
5 153 84 3.1 1.7

4. Discussion

Friction and wear phenomena are important problems to reduce to achieve better
efficiencies in machines and mechanical elements, as well as to decrease damage and
costs due to material loss. However, they are also quite complex, since they depend on
many variables such as the properties of the materials in contact, loads and speeds, and
environmental conditions, among others. In this study, it was seen how, under the same
conditions, three different ceramic counterparts can produce quite a different effect on the
widely used AISI 4140 annealed steel, mainly in non-lubricated conditions. In this state,
the counterpart ZrO2, due to its lower modulus of elasticity and Poisson’s ratio, produced
lower contact pressure and therefore significantly decreased friction. This condition was
repeated with the other two counterparts, where the Si3N4 counterpart produced greater
friction. Wear behavior was a bit different. Here, the hardness and toughness of the
counterparts could have a greater influence. In this case, Al2O3, which is the counterpart
with higher hardness and lower toughness, caused more damage to the steel. The second
harder counterpart, Si3N4, although with higher toughness, produced middle wear. In that
sense, ZrO2, which has the lowest hardness and intermediate toughness, caused the least
wear on the steel. On the other hand, the distinct counterparts had different effects on the
wear mechanisms. However, for the same counterpart, wear mechanisms exhibited were
the same in each load, and only the intensity of them varied. Steel samples tested against
Al2O3 were abraded mainly because of the high hardness of the counterpart, while those
tested against ZrO2 and Si3N4, which had a lower hardness, were worn by adhesion. Such
a mechanism produces large plastic deformations, and as observed, they also produced
a change in the microstructure of the material near the wear zone. The coarse pearlite
on the original surface underwent refinement and became fine pearlite. This fine phase
had higher strength and toughness because finer layers resist relative sliding to each other.
Thus, the steel becomes harder, and its wear resistance is improved. Under lubricated
conditions, behavior is largely defined by the thickness of the lubricant that separates the
contact surfaces, as well as the physical-chemical interaction between the surfaces and the
lubricating medium. In this study, it was observed that, under mixed or hydrodynamic
conditions, both friction and wear of AISI 4140 annealed steel were considerably reduced.
Generally, the higher the lubricating film thickness, the lower the wear. This was confirmed
by this study, since all the counterparts obtained lower wear at a load of 1.5 N, where
they allowed a higher film thickness. On the other hand, friction does not have a linear
relationship with film thickness, as can be seen in the well-known Stribeck diagram [19].
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Such curves must be generated for each system by varying loads, speeds, and viscosities,
which is out of the aim of this investigation.

Interestingly, there is enough evidence that the friction and wear properties of the
AISI 4140 annealed steel against ceramic counterparts are in the range of those reported
for the same steel treated with different techniques at similar dry friction conditions. By
comparing the tribological performance of this steel against ZrO2, it was observed to be
closed to that of the hardened and tempered steel at the same conditions (at 5 N), as was
exhibited in Section 3.3. Although the hardening treatment increased the hardness of
the steel by more than 144% compared to simple annealing conditions, friction and wear
were only improved by 14% and 16%, respectively. Furthermore, the presented results
with the annealed steel are also within the values reported by other authors. For example,
Totik et al. [4] reported friction coefficient values ranging from µ = 0.76 to µ = 0.41 for a
4140–steel hardened by induction. Similarly, M. Heydarzadeh Sohi et al. [22] described
friction coefficient values around µ = 0.8 to µ = 1.1 for plasma nitrocarburized AISI 4140
steel. They applied lower contact pressure than those used in the present work. In addition,
C. Lorenzo-Martin and O.O. Ajayi [23] found friction coefficients of µ = 0.78 and µ = 0.6 for
AISI 4140 steel hardened by friction stir process (FSP) and conventional heat treatment (HT),
respectively, both with a lower contact pressure (0.7 GPa) than this work. Although for
the lubricated condition they used contact pressures slightly higher than those used in the
present investigation, they reported higher friction coefficient values than those between
µ = 0.1 and µ = 1.2 for all the friction tests. As a final point, the tribosystems studied in
this work produced wear rates of about 10–8 to 10–6 mm3/Nm in dry conditions and much
lower in lubricated conditions, which represent systems with good wear behavior [24].

5. Conclusions

In this contribution, the tribological behavior of the AISI 4140 steel in annealed
condition was investigated against three different ceramic counterparts: ZrO2, Al2O3, and
Si3N4 with and without lubrication.

In dry conditions, the ZrO2 counterpart allowed to obtain the lowest friction and wear
at all tested loads. Notably, at 1.5 N, friction coefficient and wear rate were reduced 60%
and 94%, respecting Si3N4 counterpart, respectively, and up to 30% and 99% regarding
Al2O3. The wear mechanisms did not depend on the normal load, but on the counterpart
employed. The steel samples tested against Al2O3 were worn out by abrasion due to the
high hardness of the pin, whereas the samples tested against ZrO2 and Si3N4 allowed
adhesive mechanism. The plastic deformation of the steel samples experimented with the
latter counterparts caused grain refinement near the worn surface by strain hardening,
thus improving the mechanical properties and wear resistance.

In lubricated conditions, all counterparts caused low friction and wear due to the
mixed and hydrodynamic lubricating regimes. Compared with ZrO2 at 5 N, Si3N4 coun-
terpart decreased friction and wear 60% and 9%, respectively, whereas Al2O3 exhibited
reductions of 47% and 11%.

For the above, this study suggests that AISI 4140 annealed steel can be employed
in mechanical systems in contact with ceramic counterparts such as in hybrid bearing
applications and produced acceptable friction and wear. Likewise, it encourages the
use of these materials in a greater range of tribological applications, even without the
implementation of other treatment processes.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/met11081275/s1, Figure S1. Optical micrographs at 100X of the wear track on AISI 4140
steel tested in dry conditions with different ceramic counterparts and loads. Figure S2. Optical
micrographs at 128X of the wear track on AISI 4140 steel tested in lubricated conditions with different
ceramic counterparts and loads.
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Appendix A

In order to evaluate the microhardness behavior on the worn surface of 4140 annealed
steel, additional essays were done with the counterpart of ZrO2 under the same tribological
conditions at a load of 5 N, but at 2000 m of sliding distance; see Figure A1. In this figure,
it can be seen that as the sliding distance increases above 1000 m, the hardness in the wear
track slightly decreases. This may be because as harder wear particles are created, it is
easier for them to be removed from the original surface. Further studies will be carried out
on the hardness behavior for time/distance with the focus of specifying the most proper
conditions for specific purposes.
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