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Abstract: In this paper, the tribological behavior of 316L stainless steel with heterogeneous lamella
structure (HLS), prepared through 85% cold rolling technology and subsequent annealing treatment
(750 ◦C, 10 min), were conducted on a ball-on-disc tribometer under different normal loads in
dry ambient air conditions. The morphologies, structures, and compositions of the raw and worn
surfaces were analyzed by 3D surface profilometer, XRD, SEM, EDS and TEM. Based on this, the
results showed that the HLS 316L stainless steel samples exhibited lower and more steady friction
coefficients than coarse-grained samples, especially under higher loads, which can be attributed to
the existence of numerous oxidative particles across sliding interfaces. However, the wear resistance
of HLS 316L stainless steel sample was a little weakened compared to that of the coarse-grained
sample under a normal load of 5 N. When the load increases up to 15 N, an obviously decreased
wear resistance was found for the HLS of the 316L stainless steel sample, which was 50% lower than
that of coarse-grained sample. This can be ascribed to the more severe oxidative and abrasive wear
performance of HLS 316L stainless steel sample under dry sliding conditions.

Keywords: 316L stainless steel; tribological behavior; heterogeneous lamella structure; adhesive
wear; abrasive wear; oxidative wear

1. Introduction

The 316L austenitic stainless steels have been wildly used in engineering applications as work
piece materials, due to their excellent properties, such as corrosion resistance, good formability, and
high work-hardening capacity [1–3]. In a boundary lubrication regime, for work pieces with relative
motion, it cannot be guaranteed that the sliding surfaces are always in well lubricated conditions.
Hence, at certain moments, the sliding interfaces may directly be subjected to the dry sliding regime.
For steel-on-steel sliding contacts, especially under dry sliding conditions, the deformation and
microstructure evolution are of great significance to the tribological behavior of a tribosystem.
Those evolutions of subsurface microstructure are crucial in determining the material removal
processes [4–6]. Additionally, the microhardness and microstructure of sliding pairs seriously affect
the tribology behavior [7–9]. Consequently, it has become urgent to needs systematically understand
its intrinsic tribological mechanism, which will greatly be advantage to guide industrial applications.

Many previous works indicated that the friction coefficients (0.2–1.5) of stainless steels are fluctuant,
sliding with other materials [8–15]. This can be ascribed to their adhesive wear characteristics [16,17].
Oxidative wear, adhesive wear, and abrasive wear are the main material removal mechanisms for
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stainless steels and other alloys [11,17–21]. Those tribological performances were intensively dependent
on the normal loads, counterparts, temperature, and lubricant conditions [16,17,22–24]. Vereschaka
reported that the friction coefficient and adhesion effect change substantially with different high
temperature conditions [25]. Fellah et al. [10] confirmed that both the friction coefficient and wear
loss of 316L stainless steel were obviously increased with the increase of normal loads in ambient
air condition (humidity ~38%). Similarly, for eutectoid steel, Mishra et al. [13] reported that the total
wear loss increases with the increase of normal loads. They believed that a superior wear resistance is
directly correlated to its initial high hardness and the formation of a hard tribolayer during sliding.
As described in a classical Achard equation [26–28], the wear volume was inversely proportional to
the hardness of materials. In ambient air conditions with a relative humidity of 45% [29], or under
lubrication with molybdenum dithiocarbamate (MoDTC) and zinc dialkyldithiophosphate (ZDDP)
conditions [30], a nanostructure metal with high hardness was frequently reported that it may have
the enhanced wear resistance compared with its coarse-grained state [29,30]. However, the Achard
equation may be valid only with the existence of dominant physical wear regimes, such as adhesive
wear and abrasive wear [26,27,31,32]. When the chemical wear regimes, such as oxidation wear
mechanism, controlled the wear loss process, the deterioration in wear resistance could also be revealed
for 316L stainless steels. The oxidative products can act as the relatively hard particle across the sliding
interfaces, which can also play an important role in increasing material removals via forming plenty of
furrows on the worn surface due to the ploughing effect of hard particles [33,34]. Recently, the 316L
stainless steel and other alloys with heterogeneous lamella structure (HLS) containing lamellar coarse
grains sandwiched between mixtures of nanotwins and nanograins, were constantly reported [35–38].
These HLS metallic materials possess superior strength and ductility than their coarse-grained state,
which have been confirmed to have huge potential for the structural application. However, their
tribological performance has not been clearly explored. The introduction of a great deal of nanograins
and nanotwins may strongly affect the tribological behavior of HLS metallic materials by the following
two points: (1) it results in the increase of grain boundaries, which can adsorb more oxygen species in
grain boundaries and, thus, it can accelerate oxidative wear; (2) the enhanced strength and hardness
from nanograins and nanotwins may improve wear resistance (Achard’s law). Hence, especially in
dry sliding conditions, the interpretation of the tribological behavior of HLS 316L stainless steel is
beneficial to lubricant design for work pieces in practical application.

In the present work, the tribological behavior of HLS 316L stainless steels sliding against
GCr15 balls was systematically explored under various normal loads in dry ambient air conditions.
Special efforts were devoted to reveal the dominant tribological mechanisms of HLS 316L stainless
steel with different microstructures.

2. Experimental

2.1. Material Preparation and Characteristics

The as-received sample used in this present work was a typical 316L austenite stainless steel.
Its chemical compositions are shown in Table 1. As it is shown in Figure 1a, the three-dimensional
microstructure of as-received sample exhibits approximately equiaxed austenitic grains. Its average
grain size is ~35 µm. For 316L stainless steel, a heterogeneous lamella structure (HLS) was prepared
via 85% cold rolling and using a subsequent annealing treatment in air (750 ◦C, 10 min, under nitrogen
protection). The sample sheets were rolled from 10 to 1.5 mm thick after 50 passes (the mean thickness
reduction was ~0.17 mm per pass). In order to avoid the influence of samples’ thickness on tribological
properties, the as-received sample was also cut into a sample having a thickness of 1.5 mm. After cold
rolling and annealing treatment, its hardness increased from 177 to 378 Hv. The detailed introductions
for preparation, microstructure, and mechanical properties of the HLS have been reported in our
previous works [36,37]. As it is described in Figure 1b,c, the HLS was characterized with lamella
coarse grain (LCG) and lamella recrystallization grain (RG) clusters, both sandwiched by the ultrafine
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structures that consisted of nanograins (NGs, grain size of ~90 nm) and nanotwin bundles (NTs,
twin/matrix lamellar thickness of ~50 nm). XRD results are shown in Figure 1d, which further indicate
that both the as-received and HLS 316L stainless steel samples are only composed of austenitic phases.
It is assured that the difference in tribological performance is due to structural differences, and not
due to differences in phase composition. The surfaces of 316L stainless steel sample were polished
with a roughness (Ra) of ~45 nm. Moreover, the GCr15 balls with 6 mm in diameter were used as
counterparts in the following tribotests.

Table 1. Chemical compositions of 316L stainless steel.

Material
Chemical Compositions (wt %)

Cr Ni Mo C Si Mn P S Fe

316L 16.47 10.10 1.97 0.03 0.53 1.42 0.03 0.005 Bal.

Materials 2018, 11, x FOR PEER REVIEW  3 of 12 

 

HLS have been reported in our previous works [36,37]. As it is described in Figure 1b,c, the HLS was 

characterized with lamella coarse grain (LCG) and lamella recrystallization grain (RG) clusters, both 

sandwiched by the ultrafine structures that consisted of nanograins (NGs, grain size of ~90 nm) and 

nanotwin bundles (NTs, twin/matrix lamellar thickness of ~50 nm). XRD results are shown in Figure 

1d, which further indicate that both the as-received and HLS 316L stainless steel samples are only 

composed of austenitic phases. It is assured that the difference in tribological performance is due to 

structural differences, and not due to differences in phase composition. The surfaces of 316L 

stainless steel sample were polished with a roughness (Ra) of ~45 nm. Moreover, the GCr15 balls 

with 6 mm in diameter were used as counterparts in the following tribotests. 

Table 1. Chemical compositions of 316L stainless steel. 

Material 
Chemical Compositions (wt %) 

Cr Ni Mo C Si Mn P S Fe 

316L 16.47 10.10 1.97 0.03 0.53 1.42 0.03 0.005 Bal. 

 

Figure 1. (a,b) are three-dimensional microstructures of as-received and heterogeneous lamella 

structure (HLS) 316L stainless steels, the ND, TD, and RD refer to normal direction, transverse 

direction, and rolling direction, respectively; (c) The typical TEM images of ultrafine structure (UFS) 

in (b), which is composed of nanotwin bundles (NTs) and nanograins (NGs); (d) XRD pattern of 

as-received and HLS 316L stainless steels. 

2.2. Ball-on-Disc Tribotests 

To evaluate the effect of HLS on the tribological performance of 316L stainless steel, tribotests 

were performed on a CSM tribometer with ball-on-disc rotation mode in dry ambient air at room 

temperature (relative humidity 7.5%). The normal load was 5, 10, and 15 N at a constant rotation 

speed of 400 rpm (or 16.75 cm/s). The rotation radius is 4 mm, and the total sliding test durations 

were 24,000 cycles or 602.9 m. In order to remove any contamination that may have been left from 

the sample preparation steps, before each tribological test, both 316L stainless steel samples and 

GCr15 balls were initially ultrasonically cleaned with acetone for 30 min, and then with alcohol for 

30 min. In order to ensure the reliability of tribotest data, each tribotest was repeated three times at 

Figure 1. (a,b) are three-dimensional microstructures of as-received and heterogeneous lamella
structure (HLS) 316L stainless steels, the ND, TD, and RD refer to normal direction, transverse direction,
and rolling direction, respectively; (c) The typical TEM images of ultrafine structure (UFS) in (b), which
is composed of nanotwin bundles (NTs) and nanograins (NGs); (d) XRD pattern of as-received and
HLS 316L stainless steels.

2.2. Ball-on-Disc Tribotests

To evaluate the effect of HLS on the tribological performance of 316L stainless steel, tribotests
were performed on a CSM tribometer with ball-on-disc rotation mode in dry ambient air at room
temperature (relative humidity 7.5%). The normal load was 5, 10, and 15 N at a constant rotation
speed of 400 rpm (or 16.75 cm/s). The rotation radius is 4 mm, and the total sliding test durations
were 24,000 cycles or 602.9 m. In order to remove any contamination that may have been left from the
sample preparation steps, before each tribological test, both 316L stainless steel samples and GCr15
balls were initially ultrasonically cleaned with acetone for 30 min, and then with alcohol for 30 min.
In order to ensure the reliability of tribotest data, each tribotest was repeated three times at the same
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testing conditions. After tribotests, the wear rate (WR) of samples was estimated according to the
following formula [26,35,37]:

WR = V/FN × L, (1)

where V is wear volume of the 316L stainless steel samples, while FN is the normal load, and L shows
the total sliding distance [39,40].

2.3. Detailed Analysis Methods

X-ray diffraction (XRD, Bruker-AXS D8 Advance diffractometer, Karlsruhe, Germany) measurements
were conducted with Cu Kα radiation to determine the possible phase composition of as-received and
HLS samples. The range of 2-theta is from 40◦ to 100◦, with the scanning speed of 6◦/min. The surface
roughness of 316L stainless steel samples were measured using the white light interferometer
(NanoMap-D). The measurements of scanning electron microscope (SEM, Quant 250 FEG, FEI,
Hillsboro, OR, USA) EDS mapping were conducted to characterize the evolutions of microstructures
and chemical compositions of wear tracks and wear scars. Ultrafine structures were characterized on
the analysis of transmission electron microscope (TEM, TECNAI G2 20 LaB6, FEI, Hillsboro, OR, USA)
at an accelerated voltage of 200 kV. TEM specimen preparation contains three steps. Firstly, a sample
with the thickness of 0.5 mm was cut from the cross-section regions of sample using wire-electrode
cutting techniques, and then mechanically grinded down to a thickness ~50 µm. The final thinning
was performed by a twin-jet electrochemical polishing process (a solution of 8% per chloric acid + 92%
ethanol at 50 V (80 mA) and around −10 ◦C).

3. Results

3.1. Friction Behavior

Figure 2 presents the friction coefficient curves of as-received and HLS 316L stainless steel samples
sliding against GCr15 balls under various loads conditions. The as-received sample exhibits a typical
unsteady and fluctuating friction coefficient that ranged from 0.4 to 0.8, which is consistent with many
previous works [10,11]. The friction coefficient of as-received 316L stainless steel sample is hardly
affected by the normal loads (Figure 2a). However, for HLS samples, with increasing normal loads,
the friction coefficients obviously decrease. As shown in Figure 2b, the friction coefficient of HLS
sample is relatively more stable and lower than that of the as-received 316L stainless steel sample.
The maximum friction coefficient is ~0.52 under the normal load of 5 N, and rapidly decreases to
~0.27 under the load of 15 N. These results are related to the composition and morphologies between
tribological interfaces, and the detailed explanation will be discussed in Section 4.
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Figure 2. Friction coefficient curves of as-received and HLS samples sliding against GCr15 balls:
(a) As-received 316L stainless steels under the loads of 5, 10, and 15 N; (b) HLS 316L stainless steels
under the loads of 5, 10, and 15 N.
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3.2. Wear Performance

Morphologies and wear rates of 316L stainless steels: The wear track topographies and wear rates
of the as-received and HLS 316L stainless steel samples are shown in Figure 3. It can be seen from
Figure 3a–c that materials easily adhered to the wear tracks of as-received 316L stainless steel samples
during sliding, which exhibits a typical phenomenon of adhesive wear. For the HLS 316L stainless
steel samples, many furrows with some macroadhesion can be seen in wear tracks (Figure 3e–f).
The furrows may be caused by existence of oxide debris in the sliding interfaces, and it can be clearly
seen in Figure 3f. Figure 3g–i indicate that the wear rates are positively related to the normal loads, and
the wear resistance of HLS 316L stainless steel samples are weaker than those of as-received samples.
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Figure 3. The wear track topographies and wear volumes of the as-received and HLS 316L stainless
steels: (a) As-received, 5 N; (b) As-received, 10 N; (c) As-received, 15 N; (d) HLS, 5 N; (e) HLS, 10 N;
(f) HLS, 15 N; (g) Surface profiles across the wear tracks of as-received 316L stainless steels; (h) The
two-dimensional cross-sections of wear tracks of HLS 316L stainless steels; (i) Wear volumes of the
as-received and HLS 316L stainless steels.

3.3. SEM and EDS Mapping Measurements on Worn Surfaces

Morphologies of wear tracks on as-received and HLS 316L stainless steel samples: After tribotests,
SEM and EDS mapping measurements were carried out to further understand the characteristics
of wear tracks under the normal load of 5 N conditions. Figure 4a shows a typical morphology of
adhesive wear phenomenon that counterpart materials are extensively deformed and adhered to the
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worn surface of wear track. Meanwhile, the inset of Figure 4a shows that the worn surface near to
adhesion phenomenon is also covered by some fine debris, which may be confirmed as oxidative
debris by Figure 4b. Thus, it may indicate a dominant adhesive wear regime, together with mild
tribo-oxidative wear regime for the as-received 316L stainless steel sample under dry sliding conditions.
Figure 4c exhibits a distinct wear track morphology of HLS 316L stainless steel samples. It indicates
that a lot of oxidized debris, instead of materials adhesion, appeared on the surface of the wear track,
indicating a severe tribo-oxidative wear regime.

Materials 2018, 11, x FOR PEER REVIEW  6 of 12 

 

characteristics of wear tracks under the normal load of 5 N conditions. Figure 4a shows a typical 

morphology of adhesive wear phenomenon that counterpart materials are extensively deformed 

and adhered to the worn surface of wear track. Meanwhile, the inset of Figure 4a shows that the 

worn surface near to adhesion phenomenon is also covered by some fine debris, which may be 

confirmed as oxidative debris by Figure 4b. Thus, it may indicate a dominant adhesive wear regime, 

together with mild tribo-oxidative wear regime for the as-received 316L stainless steel sample under 

dry sliding conditions. Figure 4c exhibits a distinct wear track morphology of HLS 316L stainless 

steel samples. It indicates that a lot of oxidized debris, instead of materials adhesion, appeared on 

the surface of the wear track, indicating a severe tribo-oxidative wear regime. 

 

Figure 4. SEM morphologies and the corresponding EDS mapping results of wear tracks of the 

as-received and HLS 316L stainless steels: (a) The wear track of the as-received 316L stainless steel, 

where the inset (a1) is the enlarged morphology of the wear track; (b) The corresponding EDS 

mapping images of (a); (c) The wear track of the HLS 316L stainless steel, where the inset (c1) is the 

enlarged morphology of the wear track; (d) The corresponding EDS mapping images of (c). 

Morphologies of wear scars on GCr15 balls: Figure 5 describes the morphologies of wear scars 

on GCr15 balls. Figure 5a,c,e indicate that the morphologies of wear scar on GCr15 balls sliding 

against as-received 316L stainless steel samples are mainly composed of material adhesion 

phenomenon. With the increase of normal loads, the worn surface presents the gradual transition 

from severe adhesion to medium adhesion phenomena. Meanwhile, more quantity of oxidative 

debris appeared, which results in many furrows on the worn surface. For the morphologies of wear 

scar on GCr15 balls sliding against HLS 316L stainless steel samples, they principally consisted of 

oxidized debris, furrows, and mild adhesion (Figure 5b,d,f). It is observed that the quantity of 

oxidized debris and furrows increases with the increase of the normal load, and they can act as the 

third-body abrasive across sliding interfaces, which presents the accelerated tribo-oxidative and 

abrasive wear behavior. 

500 μm 

(a) 

15 μm 

(a1) 

Fe Cr 

O 

(b) 

Ni 

500 μm 

(c) 

15 μm 

(c1) 

Fe Cr 

Ni  O   

(d) 

Figure 4. SEM morphologies and the corresponding EDS mapping results of wear tracks of the
as-received and HLS 316L stainless steels: (a) The wear track of the as-received 316L stainless steel,
where the inset (a1) is the enlarged morphology of the wear track; (b) The corresponding EDS mapping
images of (a); (c) The wear track of the HLS 316L stainless steel, where the inset (c1) is the enlarged
morphology of the wear track; (d) The corresponding EDS mapping images of (c).

Morphologies of wear scars on GCr15 balls: Figure 5 describes the morphologies of wear scars on
GCr15 balls. Figure 5a,c,e indicate that the morphologies of wear scar on GCr15 balls sliding against
as-received 316L stainless steel samples are mainly composed of material adhesion phenomenon.
With the increase of normal loads, the worn surface presents the gradual transition from severe
adhesion to medium adhesion phenomena. Meanwhile, more quantity of oxidative debris appeared,
which results in many furrows on the worn surface. For the morphologies of wear scar on GCr15
balls sliding against HLS 316L stainless steel samples, they principally consisted of oxidized debris,
furrows, and mild adhesion (Figure 5b,d,f). It is observed that the quantity of oxidized debris and
furrows increases with the increase of the normal load, and they can act as the third-body abrasive
across sliding interfaces, which presents the accelerated tribo-oxidative and abrasive wear behavior.
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Figure 5. SEM images of the worn surfaces on GCr15 balls under various loads: (a,c,e) show the
enlarged morphologies of the wear scars on GCr15 balls sliding against as-received 316L stainless steels
with corresponding loads of 5, 10, and 15 N, where the insets (a1,c1,e1) are the whole morphologies of
corresponding wear scars; (b,d,f) show the enlarged morphologies of the wear scars on GCr15 balls
sliding HLS 316L stainless steels with corresponding loads of 5, 10, and 15 N, where the insets (b1,d1,f1)
are the whole morphologies of corresponding wear scars.

4. Discussion

Under dry atmospheric conditions, for the tribological performance of steel, the tribo-oxidation is
a key factor in determining the total wear loss [41]. Quinn et al. [18] have reported the oxidative wear
mechanism in low alloy steels under various loads and sliding velocity conditions accompanied with
the formation of oxidative particles. Due to the complicated material removal process accompanied
by tribochemical reaction, there is not just one wear mechanism existing in the sliding interfaces.
However, for sliding on steel materials, the adhesive effect inevitably occurs under dry sliding
conditions. Figure 6 describes the typical wear mechanisms of as-received and HLS 316L stainless
steels sliding against GCr15 balls under dry sliding conditions. It indicates that the wear mechanism
transferred from adhesive wear to abrasive wear mechanism with the formation of adhesion, cracks
and furrows on worn surfaces. Figure 7 shows the SEM images and EDS mapping images of the wear
tracks of HLS 316L stainless steels. Hence, the adhesive, abrasive, and oxidative wear was further
confirmed. As it is shown in Figure 6, a large scale of the adhesive phenomena occurred for the
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as-received 316L stainless steel, while the dispersed adhesive phenomena with small size occurred for
HLS 316L stainless steel. As the dry slide continues, tribo-oxidized reactions can ceaselessly take place
on the surface of adhesive materials. Under the effect of interfacial shear strength, it may generate a lot
of cracks at the edge of the adhesive materials (as it is described in Figures 6 and 7b). Suffering the
further extrusion and shear effects, oxidative particles gradually spall from cracks and constantly exist
in the sliding interfaces (as shown in Figure 7c). As it is shown in Figure 7d,e, the oxidative particles
are continuously crushed at the sliding interface to form particles with a relatively rounded corner.
Those oxide particles have a certain antifriction effect at the interface [3]. Meanwhile, previous works
have indicated that hard particles with a certain size existing at the sliding interface may significantly
decrease friction [33]. In the present work, for HLS 316L stainless steel sample, due to the formation of
lamella coarse grain, lamella recrystallization grain cluster, nanograins, and nanotwin bundles, more
gain boundaries exist in the HLS samples. As a result, more oxidation species can be absorbed in
those HLS. The HLS 316L stainless steel sample is more easily subjected to oxidative wear process.
Consequently, the friction coefficients of HLS 316L stainless steel samples decreased compared with the
as-received samples. Figure 8 indicates that the different content of oxygen element (wt %) in the wear
tracks are strongly related to the microstructures of samples and the normal loads. With the increase of
normal loads, the oxygen content increased in wear tracks. Moreover, it still demonstrated that the HLS
samples are easily subjected to oxidation effect. The enhancement of the oxidation process markedly
increased, accompanied with the thermal effect of the interfaces, and more oxidative particles are
formed. Thereby, the friction coefficients gradually decrease, and the wear rates increase. Additionally,
oxidative wear debris may serve as the third-body abrasive at the sliding interface, which leads to
abrasive wear accompanied with the furrow phenomenon on worn surfaces, due to its ploughing
effect. The oxide particles continuously scrapes the exposed material surface of HLS 316L stainless
steel, which can result in more material removal. Hence, the conjunct effect of oxidative wear and
abrasive wear determines the total wear loss of HLS 316L stainless steel under dry sliding conditions.
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Figure 6. Typical wear mechanisms of as-received and HLS 316L stainless steels sliding against GCr15
balls. (a) as-received samples sliding against GCr15, (b) HLS samples sliding against GCr15.
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Figure 7. SEM images and EDS mapping images of wear tracks of HLS 316L stainless steels: (a) The SEM
image of the wear track of HLS 316L stainless steel; (b,c) are the enlarged images of the selected regions
I and II in (a); (d,e) are the SEM image and corresponding EDS mapping image of the selected region I
in (c).
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Figure 8. The comparison of oxygen content (wt %) in wear tracks. The red and green boxes represent
the testing position of the EDS measurements.

5. Conclusions

This work presents tribological performances of 316L stainless steels with different
microstructures. Additionally, the elucidation on evolutions of tribological mechanisms governing
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friction and wear behavior is of great significance. Based on the discussion above, the conclusions of
this work are as follows.

1. A 316L stainless steel with the heterogeneous lamella structure was successfully prepared through
85% cold rolling and subsequent annealing treatment in air (750 ◦C, 10 min).

2. The friction coefficient of the heterogeneous lamella structure 316L stainless steel is lower than
that of as-received samples with coarse-grained state, which is ascribed to the frictional reduction
effect of the oxidative particles generated at the sliding interfaces.

3. The formation of heterogeneous lamella structure is more easily subjected to severe tribo-oxidative
and abrasive wear process, which results in the increase of wear rates. Additionally, with
increasing normal loads, the enhancement of the oxidation process markedly increases,
accompanied with the thermal effect of sliding interfaces, and more oxide particles are formed,
and the oxidation wear becomes more severe, accompanied by more wear loss.

Author Contributions: J.L., W.Y. and Y.L. (Yusheng Li) conceived the experiment; J.L. and W.Q. carried out
experiments under the direction of W.Y. and Y.L. (Yusheng Li); J.K. analyzed the data and modified the paper; J.L.,
W.Q., Y.L. (Yaoyao Liu), D.S. and Q.M. analyzed the data; W.Q. and J.L. wrote the manuscript. All the authors
contributed to the revision of the manuscript.

Funding: The authors acknowledge the financial support of National Natural Science Foundation of China (Grant
Nos. U1537108 and 51741106), National Key R&D Program of China (Grant No. 2017YFA0204403), Postgraduate
Research & Practice Innovation Program of Jiangsu Province (Grant No. KYCX18_0414).

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Yan, F.K.; Liu, G.Z.; Tao, N.R.; Lu, K. Strength and ductility of 316L austenitic stainless steel strengthened by
nano-scale twin bundles. Acta Mater. 2012, 60, 1059–1071. [CrossRef]

2. Sharifitabar, M.; Halvaee, A.; Khorshahian, S. Microstructure and mechanical properties of resistance upset
butt welded 304 austenitic stainless steel joints. Mater. Des. 2011, 32, 3854–3864. [CrossRef]

3. Gnilitskyi, I.; Rotundo, F.; Martini, C.; Pavlov, I.; Ilday, S.; Vovk, E.; Orazi, L. Nano patterning of AISI 316l
stainless steel with nonlinear laser lithography: Sliding under dry and oil-lubricated conditions. Tribol. Int.
2016, 99, 67–76. [CrossRef]

4. Chi, H.; Jiang, L.; Chen, G.; Kang, P.; Lin, X.; Wu, G. Dry sliding friction and wear behavior of
(TiB2+h-BN)/2024Al composites. Mater. Des. 2015, 87, 960–968. [CrossRef]

5. Jiang, J.Y.; Li, X.Y. The microstructure evolution in early running-in stage and its effect on the friction
behavior in 304 stainless steel. Tribology 2018, 38, 37–43.

6. Cao, H.M.; Zhou, X.; Li, X.Y.; Lu, K. Friction mechanism in the running-in stage of copper: From plastic
deformation to delamination and oxidation. Tribol. Int. 2017, 115, 3–7. [CrossRef]

7. Tuckart, W.; Iurman, L.; Forlerer, E. Influence of microstructure on tribologically mixed layers. Wear 2011,
271, 792–801. [CrossRef]

8. So, H.; Yu, D.S.; Chuang, C.Y. Formation and wear mechanism of tribo-oxides and the regime of oxidational
wear of steel. Wear 2002, 253, 1004–1015. [CrossRef]

9. Vereschaka, A.A.; Grigoriev, S.N. Study of cracking mechanisms in multi-layered composite nano-structured
coatings. Wear 2017, 378, 43–57. [CrossRef]

10. Fellah, M.; Labaïz, M.; Assala, O.; Iost, A.; Dekhil, L. Tribological behaviour of AISI 316l stainless steel for
biomedical applications. Tribol. Mater. Surf. Interfaces 2004, 7, 135–149. [CrossRef]

11. Jourani, A.; Bouvier, S. Friction and wear mechanisms of 316L stainless steel in dry sliding contact: Effect of
abrasive particle size. Tribol. Trans. 2015, 58, 131–139. [CrossRef]

12. Barrau, O.; Boher, C.; Gras, R.; Rezai-Aria, F. Analysis of the friction and wear behaviour of hot work tool
steel for forging. Wear 2003, 255, 1444–1454. [CrossRef]

13. Mishra, A.; Maity, J. Wear behavior of an ultra-high-strength eutectoid steel. J. Mater. Eng. Perform. 2018, 27,
398–410. [CrossRef]

http://dx.doi.org/10.1016/j.actamat.2011.11.009
http://dx.doi.org/10.1016/j.matdes.2011.03.007
http://dx.doi.org/10.1016/j.triboint.2016.03.011
http://dx.doi.org/10.1016/j.matdes.2015.08.088
http://dx.doi.org/10.1016/j.triboint.2017.05.027
http://dx.doi.org/10.1016/j.wear.2011.03.012
http://dx.doi.org/10.1016/S0043-1648(02)00230-2
http://dx.doi.org/10.1016/j.wear.2017.01.101
http://dx.doi.org/10.1179/1751584X13Y.0000000032
http://dx.doi.org/10.1080/10402004.2014.955229
http://dx.doi.org/10.1016/S0043-1648(03)00280-1
http://dx.doi.org/10.1007/s11665-017-3118-4


Materials 2018, 11, 1839 11 of 12

14. Okonkwo, P.C.; Kelly, G.; Rolfe, B.F.; Pereira, M.P. The effect of sliding speed on the wear of steel–tool steel
pairs. Tribol. Int. 2016, 97, 218–227. [CrossRef]

15. Okonkwo, P.C.; Kelly, G.; Rolfe, B.F.; Pereira, M.P. The effect of temperature on sliding wear of steel-tool steel
pairs. Wear 2012, 282, 22–30. [CrossRef]

16. Viafara, C.C.; Castro, M.I.; Velez, J.M.; Toro, A. Unlubricated sliding wear of pearlitic and bainitic steels.
Wear 2005, 259, 405–411. [CrossRef]

17. Gård, A.; Hallbäck, N.; Krakhmalev, P.; Bergström, J. Temperature effects on adhesive wear in dry sliding
contacts. Wear 2010, 268, 968–975.

18. Sullivan, J.L.; Quinn, T.F.J.; Rowson, D.M. Developments in the oxidational theory of mild wear. Tribol. Int.
1980, 13, 153–158. [CrossRef]

19. Quinn, T.F.J. Oxidational wear modelling Part III, the effects of speed and elevated temperatures. Wear 1998,
216, 262–275. [CrossRef]

20. Cui, X.H.; Wang, S.Q.; Wang, F.; Chen, K.M. Research on oxidative wear mechanism of the cast steels. Wear
2008, 265, 468–476. [CrossRef]

21. Hogmark, S.; Vingsbo, O. Adhesive mechanisms in the wear of some tool steels. Wear 1976, 38, 341–359.
[CrossRef]

22. Hurricks, P.L. Some metallurgical factors controlling the adhesive and abrasive wear resistance of steels.
A review. Wear 1973, 26, 285–304. [CrossRef]

23. Yao, S.H.; Su, Y.L.; Lai, Y.C. Antibacterial and tribological performance of carbonitride coatings doped with
W, Ti, Zr, or Cr deposited on AISI 316L stainless steel. Materials 2017, 10, 1189. [CrossRef] [PubMed]

24. Lin, N.; Liu, Q.; Zou, J.; Guo, J.; Li, D.; Yuan, S.; Tang, B. Surface texturing-plasma nitriding duplex treatment
for improving tribological performance of aisi 316 stainless steel. Materials 2016, 9, 875. [CrossRef] [PubMed]

25. Vereschaka, A.; Aksenenko, A.; Sitnikov, N.; Migranov, M.; Shevchenko, S.; Sotova, C.; Andreev, N. Effect of
adhesion and tribological properties of modified composite nanostructured multi-layer nitride coatings on
WC-Co tools life. Tribol. Int. 2018, 128, 313–327. [CrossRef]

26. Archard, J.F. Contact and rubbing of flat surfaces. J. Appl. Phys. 2004, 24, 981–988. [CrossRef]
27. Archard, J.F. The temperature of rubbing surfaces. Wear 1959, 2, 438–455. [CrossRef]
28. Archard, J.F.; Hirst, W. The wear of metals under unlubricated conditions. Proc. R. Soc. Lond. 1956, 236,

397–410. [CrossRef]
29. Chen, X.; Han, Z.; Lu, K. Wear mechanism transition dominated by subsurface recrystallization structure in

Cu–Al alloys. Wear 2014, 320, 41–50. [CrossRef]
30. Wang, Y.; Yue, W.; She, D.; Fu, Z.; Huang, H.; Liu, J. Effects of surface nanocrystallization on tribological

properties of 316l stainless steel under MoDTC/ZDDP lubrications. Tribol. Int. 2014, 79, 42–51. [CrossRef]
31. Shaikh, Q.A.; Coleman, D.S.; Bates, J.; Nurthen, P.D.; Brewin, P.R. Wear and microstructural studies of alloy

sintered steels. Met. Sci. Technol. 2014, 7, 728–738.
32. Lim, S.C.; Isaacs, D.C.; McClean, R.H.; Brunton, J.H. The unlubricated wear of sintered steels. Tribol. Int.

1987, 20, 144–149. [CrossRef]
33. Shen, M.X.; Zheng, J.P.; Meng, X.K.; Li, X.; Peng, X.D. Influence of Al2O3 particles on the friction and wear

behaviors of nitrile rubber against 316l stainless steel. J. Zhejiang Univ. Sci. A 2015, 16, 151–160. [CrossRef]
34. Qin, W.; Li, J.; Liu, Y.; Yue, W.; Wang, C.; Mao, Q.; Li, Y. Effect of rolling strain on the mechanical and

tribological properties of 316L stainless steel. J. Tribol. 2018, in press. [CrossRef]
35. Wu, X.; Yang, M.; Yuan, F.; Wu, G.; Wei, Y.; Huang, X.; Zhu, Y. Heterogeneous lamella structure unites

ultrafine-grain strength with coarse-grain ductility. Proc. Natl. Acad. Sci. USA 2015, 112, 14501. [CrossRef]
[PubMed]

36. Li, J.; Cao, Y.; Gao, B.; Li, Y.; Zhu, Y. Superior strength and ductility of 316L stainless steel with heterogeneous
lamella structure. J. Mater. Sci. 2018, 53, 10442–10456. [CrossRef]

37. Wang, S.; Li, J.; Cao, Y.; Gao, B.; Mao, Q.; Li, Y. Thermal stability and tensile property of 316L stainless steel
with heterogeneous lamella structure. Vacuum 2018, 152, 261–264. [CrossRef]

38. Li, J.; Gao, B.; Huang, Z.; Zhou, H.; Mao, Q.; Li, Y. Design for strength-ductility synergy of 316L stainless
steel with heterogeneous lamella structure through medium cold rolling and annealing. Vacuum 2018, 157,
128–135. [CrossRef]

39. Qin, W.; Yue, W.; Wang, C. Controllable wear behaviors of silicon nitride sliding against sintered
polycrystalline diamond via altering humidity. J. Am. Ceram. Soc. 2018, 101, 2506–2515. [CrossRef]

http://dx.doi.org/10.1016/j.triboint.2016.01.030
http://dx.doi.org/10.1016/j.wear.2012.01.017
http://dx.doi.org/10.1016/j.wear.2005.02.013
http://dx.doi.org/10.1016/0301-679X(80)90031-6
http://dx.doi.org/10.1016/S0043-1648(98)00137-9
http://dx.doi.org/10.1016/j.wear.2007.11.015
http://dx.doi.org/10.1016/0043-1648(76)90081-8
http://dx.doi.org/10.1016/0043-1648(73)90184-1
http://dx.doi.org/10.3390/ma10101189
http://www.ncbi.nlm.nih.gov/pubmed/29039782
http://dx.doi.org/10.3390/ma9110875
http://www.ncbi.nlm.nih.gov/pubmed/28773996
http://dx.doi.org/10.1016/j.triboint.2018.07.039
http://dx.doi.org/10.1063/1.1721448
http://dx.doi.org/10.1016/0043-1648(59)90159-0
http://dx.doi.org/10.1098/rspa.1956.0144
http://dx.doi.org/10.1016/j.wear.2014.08.010
http://dx.doi.org/10.1016/j.triboint.2014.05.021
http://dx.doi.org/10.1016/0301-679X(87)90044-2
http://dx.doi.org/10.1631/jzus.A1400217
http://dx.doi.org/10.1115/1.4041214
http://dx.doi.org/10.1073/pnas.1517193112
http://www.ncbi.nlm.nih.gov/pubmed/26554017
http://dx.doi.org/10.1007/s10853-018-2322-4
http://dx.doi.org/10.1016/j.vacuum.2018.03.040
http://dx.doi.org/10.1016/j.vacuum.2018.08.049
http://dx.doi.org/10.1111/jace.15421


Materials 2018, 11, 1839 12 of 12

40. Li, J.; Yue, W.; Qin, W.; Mao, Q.; Gao, B.; Li, Y. Effect of quenching processes on microstructures
and tribological behaviors of polycrystalline diamond compact (PCD/WC-Co) in annealing treatment.
Diam. Relat. Mater. 2017, 79, 79–87. [CrossRef]

41. Wang, S.Q.; Wei, M.X.; Wang, F.; Cui, X.H.; Dong, C. Transition of mild wear to severe wear in oxidative
wear of H21 steel. Tribol. Lett. 2008, 32, 67–72. [CrossRef]

© 2018 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1016/j.diamond.2017.09.006
http://dx.doi.org/10.1007/s11249-008-9361-y
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Experimental 
	Material Preparation and Characteristics 
	Ball-on-Disc Tribotests 
	Detailed Analysis Methods 

	Results 
	Friction Behavior 
	Wear Performance 
	SEM and EDS Mapping Measurements on Worn Surfaces 

	Discussion 
	Conclusions 
	References

