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Abstract: The study aims to investigate the influence of environmental media on the friction and wear
behavior of low-alloy wear-resistant steels and to provide practical references for their application.
This article conducted sliding wear tests on NM500 wear-resistant steel under different loads under
air atmosphere, deionized water, and 3.5 wt% NaCl solution conditions. Someone quantitatively
measured the friction coefficient and wear amount of each friction pair. The present study employed
scanning electron microscopy, energy dispersive spectroscopy, and a white light interference three-
dimensional surface profiler to analyze the surface structure, cross-sectional morphology, element
distribution, and wear mechanism of the wear scars under various experimental conditions. The
results show that: In deionized water, NM500 has the best wear resistance, while the dry state is
the worst. The lubricating and cooling effect of the liquid, as well as the corrosive effect of the NaCl
solution, play an essential role in the wear behavior of NM500. Under dry friction conditions, the
wear mechanism of NM500 is principally adhesive wear, fatigue wear, and oxidation wear. In the
case of wear testing in deionized water, the researchers characterized the dominant wear mechanism
as adhesive wear in conjunction with fatigue wear and abrasive wear. In contrast, when they carried
out the wear testing in NaCl solution, the wear mechanism was primarily driven by corrosion wear
and adhesive wear, with only a minor contribution from fatigue wear.

Keywords: NM500; wear mechanism; friction and wear; environmental media

1. Introduction

As industries rapidly develop, the demand for wear-resistant materials in friction
and wear also increases. Hence, it is crucial to consider using products made from such
materials to minimize material consumption [1]. In recent years, industrial machinery has
increasingly stringent requirements for the performance of wear-resistant materials, so low-
alloy high-strength wear-resistant steel with good wear-resistance properties has gradually
become the focus of the application. The relevant market demand is also growing [2].

Compared with high manganese steel and high chromium cast iron, as a widely used
low alloy high strength wear-resistant steel, NM500 has the advantages of low cost and easy
processing [3-6]. It corresponds to the AR500 grade under the ASTM standard. Currently,
the research on low alloy wear-resistant steel is more focused on the effects of different
processing techniques on its tribological properties [7-9]. Wen et al. [10] studied the impact
of the heat treatment process on the friction properties of low alloy wear-resistant steel. The
experiment indicated that the best wear resistance was obtained when steel was tempered
at 200 °C. Huang et al. [11] and Deng et al. [12] studied the friction properties of TiC particle-
reinforced low alloy wear-resistant steel under different wear conditions. The experiments
have shown that the wear resistance of TiC-particle-reinforced steels was proportional to
the density of the TiC particles. Huang et al. [13] studied the three-body abrasive wear
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performance of TiC-reinforced low alloy wear-resistant steel prepared by different processes.
Liu et al. [14] found that the wear resistance of low alloy martensite steels with additional
Ti content will increase linearly. Kostryzhev et al. [15] found that Ti alloying enhances the
friction properties of wear-resistant steel. The fracture development at the particle-matrix
interface was located to govern the wear mechanism in the studied steels.

However, in practical engineering applications, the wear mechanism often varies due
to differences in the working conditions encountered by materials [16-25]. Xu et al. [26]
compared the wear mechanism of C17200 copper under dry conditions and 3.5% NaCl
solution and found that oxidative wear disappeared in the NaCl solution. Zhang et al. [27]
found that the wear mechanism of ZrO2 thin films in liquid environments increased more
abrasive wear compared to dry conditions. Tribological properties are not intrinsic to the
material, but the influence of the environmental medium on them is also significant [28].
Zhao et al. [29] compared the performance of stainless steel in terms of wear under various
environmental conditions. They found that dry conditions have the most severe wear
compared to liquid environments, and the deformation of the subsurface layer of stainless
steel is the highest. It is found that the microwear performance of SAF 2507 super duplex
stainless steel is related to the lubricating medium. Aqueous solutions can effectively
improve the wear performance of materials. Artificial seawater has a better lubrication
effect than deionized water [30]. Environmental media has a significant impact on the
tribological properties of steel. In practical application, it is inevitable for wear-resistant
steel to encounter diverse ecological press, such as outdoor environments characterized by
high humidity levels, seawater environments, and others. Consequently, investigating the
wear behavior of low alloy wear-resistant steel under varying environmental conditions
holds great significance.

Therefore, this paper studied the friction and wear behavior of NM500 wear-resistant
steel under a series of normal loads in different environmental media, explored the effect of
ecological media on wear resistance, and analyzed the corresponding wear mechanism. At
the same time, it will provide a reference for selecting and applying low-alloy wear-resistant
steel materials in different environmental media.

2. Experimental Procedure
2.1. Material and Sample Preparation

The material used in the experiment is the quenched and tempered NM500 steel made
by Baosteel, with a large amount of martensite structure. Its tensile strength is 1500 MPa,
elongation is 8%, and Brinell hardness is 503HBW. The NM500 steel plate was processed
into 20 mm x 15 mm x 8 mm rectangular blocks by Wire Electrical Discharge Machining.
The composition of NM500 steel is given in Table 1. Considering the need to reduce the
error caused by the inconsistency of the surface condition, the surface of the specimen
was sanded with sandpaper and then polished before the experiment. Finally, the sample
was cleaned with anhydrous ethanol and an ultrasonic cleaning machine and dried with
a blower.

Table 1. Chemical composition of NM500 (wt%).

C Si Mn P S Cr Ni Mo Ti B ALs
0.38 0.70 1.70 0.020  0.010 1.20 1.00 0.65 0.050  0.00045 0.010

2.2. Friction and Wear Tests

The test was performed with an American Rtec MFT 5000 tester, using a 6.35 mm
diameter silicon nitride ceramic ball as the friction substrate. The hardness of silicon nitride
ceramic balls is approximately 1530 HV. The testing frequency is 1 Hz. The experimental
loads were selected as 50 N, 100 N, and 150 N. The friction was carried out in a linear
reciprocating motion mode, as illustrated by Figure 1a. The test time was 30 min, and the
reciprocating stroke was 5 mm.
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Figure 1. Schematic illustration of friction and wear test: (a) reciprocating sliding, (b) liquid condition.

Dry friction testing began with the stable clamping of the sample to the test platform.
In the liquid medium environment, after the piece was installed, a certain amount of liquid
medium was needed to inject into the liquid pool (the same amount of liquid medium
was injected in each test). At the same time, the sample and the ceramic ball were always
guaranteed to be immersed in the liquid, as shown in Figure 1b. After each test, the liquid
medium shall be drained, and the liquid pool and test bench shall be thoroughly cleaned to
avoid impacting the subsequent test results.

2.3. Analysis Methods

The three-dimensional topography of the worn surface was measured by white light
interference 3D surface profiler (Rtec, American). The wear volume was determined using
Gwyddion image analysis software (free and open-source). We performed each calculation
to minimize the error and considered the average value of the final result. The wear rate
was calculated by the following formula shown in Equation (1) [31]:

W =V/(F-S) 1)

where W is the wear rate (mm?/N-m), V is the wear volume (mm?3), F is the applied load
(N), and S is the total sliding distance (m).

The morphology, chemical composition, wear surface, and cross-section of NM500
wear-resistant steel were analyzed using a scanning electron microscope (SEM, ZEISS
300, Jena, Germany) equipped with an energy dispersive spectrometer (EDS). Before
characterization, a nickel protective layer was electrodeposited on the surface of the wear
mark in advance. The thickness of the nickel protective layer is about 30 pm. Then, the
longitudinal section of the wear mark parallel to the sliding direction was obtained by wire
cutting. The specimen sections were ground, polished, and then etched using a 4% nitric
acid alcohol solution.

3. Results and Discussion
3.1. Friction Coefficient

Figure 2a shows the variation curve of the friction coefficient of NM500 with sliding
time under different loads under dry friction conditions. It has prominent stage change
characteristics, roughly divided into three stages: initial running-in stage, climbing stage,
and stable wear stage. In the initial running-in stage, the micro-convex body on the friction
surface contacts first, causing adhesion and plastic deformation. Because the contact area
is small, the contact stress is significant, and the micro convex body is severely worn,
the friction coefficient rises sharply. When the friction coefficient reaches the peak, the
surface becomes relatively smooth. Additionally, some abrasive particles act similarly to
ball bearings to reduce friction, decreasing the friction coefficient. This friction coefficient
curve rising to the peak and then falling is one of the most common friction coefficient
curves in adhesive wear experiments. During the climbing stage, the effective contact area
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between the surface increases as the wear progresses, leading to an increase in wear particle
generation and a consequent intensification of abrasive particle wear. Additionally, the
generation of frictional heat induces an oxidation reaction, resulting in a micro-softening of
the surface—the adhesion ability of the friction surface increases. The friction coefficient
stops decreasing and starts climbing instead. When the generation and overflow of the
debris reach a comparatively balanced state, under the overall impact of the softening effect
of friction heat, the protection effect of oxidized surface, and the hardening work effect
caused by plastic deformation, the friction curve enters a stable wear stage.
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Figure 2. Friction coefficient of the NM500 wear-resistant steel at 50, 100, and 150 N in different
conditions: (a) dry condition, (b) deionized water, (c) and NaCl solution.

Figure 2b,c show the variation curves of the friction coefficient with sliding time
for NM500 wear-resistant steel in the liquid medium environment under different loads.
Compared with the curve under dry friction conditions, it is smoother, and the peak value
of the curve is smaller or has no noticeable peak change. The alteration in the contact state
between the ball and surface due to the presence of a liquid medium causes a lubricating
effect. At the same time, the liquid reduces the effect of frictional heat, mitigates adhesive
wear, leads to a lower coefficient of friction, and weakens the peak variation.

Under dry friction, the friction coefficient tends to rise and then fall as the average
load increases. When the load is small, the contact area is small and abrasive particles
gather in the contact space. The oxidation of the surface and the abrasive particles are
explicit in friction reduction, so the friction coefficient is small. When the load is 100 N, the
oxidation and plastic deformation of the material deepens, and the contact area increases,
promoting the generation of cracks and abrasive particles, and the wear increases. The
surface becomes rough, and the friction coefficient increases. When the load is 150 N, the
increase in load promotes the generation of friction heat, and the temperature of the surface
rises, prompting the formation of the oxide film to accelerate so that the oxide film coverage
protects the material surface. Due to the lubricating effect of the oxide film, the friction
coefficient decreases.

In deionized water, the friction resistance decreases because of the liquid’s lubricating
influence. The friction coefficient is smaller than that underneath dry friction, and it tends
to increase with the increase in average load. Abrasive particles are easily cleaned by liquid,
making the friction surface smoother. At the same time, the cooling effect of the liquid
can effectively reduce the impact of frictional heat and reduce the occurrence of adhesion
so that the friction coefficient is reduced. Furthermore, the liquid medium can inhibit the



Crystals 2023, 13,770

5o0f 14

(a) Dry condition

oxidation reaction and weaken the oxidation protection of the surface. With the increase
of load, the contact area increases, the formation of the liquid lubricating film becomes
difficult, and the lubrication effect of deionized water gradually decreases; with the increase
of load, there is a tendency for the friction coefficient to increase.

In NaCl solution, the friction coefficient is smaller than that in deionized water, and its
variation trend decreases gradually with the load increase. This is because NaCl solution
contains active chloride ions that are easy to cause pitting corrosion, which can promote the
electrochemical reaction on the surface of the material to form a layer of corrosion product
film that is easy to shear, play the role of lubrication protection, and further reduce the
friction coefficient. Under the double influence of the lubrication protection and corrosion
of NaCl solution, the adhesion ability of the material surface is further weakened. During
sliding, the ratio of load growth is greater than the product of the ratio of shear force and
contact area increase, so the findings suggest that an increase in load results in a propensity
for a reduction in the friction coefficient.

3.2. Surface Profiles, Wear Volume, and Wear Rate

Figure 3 shows the three-dimensional morphology of wear marks under different
conditions when the load is 100 N and the cross-section curve of wear marks. Under the
dry friction condition, the cross-sectional curves of the wear marks are “V” shaped, while
in the liquid medium, they are “U” and “W” shaped. When experiencing dry friction, the
abrasion marks exhibit their greatest width and depth, and the width and depth of the
abrasion marks in NaCl solution are the second largest. In deionized water, the breadth
and depth of the abrasion marks are the smallest. Based on the above different macroscopic
morphologies, it is generally accepted that the environmental medium significantly affects
the wear mechanism.

(b) NaCl solution

(c) Deionized water
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Figure 3. 3D morphology (a-c) and wear scar cross-section curve (d) of the wear surfaces generated
in different conditions (100 N).
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Figure 4a,b show the variation of wear volume and wear rate with load for NM500 in
different environmental media, respectively. Wear-resistant steel’s wear volume and wear
rate are significantly higher under dry friction conditions than in liquid media. In contrast,
the wear volume and wear rate in NaCl solution are always more significant than those in
deionized water. For example, when the load is 50 N, the wear volume in the air is about
5.17 times the wear volume when exposed to a NaCl solution and seven times the wear
volume in deionized water. The wear rate of dry friction is about 5.14 times the wear rate
in NaCl solution and seven times in deionized water. The reason for this is the lubricating
and cooling properties of the liquid medium, which reduces the surface wear. In addition,
the corrosion caused by NaCl solution is relatively weak, and the resulting wear leads to a
product film that exhibits robust corrosion resistance and lubricating properties. Therefore,
the wear of NM500 is far less severe than its wear in the air. The increase in dislocation
density and surface defects is attributed to wear-induced effects on the material surface, the
physicochemical activity increases, and there is an increase in the efficiency of corrosion;
the surface of the corroded material is loose and porous, which is easily rubbed off by
abrasives or cleaned off by liquids, thus aggravating the wear [32].
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Figure 4. Wear results of the NM500 wear —resistant steel at various loads with the corresponding
environment: (a) wear volume and (b) wear rate.

Within the same environmental medium, the wear volume increases with the load.
The wear rate exhibits a trend of first decreasing and then increasing with the increase in
load under both dry friction and deionized water conditions. According to the classical
Archard’s law of wear, the amount of wear is inversely proportional to the hardness of
the softer material in the friction pair [33-36]. Therefore, at a load of 100 N, the work-
hardening effect caused by plastic deformation continuously increases the surface hardness
of NM500. The wear volume of dry friction increases only slightly by 20.2%, and the
wear rate decreases by 1.51 x 10~° mm3/(N-m); the wear volume in deionized water
increases by 40.8%, while the wear rate decreases by 0.16 x 107° mm?3/(N-m). At the load
of 150 N, the wear surface softens, and adhesive wear intensifies under the influence of
the temperature distribution in wear-resistant steel, which is characterized by the surface
temperature and the temperature gradient in the depth direction. So the wear volume
under dry friction conditions showed a significant increase of 396.6%, and the wear rate
increased by 5.26 x 107> mm?/(N-m); the wear volume in deionized water increased by
78.3%, and the wear rate increased by 0.07 x 107> mm3/(N-m). The wear rate of dry
friction reaches a maximum value of 7.54 x 107> mm?3/(N-m) at 150 N, and the wear rate
reaches a minimum value of 0.38 x 107> mm?®/(N-m) in deionized water at 100 N.
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In NaCl solution, the wear rate increases first and then decreases with the load increase.
When the load increases from 50 N to 100 N, the wear volume increases significantly by
171.2%, and the wear rate increases by 0.26 x 10> mm?/(N-m) due to the promotion of
wear by the corrosive effect of the solution. When the load increases to 150 N, the wear
volume only increases by 10.6%, and the wear rate decreases by 0.26 x 107> mm3/(N-m)
due to the protection of the corrosion product film. The results show that under the action
of 100 N load, the wear rate of wear-resistant steel in deionized water reaches the minimum
value of 0.38 x 107> mm?3/(N-m), with the best wear resistance. Thus, it seems that the
environmental medium has a more significant influence on the wear resistance of NM500
wear-resistant steel.

3.3. Morphologies of the Wear Surfaces

Figure 5a—c show the wear surface morphology of NM500 under dry friction condi-
tions. It can be observed that there are peeling pits, cracks, and dark areas of oxidation on
each surface. Figure 6 shows the element distribution of the wear surface under dry friction.
As the observed data suggests, there is a considerable deposition of oxygen and silicon
on the worn surface. Additionally, the distribution of oxygen elements coincides with
the dark area in the electronic image, indicating oxidation reactions on the wear surface.
The distribution of oxygen elements decreases and then increases with increasing load,
indicating the presence of oxidative wear; silicon elements suggest the presence of material
migration between the wear-resistant steel and the Si3N4 ceramic ball, which is a typical
characteristic of adhesive wear.
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Figure 5. Scanning electron microscopy images of the wear surfaces: (a) dry condition-50 N, (b) dry
condition-100 N, (c) dry condition-150 N, (d) deionized water-50 N, (e) deionized water-100 N, (f) deion-
ized water-150 N, (g) NaCl solution-50 N, (h) NaCl solution-100 N, and (i) NaCl solution-150 N.



Crystals 2023, 13,770

8 of 14

200pm

200um

200um

200pm 200um

200pum 200um

Figure 6. Elemental mapping of O, Si on the wear surfaces of the NM500 wear-resistant steel in dry
conditions for 50 N (a—c), 100 N (d—f), and 150 N (g-i).

In Figure 5a, peeling pits with different depths and areas are distributed on the surface,
which reflects the fatigue wear mechanism. The delicate and shallow grooves parallel to
the slippery direction indicate the presence of weaker abrasive wear. With the load increase,
the freshly exposed surface resulting from the detachment of the oxidized area expands
accordingly. The oxidative wear accelerates, decreasing the spread of oxygen elements
in Figure 6. Particle debris around the peeling pit increase, and abrasive wear increases,
which makes the grooves in Figure 5b obvious, and the surface roughness increases. When
the load is 150 N, the wear surface in Figure 5c is covered with a layer of scale-like oxide
film formed by the rolling and fusion of flake-peeling wear debris under the load. Under
alternating contact stress, some lamella edges become warped, and apparent cracks are
produced. The surface undergoes three-body abrasive wear as abrasive particles disperse
and take part in the process, which makes groove marks more noticeable. The main wear
mechanisms underneath dry friction are fatigue, adhesive, and oxidation wear.

Figure 5d—-i show the wear surface morphology in the liquid medium, which is
smoother than the wear surface of dry friction. The liquid’s ability to lubricate and cool
enhances the anti-fatigue and anti-adhesion ability of the character. Therefore, the size and
number of peeling pits on the material surface are significantly reduced, the degree of plas-
tic deformation is reduced, and the parallel grooves caused by abrasive wear are shallower
and finer than those under dry friction. Figure 7 shows the element distribution of the wear
surface under liquid media. The wear surface is covered with a certain amount of silicon
elements, and the migration between materials indicates the presence of adhesive wear.
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200um
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Figure 7. Elemental mapping of Si on the wear surfaces of the NM500 wear-resistant steel in liquid
condition: (a) NaCl solution-50 N, (b) NaCl solution-100 N, (c¢) deionized water-150 N, (d) NaCl
solution-50 N, (e) NaCl solution-100 N, and (f) deionized water-150 N.

In addition to adhesive wear, the wear mechanisms in deionized water also include
fatigue wear and abrasive wear. In Figure 5d, the surface has scattered pitting pits and
small shallow peeling pits, a typical feature of fatigue wear. During the wear process, fine
and external groove marks were left by the wear debris, indicating the existence of abrasive
wear. In Figure 5e, the surface shows a reduction in the peeling pits, reducing fatigue wear.
The groove marks become inconspicuous. The weakening of abrasive wear has occurred.
When we increase the load to 150 N, under the softening effect caused by frictional heat,
the surface’s adhesive and abrasive wear in Figure 5f is aggravated. Therefore, the parallel
groove widens and becomes more profound, the surface roughness increases, the friction
coefficient and wear rate rise, and the peeling pits decrease.

In NaCl solution, the wear mechanism includes adhesive wear, fatigue wear, and
corrosion wear. As shown in Figure 5, the wear surface in NaCl solution is the smoothest
compared with other environmental conditions. The wear surface in Figure 5g is scattered
with flaky and granular abrasive debris, and shallow corrosion peeling pits and cracks
mark the existence of fatigue wear and corrosion wear. The crack network in the peeling pit
is caused by the corrosion of the solution, which accelerates the crack propagation. With the
increase of load, the fatigue wear is weakened under the dual influence of the hardening
work effect and lubrication protection, and the dimples and breaks on the wear surface in
Figure 5h are reduced. At the same time, the abrasive chips are changed into fine particles
by repeated grinding and corrosion, which polishes the surface and accelerates the wear
of NM500. Moreover, the particle wear debris leaves extremely fine and shallow groove
marks, the surface roughness decreases, and the friction coefficient decreases. When the
load is increased to 150 N, there are fewer pits and cracks on the wear surface in Figure 5i,
and the parallel grooves become broader and more profound. At the same time, much
wear debris is gathered and compacted under load to form a layer of corrosion product
film, and the friction coefficient and wear rate decrease significantly.

3.4. Cross-Sectional Morphologies of the Wear and Tear Surfaces

Figure 8 shows the cross-sectional morphology of wear-resistant steel’s wear and tear
surface under entirely different conditions. It is seen from the image that the morphology
of the cross-section presents a layered distribution. The cross-section is composed of
three parts: the reactants of the abrasive chips and environmental media are subject to a
combination of mechanical mixing, chemical and thermal effects, resulting in the formation
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of a mechanically mixed layer (MML) [37]; the plastic deformation layer (PDL) formed due
to the plastic strain caused by shear and positive force applied on the area of contact where
friction occurs; and the whole substrate part.

a g P
substrate Fad. R substrate

Figure 8. Cross-sectional morphology of the wear surfaces of the NM500 steel under different
conditions: (a) dry condition-50 N, (b) dry condition-100 N, (c) dry condition-150 N, (d) deion-
ized water-50 N, (e) deionized water-100 N, (f) deionized water-150 N, (g) NaCl solution-50 N,
(h) NaCl solution-100 N, and (i) NaCl solution-150 N. (MML: mechanically mixed layer; PDL: plastic
deformation layer; SPDL: severe plastic deformation layer).

Work hardening and grain refinement caused by plastic deformation can increase the
surface hardness of materials and reduce the wear rate. Martensite that when subjected to
significant plastic deformation, the material near the surface will experience elongation and
become highly refined, forming a filamentous structure strain-induced surface layer that is
narrowly arranged and in alignment with the worn surface [38]. The layer is also known
as the layer of severe plastic deformation (SPDL layer), which can enhance the materials’
resistance to wear.

In the process of sliding wear, the formation of a mechanically mixed layer is related
to the structural composition of the material, wear average load, strain degree, and other
factors [38]. Not all conditions can produce a mechanically mixed layer. In this study, a
mechanically mixed layer with a thickness of about 3.2~6.2 um composed of abrasive chips
and oxides is found in Figure 8c. A mechanically mixed layer with a thickness of about
3.6 um composed of corrosion products is found in Figure 8i. Under other conditions, the
mechanically mixed layer can hardly be observed. The mechanically mixed layer can play
the role of lubrication protection.

Figure 9 shows the variation of NM500 plastic deformation layer depth with load in
different environmental media. Under the condition of dry friction, the variation of plastic
deformation layer depth is similar to that of the friction coefficient, which shows a trend
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of first rising and then declining. As the load increases from 50 N to 100 N, the degree of
plastic deformation deepens, and the depth of the plastic deformation layer increases by
17.7 um. The depth of the SPDL increases from 1.7 um in Figure 8a to 3.1 pm in Figure 8b.
The surface hardness of the material increases. When the load is 150 N, a mechanically
mixed layer is formed on the wear surface, which reduces the degree of plastic deformation,
so the depth of the plastic deformation layer decreases by 15.2 um. The depth of the SPDL
in Figure 8c decreases to 2.3 um.

Dry condition
—u— Deionized water
NaCL solution

3]
W
Il

b
=]
Il
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Figure 9. Variation of plastic deformation layer depth of the NM500 wear-resistant steel at various
loads with the corresponding environment.

In the liquid medium, the depth of the PDL gradually deepens with the increase of
load. When there is no mechanically mixed layer, the thickness of the plastic deformation
layer in a liquid medium is smaller than that in air. For example, at the load of 50 N, the
plastic deformation layer depth of dry friction is about 1.71 times that of NaCl solution
and 2.3 times that of deionized water. This results from the liquid’s ability to lubricate
and provide cooling, which weakens the adhesion ability of the friction surface and the
influence of the temperature gradient along the depth direction. When the load is 150 N,
the mechanically mixed layer appears under the dry friction condition, and the depth of
the plastic deformation layer decreases significantly. The depth of the plastic deformation
layer in the liquid medium exceeds that under the dry friction condition.

In deionized water, the plastic deformation of the contact surface layer is not apparent
when the load is small, and the plastic deformation region can be observed only at the local
location in Figure 8d. When the shipment is 100 N, the depth of the plastic deformation
layer increases by 4um. Meanwhile, SPDL with a depth of 1 um appears in Figure 8e,
further reducing the wear rate. When the load is increased to 150 N, the plastic deformation
layer depth increases by 5.7 um due to the influence of surface friction heat, and the growth
rate of the depth value increases by 42.5%. In Figure 8f, the depth of the SPDL increases to
2 um, indicating significant wear of the surface.

As shown in Figure 8, the NaCl solution has no obvious SPDL. This could be attributed
to the combined impact of corrosion and abrasion, working in tandem, which accelerates
the loss of materials and prevents the formation of SPDL on the surface. Therefore, the
depths of plastic deformation layers in NaCl solution are all greater than those in deionized
water when no mechanically mixed layer appears. At 50 N load, as in deionized water,
only local plastic deformation can be observed in Figure 8g. With the increase in burden,
the depth of the plastic deformation layer increases by 4.3 um. The growth rate of depth
value is similar to that of deionized water. When the load reaches 150 N, a mechanical
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mixing layer is formed on the surface, and the depth of the plastic deformation layer only
increases by 1.9 um. The growth rate of depth value decreases by 55.8%.

In the air, when the wear is light, adhesive wear is the primary mechanism, with
fatigue wear and oxidation wear also being present; when the wear reaches a critical
level, an oxide film is formed on the wear surface, and the predominant wear mechanism
comprises of adhesive and fatigue wear. At the same time, some degree of oxidation
wear is also observed. A liquid medium readily generates a lubricating film that weakens
surface adhesion and thermal softening effects, impeding oxidation reactions. In deionized
water, the wear mechanism is characterized by adhesive wear with some degree of fatigue
and abrasive wear. In NaCl solution, adhesive and corrosion wear is the predominant
mechanisms with some accompanying fatigue wear.

4. Conclusions

The researchers systematically investigated the friction and wear behavior of NM500
steel under sliding wear tests in air atmosphere, deionized water, and 3.5wt% NaCl solution
conditions. The following conclusions can be drawn:

1. Under dry friction conditions, the friction coefficient and wear rate of NM500 are
much higher than those under other conditions. The maximum friction coefficient of
0.6 can be obtained at 100 N, and the maximum wear rate of 7.54 x 10> mm?3/ (N-m)
is received at 150 N. In the liquid medium environment, NM500 wear-resistant steel
in NaCl solution has the lowest friction coefficient and obtains the minimum value
of 0.39 at 150 N; in deionized water, wear-resistant steel has the lowest wear rate
and brings the minimum value of 0.38 x 10~% mm?3/(N-m) at 100 N. Therefore, the
wear resistance of NM500 steel is the best in deionized water (100 N) and the worst in
dry friction;

2. Under dry friction conditions, the wear mechanism of NM500 steel is mainly adhesive
wear, fatigue wear, and oxidation wear. The wear process in deionized water is
dominated by adhesive wear as the primary mechanism, accompanied by some
degree of fatigue wear and abrasive wear as secondary mechanisms. The wear
mechanism prevailing in the NaCl solution is predominantly ascribed to corrosion
and adhesive wear, with a small amount of fatigue wear;

3. When there is no mechanically mixed layer, the magnitude of the plastic deformation
layer’s thickness in dry friction is about 2~3 times that in the liquid environment
under the same load. This is because the lubrication and cooling action of liquid
affects the work hardening and the surface’s tendency to undergo thermal softening
and also causes the reduction of the friction coefficient and wear rate. In addition, the
corrosion of the NaCl solution is the main reason for the lowest friction coefficient
and higher wear rate of wear-resistant steel.
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