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Abstract: The unidirectional rotary and reciprocating sliding experiments of the 40Cr pin/GCr15
disc tribo-pair were carried out on the MFT-5000 Rtec friction and wear tester under the same test
conditions with a sliding speed of 0.2 m/s and a load of 150 N. Compared with reciprocating sliding,
the tribo-pair in rotary sliding exhibits a stabler friction coefficient and better wear resistance. By
analyzing the wear surface morphologies of the two pins, the main wear mechanism was found to
be adhesive wear. For the tribo-layer of pin under reciprocating sliding, the surface microstructure
plastically converges and forms a ridge from both sides to the middle, while a vortex structure is gen-
erated in the tribo-layer of pin under rotating sliding. The metamorphic structure and mircohardness
of tribo-layer caused by the sliding forms are the key factors affecting the tribological properties.
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Tribo-Pair under Unidirectional The friction and wear behavior of mechanical tribological pairs can be influenced

by several variables, such as contact geometry, lubricant rheology and chemistry, relative
motion, applied forces, the presence of third-bodies at the interface, temperature, stiffness
and vibrations [1]. Parts operating in different sliding modes may be made of the same
material. For example, 40Cr steel is commonly used to manufacture transmission shaft
Academic Editor: Véronique Vitry or piston parts. The metal-to-metal bearing combination in total hip arthroplasty [2,3]
also has different sliding modes during its service process. Different sliding modes will
inevitably lead to different tribological properties during its service, which is a field that
needs in-depth research.

Plenty of studies have shown that the sliding modes affect the friction and wear
properties in tribo-systems. Mussa et al. [4] reported that the motion form had significant
influences on the wear volume and crack nucleation of the specimens in sliding contact.
Han et al. [5] showed that the relative scuffing resistances of 1080 steel and grey cast
iron were totally different with various sliding motions. Cho et al. [6,7] investigated the

relationship between the sliding motion and the surface life against scuffing failure under
lubricated conditions. Wu et al. [8] concluded that lubricant starvation caused by the
piled-up of nano-MoS, in unidirectional sliding impaired the lubrication performance,
whereas reciprocating sliding improved the lubrication performance by forming net-like
This article is an open access article  Clusters with MoS; nanoparticles. Balarini et al. [9] also detected that the presence of
distributed under the terms and  MOSy tribo-film led to effective friction reduction only in tests with reciprocating motion.
conditions of the Creative Commons ~ Liul et al. [10] suggested that the origin of the low friction of hydrogenated diamond-like
Attribution (CC BY) license (https://  carbon (H-DLC) films depended on unidirectional and reciprocating motions. Zhang
creativecommons.org/licenses /by / et al. [11] compared the unidirectional and reciprocating sliding of a Cu-Al alloy and
40/). found that the reciprocating sliding was favorable for producing a morphologically vortical
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pattern and the DRX (dynamic recrystallization) structure, which rarely occurs under
unidirectional sliding. In addition, the different types of sliding motion also have certain
impacts on the friction and wear properties of coatings [12], nanoscale composites [13] and
magnesium alloys [14].

Up till now, few comparative studies have been done about the influences of motion
forms on the friction and wear behavior of structural steel under the same friction system.
The general opinion is that the microstructural evolution and plastic deformation occurring
in the sliding friction-induced deformation layer (tribo-layer) directly affect the friction and
wear behaviors [15]. However, the early comparative studies [16-19] of different sliding
motions of steels did not take into account the microstructural evolution and microhardness
gradient in tribo-layers. As one of the most widely used friction pair materials in mechanical
transmission components, the tribological behaviors of 40Cr steel were mainly investigated
under unidirectional sliding conditions [20,21]. There are few studies on reciprocating
the tribological behavior of 40Cr steel, especially the comparison of reciprocating and
unidirectional sliding friction.

In the present work, the tribological behaviors of normalized 40Cr pin against hard-
ened GCrl15 disc/flat tribo-pair were studied using the MTF-5000 Rtec multifunctional
tribometer on a reciprocating and rotary pin-on-disk contact in the same test conditions.
The microstructural evolution in the tribo-layers with sliding mode is analyzed, so as to
provide reference for the optimization of steel-steel friction pairs.

2. Materials and Experimental Methods
2.1. Sample Preparation

Commercial 40Cr steel and GCr15 steel with the chemical compositions listed in
Table 1 were used as pin and disc/flat materials. The 40Cr pin had initial dimensions of
®6 mm x 12 mm and hardness of 222 HBW after normalized at 850 °C. The GCr15 disc and
flat had initial dimensions of ®50 mm x 6 mm and 35 mm X 20 mm X 8 mm, respectively,
and hardness of 60 HRC after oil quenching at 830 °C and tempering at 180 °C for 2 h. The
surface roughness of the samples was 0.6 um.

Table 1. Chemical compositions of 40Cr and GCr15 steels (wt.%).

Material C Cr Mn Si Ni S P Fe

40Cr 0.434 0.893 0.644 0.242 0.026 0.007 0.014 Balance
GCr15 1.010 1.479 0.315 0.218 0.022 0.008 0.021 Balance

2.2. Wear Test and Characterization

The dry sliding wear test was carried out using a Rtec MTF-5000 multifunctional
tribometer (Rtec instruments, San Jose, CA, USA) in a pin-on-flat contact in reciprocating
and rotary configurations at room temperature in air. For reciprocating motion, a sliding
stroke was 10 mm, and reciprocating frequency was 10 Hz (0.2 m/s sliding speed). To
ensure the same sliding speed, rotary motion was carried out at 200 rpm with a gyration
radius of 9.55 mm. The normal load was 150 N for two motion forms, and the nominal
contact pressure was around 5.31 MPa. Wear tests were conducted at different friction
durations in the range of 15 to 240 min. Before and after the experiment, the specimens
were ultrasonically cleaned for 10 min in a mixture of acetone and ethanol. The testing
results were averaged from three repeated tests. The mass loss of sample was determined
by a G&G-J]J124BC precision electronic balance (G&G, Guangdong, China) with 0.1 mg res-
olution, and the corresponding wear rate was calculated by the equation: W = (Eg — E;)/T,
where W is the wear rate (g/s), Eg is mass before test (g), E; is mass after test (g) and T is
sliding time (s). The experimental data are the averages of three repeated tests.

A Sigma-300 field emission scanning electron microscope (FE-SEM) (ZEISS, Oberkochen,
Germany) was employed to observe the wear surfaces and cross-sectional morphologies of
the pin specimens. After worn surface observation, the pin was nickel electrodeposited to
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protect the worn surface against damage and edging effect. The composition ratio of the
plating solution is shown in Table 2. The plating current was 25 mA /cm?, and the plating
time was 40 min.

Table 2. Composition of the electroplating nickel bath.

Composition NISO4 '7H20 N1C12 H3BO3 NaC12H25SO4
Content 320g /L 45¢g/L 30g/L 0.5g/L

The pins were cross-sectioned perpendicularly to the center of wear scar and parallel
to the sliding direction, then inlayed using epoxy resin The center of the cross-sectional
specimen was selected for observing the microstructure and measure microhardness of the
tribo-layer. In addition, the pin specimens after reciprocating sliding were tested at quartile
points along the sliding direction. These samples were prepared by grinding, mechanical
polishing and electrolytic polishing.

The cross-sectioned microhardness of the tribo-layer of the pin was measured by
a VH-1102 Vickers hardness tester (Buehler, Lake Bluff, IL, USA) under a 10 g load for
10 s. The transverse distance of two adjacent microhardness indentations was kept three
times larger than the maximum diagonal to prevent interactions between consecutive
measurements [22]. Each reported hardness value was the average of at least seven effective
measured results.

Figure 1 summarizes the experimental flow and adds some details.
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Figure 1. Schematic diagram of workflow of experimental test.

3. Results and Discussion
3.1. Tribological Performance

Figure 2 exhibits the friction coefficient (CoF) curves of normalized 40Cr pins and
GCr15 specimens found via the rotary and reciprocating sliding. The error bars were
obtained by calculating the standard deviation of the CoF, which can be used to characterize
the degree of fluctuation of the CoF. The results showed that the CoF of reciprocating sliding
is higher than that of rotating sliding. Compared with the rotary sliding with an error bar
fluctuation range of 0.12, the CoF of reciprocating sliding was more unstable with an error
bar fluctuation range of 0.2. For unidirectional sliding, Griitzmacher et al. [23] suggested
that the CoF curve showed some fluctuations due to the interaction of the presence of wear
particles and the contact asperity, which was typical of frictional contacts with high contact
ratios. As interfacial medium, debris may cause a larger friction coefficient and larger
fluctuation under reciprocating sliding [10,18]. In addition, the stroke of reciprocating
sliding is shorter than that of rotary sliding, and the heat dissipation is slower, which
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intensified the formation and propagation of surface microcracks and the detachment of
debris from the matrix [24].
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Figure 2. The variation of friction coefficient with the sliding time under rotary sliding and recip-
rocating sliding modes (a); the average friction coefficient with error bars for rotary sliding (b) and
reciprocating sliding (c).

Figure 3 shows the changes in wear rates and mass loss with sliding time after rotary
and reciprocating sliding tests. The mass loss measured in two different sliding modes
show that the samples under unidirectional sliding exhibited higher wear resistance than
those under reciprocating sliding, which is similar what was reported in [4,11]. Note that,
although most of the wear debris disappeared after cleaning the sample, the debris was not
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completely ejected from the system as the third body in the interface [25]. It means that the
wear rate and mass loss measured in this paper do not represent the actual material loss,
but these data reflect the different stages and trends of wear and provide a certain reference
for comparing the degree of material wear under the two motion forms. The formation,
coalescence, and detachment from the sliding interface of wear particles greatly affected
the friction and wear performance [18]. Therefore, the analysis of wear particles is further
work that needs to be done.
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Figure 3. The variation in wear rate with the sliding time under rotary (a) and reciprocating sliding (b);
the average mass loss of the pins under rotary (c) and reciprocating sliding (d).

The different trends of the wear rate from above tests indicated that the wear mecha-
nism may have changed correspondingly. To explain the above phenomena and appreciate
how the sliding modes affect the wear resistant, SEM observations of the worn surfaces of
pin, flat and disc samples, and the cross-sectional morphologies of pin after different test
durations were carried out. The microhardness along the depths ranging from the worn
surface to the matrix for various distances was analyzed to discuss the wear mechanism
and the possible reasons for different wear rates caused by sliding friction modes.

3.2. Wear Surface Morphology
3.2.1. Pin Samples

The dry sliding wear mechanism of pin sample under rotary sliding involved basically
oxidation wear and adhesive wear. In the initial stage (Figure 4a), some porous initial
oxide layer can be observed on the wear surface of pin sample. With the increase in
sliding time, it was sintered and solidified under the action of friction heat; mixed and
compacted with wear debris particles; and transformed into a larger black layer structure,
as shown in Figure 4b, that may be the so-called mechanical mixing layer (MML) [26]. The
studies [27,28] have testified that the hardness of MML is higher than that of the matrix
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material, which plays a protective role in the friction process as anti-friction layer. When
the oxide film reaches the critical thickness, it becomes unstable and easy to peel off as
wear debris due to its brittleness nature and the internal stress [5]. As shown in Figure 4c,
the wear surface seriously peeled off and the groove became deeper.

Figure 4. Surface morphology of pin sample in rotary (a—c) and reciprocating sliding (d—f) under
different sliding durations.

For the reciprocating sliding, it can be seen in Figure 4d—f that the adhesive tracks on
the wear surface are more severe and rougher. The oxide layer was sheared and squeezed
to develop a cellular structure in both directions during sliding. Periodic bidirectional
shear leads to a rougher surface, which is similar to the result in [4]. This also explains the
results in Figures 2 and 3. With the progress of wear and the action of reciprocating shear
forces, the oxide layer was completely removed from the surface in the form of extrusion
or delamination. The silver—-white matrix material was revealed (Figure 4e). Additionally,
the formed hard oxide debris, as abrasive particles ploughed the wear surface, aggravating
the wear of tribo-pair, as shown in Figure 3. Additionally, the uneven wear surface of
reciprocating sliding pin reflected more severe plastic deformation and sharp friction, as
shown in Figure 2. The high temperature induced by friction heat softened the surface
layer and then promoted the further plastic flow of tribo-layer [29].

3.2.2. Disc and Flat Samples

Figure 5 reveals the typical wear surfaces of disk and flat. The wear surface mor-
phology after unidirectional rotating sliding was found to be very different from that after
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reciprocating sliding. For rotary sliding (Figure 5a—c), the main damage mechanisms are
grooves running in the sliding direction and plastically deformed side ridges around the
grooves, indicating that abrasive wear mainly took place at the initial stage. In the process
of rotary sliding, the soft pin sample surface is prone to plastic deformation [30]; it softens
and adheres to the friction plate surface with sliding time. Large pieces of protrusive
material with dark grey could be observed on the wear surface, which distributed unevenly
along the sliding direction, as shown in Figure 5c. They were assumed to be the products
transferred from the pin surface due to plastic deformation and extrusion under the action
of friction. After 60 min of rotary sliding, the grooves gradually decreased and the adhesion
marks gradually increased in the worn surface of the disc specimen, which indicates that
the adhesive wear gradually plays a dominant role as the main wear mechanism. The
softer and more ductile pin metals tended to undergo more interlocking and hence agglom-
eration [18], and then transferred to the surface of the disc and formed a layered structure
which peeled off from the disc substrate (Figure 5b,c). This is one of the reasons that the
wear rate of the disc was much lower than that of the pin (Figure 3a).

Figure 5. Surface morphology of GCr15 disc or flat after rotary (a—c) and reciprocating sliding (d—f)
for different sliding durations.

For reciprocating sliding, it can be observed from the wear surfaces (Figure 5d—f) that
they were much smoother and had fewer grooves. In addition, large clumps of adhesive
material and oxide blocks were observed, indicating the main wear mechanisms were
adhesive wear and oxidation wear. As shown in Figure 5d, there were small pits and black
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adhesive pits distributed on the wear surface of flat after 15 min sliding. The studies [17,18]
have shown that compared with unidirectional motion, the reciprocating debris particles
are smaller, and the possibility of debris remaining in the contact area increases. This was
because the particles are easier to break when the motion or the direction of applied stress
is reversed. With the progress of wear, the wear debris falling off during the wear process
was repeatedly coated on the surface of the grinding plate under repeated compressive
stress, resulting in a rough surface, as shown in Figure 5e. In Figure 5f, it can be observed
that there are many oxide fragments on the wear surface of the plate, which are compacted
debris and those adhesive transferred materials from the pin surface. They are subjected
to back-and-forth shear stress and friction heat in the wear process, accumulated and
compacted on the wear surface, causing more serious oxidation. This is the reason why
the friction coefficient decreases (Figure 2) and the wear rate hardly increases after a long
period of reciprocating sliding (Figure 3). The comparative analysis of the wear surfaces of
the two sliding forms indicated that under reciprocating sliding conditions, more attention
should be paid to the improvement of the anti-adhesive wear performance of the disc.

3.3. Microstructural Evolution in the Tribo-Layer
3.3.1. Rotary Sliding

Figure 6 displays the cross-sectional microstructure in the central area of the rotary
sliding pin under different sliding durations. The plastic deformation intensified with the
extended testing duration, which revealed obvious plastic flow along the sliding direction
in the near surface area. As reported in [27], structurally, such a distinct area could be
divided into different zones as follows (the outer layer is a protective Ni coating):

15min

~——————  Sliding direction Nilcoating

1 MML

PDL

Figure 6. Cross-sectional microstructures of 40Cr pins after rotary sliding: (a) 15 min, (b) 120 min,
(c) 240 min, (d) the magnified region in (b).

(I) The mechanical mixing layer (MML). A large amount of pearlite in this layer was
deformed and broken, and there was an obvious gap in the local area. During the process
of repeated cyclic friction, flake pearlite on the surface was plastically deformed along the
sliding direction under the action of normal stress and shear stress. However, due to its
brittleness nature, it was easy to break and expand along the ferrite with low hardness and
formed pores.
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(II) The plastic deformation layer (PDL). The plastic flow line along the sliding di-
rection can be observed, and the deformation degree gradually decreased from the worn
surface to the matrix. The severe plastic deformation induced by sliding friction caused
abundant defects, such as dislocations and vacancies, which had a great influence on the
grain refinement and strain hardening behavior of materials during friction.

After the sliding duration of 15 min, as shown in Figure 6a, the microstructure of the
sub-surface layer absorbed a certain amount of friction energy, resulting in discontinuity
and partial fracturing of the structure [31]. With the increase in wear time, as shown in
Figure 6b, it can be observed that the protective MML layer thickened, which reduced
the wear rate of pin samples (Figure 3a). At this time, the laminar flow between pearlite
and ferrite on the surface of the deformation layer was destroyed and mixed near the
surface, which formed a vortex structure. Our previous study [21] reported a similar
vortex structure, which was caused by uneven local stress distribution, and sub-surface
observations revealed a nanocrystalline structure. Due to the local high strain [32] and
shear instability [33,34] during frictional wear, the dislocation continued to accumulate
with the deformation process and gradually formed sub-structures with high densities of
defects, until the original gradient structure formed fragments and particle aggregates of
different scales [35]. Such sub-structural fragments underwent translational and rotational
deformation along the sliding direction [36], eventually forming a discontinuous, vortex
structure with a radius depending on the thickness of the fragmentation layer in a local
area under a certain depth from the wear surface (Figure 6b). It should be noted that
due to the structural incompatibility between the crushed material and the surrounding
nanocrystalline layers [36], the presence of defects such as voids and cracks could be clearly
observed at the boundaries of the turbulent-like structure, such as the large number of
cracks between the MML layer and the vortex structure in Figure 6d. The main features of
this generated turbulent-like structure are the accumulation of severe plastic deformation
and the high degree of grain refinement, and we measured the microhardness of this
structure, which will be discussed in Section 3.4.

3.3.2. Reciprocating Sliding

Figure 7 displays the cross-sectional microstructure in the central area of the recipro-
cating sliding pin under different sliding durations. No obvious MML layer or PDL layer
was observed in a short test period (Figure 7a), and the wear surface was relatively flat. The
fatigue failure caused by bidirectional shear force during reciprocating sliding may be the
reason that why MML layer was difficult to form. In addition, although the sliding speed
was consistent, the smaller motion trajectory under reciprocating sliding accelerated the
accumulation of friction heat, which made it difficult to form MML [37]. The wear rate of
the pin specimen under unidirectional rotational sliding was much lower than that under
reciprocating sliding (Figure 3), which indicated that the formation of the MML layer was
beneficial for reducing the wear rate.

It is noteworthy to mention that no vortex structure like that of a unidirectional sliding
pin (Figure 6) was found in the cross-sections of reciprocating sliding pins after extensive
tests. Differently, Zhang et al. [11] found that the reciprocating motion facilitated the
generation of vortex structures in nanostructured copper. Griitzmacher et al. [38] reported
the vortex-like nanostructures under reciprocating sliding. On the one hand, reciprocating
sliding sheared in both directions with opposite strains, so one possible reason for the
structures is that strain rates are insufficient to produce a nanocrystalline structure, such as
a nanostructured mixed layer (NML). This substructure provided enough inhomogeneity
to allow shear instability, offering conditions for the creation of vortex structures [39]. The
reports on the vortex structure of steel materials focused on unidirectional sliding [21,35].
Of course, this speculation requires sufficient experiments or computational analysis to
verify. On the other hand, related experiments have shown that the vortex structures
tended to occur in FCC metals or their alloys with low stacking fault energies [11,30-32].
These softer metals are characterized by the rapid accumulation of dislocations in the early
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stages of strain, reducing their energy by adapting to low-angle subgrain boundaries. After
further deformation, the subcrystal diameter decreased and the difference in subcrystal
orientation increased, leading to the appearance of large-angle grain boundaries [31].
Zhang et al. [11] found that the reciprocating motion facilitated the generation of vortex
structures in nanostructured copper. The recrystallization of low stacking fault energies
materials during wear would dominate the surface and sub-surface structural evolution
patterns [40], contributing to the formation of nanocrystals [41], when vorticity resulting
from shear instability may more readily drive mechanical mixing and the formation of
NML-like structures [42]. In summary, compared to the nanostructured copper reported
by [11], BCC-structured steel materials under reciprocating sliding would have difficulties
in forming vortex structures. In addition, the alloying element addition [35,43] had an effect
on the formation of the vortex structure by changing the plastic deformation mechanism
or by suppressing the grain boundary migration rate. Therefore, it is also important to
consider the adjustments in alloy composition or initial microstructure under different
friction systems.

Sliding direction 15min

Figure 7. Cross-sectional microstructures of 40Cr pins after reciprocating sliding: (a) 15 min,
(b) 120 min, (c) 240 min, (d) the magnified region in (c).

An interesting phenomenon can be observed in Figure 7b,c: the tissue on both sides
was biased towards the central region. To further observe this phenomenon, Figure 8 shows
the cross-sectional microstructure of each region after 120 min of reciprocating sliding. The
PDL depth increased gradually, and the deformation flow line was gradually apparent from
the center of the pin to its edge, which implied that the outer layer of the pin underwent
greater plastic deformation and work hardening. Furthermore, it can also be found in
Figure 8a,b,d e that the outer microstructure of the pin showed that the edge flowed to
the middle due to the shear force in the opposite direction during reciprocating sliding.
In addition, the analysis on the cross-sectional microstructure of the pin after different
reciprocating sliding duration showed that the flow line in the outer layer bended and
aggregated towards the center regardless of the test duration. The longer the test lasted or
the longer the pin slid, the more pronounced this phenomenon became (Figure 7).
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Figure 8. Cross-sectional microstructures of 40Cr pin after reciprocating 120 min sliding: (a) left edge
area, (b) left quarter area, (c) central area, (d) right quarter area, (e) right edge area, (f) the sketch of
the location of each quartering point.

3.4. Microhardness Gradient

Figure 9 illustrates the variations in microhardness throughout the depth from the
worn surface to the matrix after sliding for various durations under rotary sliding. The
highest hardness appeared in the outermost area. The cross-sectional hardness gradually
decreased from the surface to the matrix. It is not difficult to find that this trend was
consistent with the microstructural evolution in the sub-surface layer, as shown in Figure 6.
The outmost layer region exhibited higher microhardness after 60 min sliding, which
is consistent with the trend of reducing wear rate in the pin samples in Figure 3 and
the massive oxide on the wear surface in the Figure 4b. Rosenkranz et al. [44] reported
that enlarged surface oxidation can lead to a significant increase in hardness and thus
reduce wear, which was confirmed by our experimental results. At this time, many vortex
structures generated at the outer surface. The microhardness values near this region
increased steeply, exhibiting a relatively high microhardness of 489 HVj o1, which was
similar to the results shown in [34]. Unfortunately, none of the studies [31-33] have carried
out hardness characterization of the vortex structure. In addition, the formed structure
and surrounding microstructures can be further analyzed by nanoindentation technology,
which is the work we need to carry out in the future.
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Figure 9. Microhardness changes below the central area of 40Cr pin wear surface after different
sliding distances under rotary sliding.

Our previous study [21] confirmed that the vortex structure was mainly composed of
nanocrystals caused by severe plastic deformation, forming hardened areas near the wear
surface. As shown in Figure 6d, after 120 min of sliding, the vortex structure boundary was
prone to forming cracks and peel off at the boundary. Concurrently, the plastic toughness of
the surface material could not effectively absorb friction energy through plastic deformation,
through the formation and expansion of cracks and brittle hard abrasive chips from the
parent matrix to absorb and dissipate friction energy. The surface material gradually lost its
strain hardenability. The tissue of this layer was gradually extruded from the surface of the
plastic deformation layer during the wear process [45]; i.e., its plastic deformability decayed.
At the same time, the tissue at the bottom of the vortex layer continued to transform into
a vortex structure under shear (Figure 10); i.e., the vortex structure underwent a cyclic
process of stripping and regrowth during steady state, during which a large number of
fragmentation products were carried away from the tribo-layer. In return, an imminent
stripped layer formed, and the wear rate increased [21].

O —O0

Figure 10. Schematic diagram of the development of the vortex structure.

The microhardnesses of different sliding modes were also compared in the report [4],
but the hardnesses of different positions under reciprocating sliding was ignored. In
Figure 11, microhardness curves are plotted according to the location of each region in
Figure 8f. The results show a gradual decrease in microhardness from the edge region to the
center region, a trend consistent with the degree of plastic deformation in the cross-sectional
organization of Figure 8. The smaller and more uneven oxide layers (Figures 7 and 8)
under reciprocating sliding may be responsible for this trend [27,28]. Besides, unlike
unidirectional rotational sliding, shearing in both directions under reciprocating sliding led
to an inconsistent direction of plastic deformation, with plastic flow on one side weakening
plastic deformation in the opposite direction. This offset was most evident in the central
region: the direction of deformation changed at a location in the middle. The lower hardness
in the intermediate region also increased the actual contact area, raised the incidence of
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adhesion [46], accelerated the flaking of abrasive chips and led to a much higher wear rate
of the pin sample under reciprocating sliding than under rotary sliding, as in Figure 3.

400 400
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Figure 11. Microhardness changes in different areas of 40Cr pin wear surface and different depths
below the surface under reciprocating sliding duration of: (a) 15 min; (b) 120 min; the abscissa
represents each area in Figure 8f.

Those results suggest that the sliding mode significantly influenced the response of the
tribo-layer’s microstructure and the hardness gradient. It can provide some reference value
for the optimization of steel-steel tribo-pair, although it is not comprehensive enough. More
investigation is worth doing for different debris sizes and morphologies, along with finite
element analysis of the contact pressure and mechanism analysis at the dislocation level.

4. Conclusions

Based the comparative study of the tribological properties of the 40Cr/GCr15 tribo-
pair under unidirectional rotary and reciprocating sliding tests, the following conclusions
can be drawn: The 40Cr/GCr15 tribo-pair under unidirectional sliding exhibited higher
wear resistance than under reciprocating sliding. The wear mechanisms of the pin sample
under rotary sliding involved mainly oxidation wear and adhesive wear, whereas the
wear mechanism of the pin sample under reciprocating sliding involved mainly severe
adhesive wear. The sliding mode significantly influenced the response of the tribo-layer’s
microstructure and the hardness gradient. For reciprocating sliding, the microstructural
plastic flow of the tribo-layer converged from the edge to the center area, and the PDL
thickness decreased from the edge area to the center area. This trend was consistent with
the measured hardness in the tribo-layer. Under unidirectional rotary sliding, the severely
deformed vortex structure with high microhardness and brittleness was formed in the
tribo-layer. The reason for the difficulty in forming the vortex structure in reciprocating
sliding may have been the relatively high stacking fault energy and insufficient strain rate.
Therefore, it is necessary to perform further study at the dislocation level and finite element
simulations. These are underway.
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