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Because of the low hardness of 316L stainless steel, enhancing its surface hardness and wear resistance by coating
technologies often produces the “egg-shell effect,” resulting in suboptimal coating performance. Although
nitriding is an effective method to improve the load-bearing capacity of soft substrates like 316L stainless steel,
the high nitriding temperature tends to produce Cr compounds, which deteriorates the corrosion resistance. To
address this issue, we describe a novel approach that couples arc-enhanced plasma nitriding with high-energy
pulsed biasing to achieve high-efficiency, low-temperature nitriding. Our results indicate that the application
of kV-level pulsed bias enables rapid nitriding at a low temperature (400 °C) and a nitriding rate of up to 6.5 pm/
h. The nitrided layer consists mainly of the y-N phase without showing the formation of Cr compounds. The
hardness of the nitriding layer of 1300 HV provides sufficient bearing capacity for the subsequent deposition of a
diamond-like carbon (DLC) layer. The integrated nitriding/DLC-processed substrate shows a low wear rate of
2.55 x 1071 m3/N-m even at ultra-high contact stress of 3.88 GPa. Furthermore, wear resistance is enhanced by
nearly 36 times compared to the standalone DLC coating.

1. Introduction

316L stainless steel is widely used in medical devices due to its
excellent corrosion resistance, satisfactory biocompatibility, and cost-
effectiveness [1,2]. However, 316L suffers from significant wear dur-
ing use because of low hardness, which compromises its service life.
Although coating technologies theoretically can reduce wear and extend
the lifespan [3,4], the low hardness of 316L prevents it from effectively
supporting the coating under heavy loads and spurs the “egg-shell” ef-
fect [5,6], which adversely affects the performance of the deposited
coating.

To enhance the coating load-bearing capacity of soft substrates like
316L stainless steel, nitriding is a viable technique to increase the sur-
face hardness [7-11]. However, high-temperature nitriding tends to
produce CrN/CroN phases on the surface, which can reduce the

corrosion resistance of stainless steel [12,13]. When the nitriding tem-
perature is below 450 °C, the nitrided layer consists predominantly of
the y.n phase (expanded austenite, S phase), which can achieve high
hardness and excellent corrosion resistance [14]. As a result, researchers
have been exploring low-temperature nitriding processes such as
plasma-enhanced nitriding [15,16]. In plasma nitriding, the concen-
tration of nitrogen ions increases, and the bias voltage boosts the ion
energy to improve the activity and reduce the nitriding temperature.
Conventional plasma nitriding methods include active screen plasma
nitriding (ASPN) [17], hollow cathode discharge nitriding(HCDN) [18],
and arc-enhanced plasma nitriding(AEPN) [19]. However, ASPN and
HCDN are often work at high pressure (>200 Pa) [20-22], which is
much higher than that used in common PVD processes, posing chal-
lenges to the integration of nitriding and coating technologies together.
In addition, at temperatures below 450 °C, their nitriding rate decreases
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Fig. 1. Schematic diagram of the integrated nitriding/coating depos-
iting system.

significantly to below 1 pm/h [20,23,24]. AEPN has great potential due
to its high plasma density and the ability to operate at similar pressure as
conventional PVD [25]. However, it is still challenging to lower the
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nitriding temperature to 450 °C [26,27]. Increasing the ion energy has
been reported to increase the nitriding rate and reduce the nitriding
temperature [28], but a high ion energy raises the substrate tempera-
tures. For example, when the nitriding bias is below —600 V (DC or
pulsed DC), the nitriding temperature still rises to >500 °C [29].
Nitriding aided by ion implantation using a pulsed bias of >10 kV can
achieve high energy without raising the temperature substantially.
However, the nitriding rate remains low because of the short bias
duration. To address the issue, Liu et al. have proposed kV-level pulsed
biasing in preparing DLC coatings at a compromised temperature and
efficiency [30,31], suggesting that nitriding at a low temperature is
possible.

Herein, rapid nitriding of 316L stainless steel is accomplished by
generating high-density nitrogen ions using arc discharge in conjunction
with kV pulsed biasing (~3 kV, 8 % duty cycle). Although the nitriding
temperature is between 380 and 400 °C, a high nitriding rate of 6.5 pm/
h is accomplished. The nitrided layer consists primarily of the y-N phase,
and no Cr compounds is formed. The combined nitriding/DLC deposi-
tion process significantly enhances the load-bearing capacity of the
stainless-steel substrate and improves the adhesion strength of the DLC.
Even under very high cyclic loadings, excellent protective effects are
observed, as exemplified by wear resistance improvement of nearly 36
times compared to a standalone DLC coating.

2. Experimental details

The substrate was polished 316L stainless steel (30 x 30 x 1 mm3).
The substrates were polished sequentially using 320#, 600#, 1000#,
1500#, and 3000# SiC papers, followed by final polishing with gold
velvet and 0.5 pm diamond polishing suspension to achieve a mirror-like

Fig. 2. Optical surface morphology of the samples after nitriding for different time periods: (a) O h, (b) 1 h, (¢c) 3 h, and (d) 5 h.
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Fig. 3. Cross-sectional morphology of the samples after nitriding for different time periods.

finish. After polishing, they were cleaned ultrasonically in anhydrous
ethanol for 20 min and dried with compressed air. Plasma nitriding and
DLC deposition were carried out in a custom vacuum chamber (Origin
S01, Shenzhen Origin-Vac Lab., China) with an inner diameter of 1 m
and a height of 1.2 m. The chamber was equipped with arc sources,
magnetron sputtering cathodes, and an anode layer ion source. During
arc-enhanced plasma nitriding, the arc shutters were closed to avoid
cross-contamination and auxiliary anodes were used to attract electrons.
High-density electrons ionize nitrogen and ammonia gases on the way to
the auxiliary anode, forming nitrogen ions that were accelerated toward
the substrate under the pulsed kV bias to achieve nitriding. The nitriding
process is illustrated in Fig. 1. During nitriding, the nitriding tempera-
ture is controlled between 380 and 400 °C. A Ti target (¢70 mm x 1000
mm) was used for arc discharge, with an arc current of 120 A, auxiliary
anode current of 100 A, argon gas flow rate of 120 sccm, nitrogen gas
flow rate of 120 sccm, ammonia gas flow rate of 90 sccm, and pressure of
2 Pa. The pulsed —3 kV bias was applied to the substrate with a duty
cycle of 8 %, pulse width of 100 ps, and frequency of 800 Hz. The
nitriding durations were 1, 3, and 5 h. After nitriding, the heating system
was closed and high-power impulse magnetron sputtering (HiPIMS) was
employed to deposit a Cr/CrCx/CrC transition layer in an Ar/CyH; at-
mosphere using a Cr target (530 x 100 x 6 mm®). The Ar flow rate was
120 scem, and the maximum CyH, flow rate was 80 scem. The HiPIMS
discharge parameters were: 750 V, 50 Hz, and 300 ps. The Cr layer was
deposited at a DC bias of —700 V for 2 min, after which the bias was

reduced to —100 V. The acetylene flow rate was raised linearly to 80
scem for 6 min to deposit CrCx, followed by CrC deposition for 2 min at a
steady 40 sccm CyHy flow rate. After completing the transition layer
deposition, a DLC coating was deposited using the anode layer ion
source. The ion source power was maintained at 1 kW, and the argon
and CyH; flow rates were 120 sccm and 90 sccm, respectively. Deposi-
tion was carried out for 3 h at a temperature of about 95 °C. A high-
energy pulsed bias (7.5 kV, 50 Hz, and 100 ps) was applied to
enhance the film density and reduce stress during deposition.

The morphology and composition of the coatings were characterized
by field-emission scanning electron microscopy (FE-SEM, ZEISS
SUPRA® 55) and energy-dispersive X-ray spectrometry (EDS, Oxford X-
Max 20), respectively. Before observation, the samples were corroded by
Marble reagent, which is consist by hydrochloric acid 20 mL, water 20
mL and copper sulfate 5 g. The structure of the nitrided layer and
coatings was determined by Grazing Incidence X-ray Diffraction at
incidence angle of 1° and step length of 0.03° (GIXRD, Bruker D8) and
Raman scattering (Horiba LabRam HR VIS). The hardness was measured
under different loads on the micro-nano indenter (Fisherscope HM2000)
and microhardness tester. The adhesion strength was evaluated by the
scratch test using linearly increasing loads from O N to 100 N at a rate of
10 N/mm. The surface roughness of the coatings was assessed on the
DEKTAK XT profilometer. The tribological test was conducted on a ball-
on-disk tribometer (Rtec MFT-5000) under loads of 50 N and 100 N with
a sliding speed of 6.28 m/min. The counterpart was a 4 mm diameter
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Fig. 4. Surface elemental composition and cross-sectional line scans of the nitrided layer by EDS.

Si3N4 ball. The rotational diameter and test duration were 10 mm and 2
h, respectively. The wear rate was calculated based on the correspond-
ing wear volume by the following equation [32]:

K=v/sF

where K is the wear rate, v is the wear volume in m?, s is the total

sliding distance in meters, and F is the applied normal force in Newton.

3. Results and discussion

Fig. 2 depicts the optical surface images of both the pristine and
nitrided samples. The surface of the untreated sample (0 h nitriding)
exhibits dark gray and light gray areas arising from the poor corrosion
resistance in the metallographic etchant (copper sulfate and hydro-
chloric acid). The magnified metallographic micrographs in the insets
reveal that the surface is flat and lacks noticeable texture. After nitriding
samples (1 h, 3 h, and 5 h), microcracks appear from the surface. As the
nitriding duration increases, striated protrusions become more pro-
nounced, likely caused by the etching of grain boundaries during ion
sputtering. In addition, infiltration of nitrogen ions would also leading to
plastic deformation of the surface because of surface stress changes,
which may also attribute the striated protrusion formation [33]. The
insets also show that with increasing nitriding time, the structure re-
mains uniform, similar to that of the non-nitrided sample, without the
formation of precipitated phases.

Fig. 3 shows the cross-sectional morphologies of the samples after
nitriding for 1 h, 3 h, and 5 h. The nitrided layer thicknesses are
approximately 6.3 pm for the 1 h sample, 12.2 pm for the 3 h sample,
and 19.1 pm for the 5 h sample, corresponding to nitriding rates of 6.3
pm/h, 4.1 pm/h, and 3.8 pm/h, respectively. Traditional nitriding rate
primarily depends on the concentration gradient of N species and the
reaction temperature. However, to plasma enhance nitriding, it also
depends on the reactivity and the energy of N particles. In this study, arc-
enhanced discharge provides a very high concentration of electrons and
subsequent high ionization of nitrogen which increase the reactivity.
Additionally, kilovolt-level bias gives enough energy to the N ions. Both
increase in reactivity and energy improve nitriding rate to 6.5 pm/h at
low temperature. The nitriding rates show a decreasing trend because
nitrogen readily diffuses into the surface layer, forming a high concen-
tration and providing a strong driving force for inward diffusion. As the
thickness increases, nitrogen penetration is mitigated, as demonstrated
by the decreasing nitriding rate. The cross-sectional morphology shows
homogeneous contrast without precipitated phases, indicating
improved corrosion resistance for Marble Reagent. The cross-sectional
EDS mapping (Figs. S1 and S2 in the Supplementary Material) shows a
homogeneous distribution of the Cr and Fe in the substrate and nitriding
layer, indicting no Cr compounds formation and Cr segregation.

Fig. 4(a) shows that Fe, Cr, and N have relatively stable distributions
in the coating with atomic concentrations of 39.5 %, 12.5 %, and 48 %,

Fig. 5. GIXRD spectra of samples nitrided for different time periods.

respectively. The stability in composition is primarily due to the high
thickness of the nitrided layer. During high-energy nitriding, the surface
composition may have already stabilized, resulting in no significant
compositional differences between the different nitrided samples. The
EDS line scans across the cross-section are shown in Fig. 4(b). According
to the nitrogen distributions, the nitrided layer thicknesses of the 1 h, 3
h, and 5 h samples are 6.5 pm, 12.1 pm, and 19.3 pm, respectively,
consistent with SEM. The nitrogen concentration in the 1 h decreases
gradually with depth. As the nitriding time increases, a higher surface
nitrogen concentration and nitrogen plateau are observed due to nitro-
gen ion implantation at the applied bias explained by the trap-
ping—detrapping model [34], concentration-dependent diffusion model
[35] and a combination of the two models [36]. The core mechanism is
the strong affinity between Cr and N in austenitic stainless steel. Only
when Cr—N bonding is saturated does nitrogen diffuse further inward,
giving rise to the formation of this concentration plateau.

Fig. 5 shows the XRD patterns of the samples after nitriding. The
untreated substrate exhibits a strong primary peak at 44.2°, corre-
sponding to the y-phase of austenitic stainless steel. In the 1 h sample,
additional peaks at 40.1° and 45.1° corresponding to the (111) and
(200) planes of the y.y phase emerge [37]. As the nitriding time in-
creases to 3 and 5 h, the intensity of the diffraction peaks increases, and
the peaks shift slightly to smaller angles indicative of lattice expansion
[38]. This is primarily due to the increased nitrogen solubility in the
lattice, consistent with EDS. The formation of the single y-N phase is
mainly due to the low nitriding temperature, which prevents the for-
mation of Cr compounds.
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Fig. 6. Hardness under different loads after nitriding.

To evaluate the effects of the nitride layer thickness on the load-
bearing capacity, hardness measurements are conducted under
different loads, as shown in Fig. 6. The substrate hardness remains stable
between 210 and 220 HV, with minimal influence from the applied load.
The hardness of the samples nitrided for 1 h, 3 h, and 5 h under 10 mN is
1000 HV, 1250 HV, and 1300 HV, respectively. As the load increases,
the hardness decreases. However, under the same load, the sample
nitride for a longer time shows higher hardness, and the rate of hardness
reduction decreases with increasing load. This phenomenon is mainly
attributed to the thicker nitrided layer formed during long-time
nitriding, which enhances the load-bearing capacity under indentation
and reduces the influence of the underlying layer. Consequently, even
when the load is increased to 10 N, the hardness of the 3 h and 5 h
samples remain at 530 HV and 750 HV, respectively.

Surface & Coatings Technology 496 (2025) 131716

To investigate the effects of the nitrided layer on improving the
“eggshell effect”, Cr/CrCx/CrC/DLC coatings are deposited directly on
the untreated substrate and nitrided samples after nitriding. Fig. 7 shows
that the total coating thickness is approximately 3.5 pm, including a 0.8
=+ 0.1 pm thick Cr/CrCx/CrC transition layer (bright region) and a 2.7 +
0.2 pm thick DLC layer. No obvious porosity is observed from the Cr/
CrCx/CrC/DLC coating and nitrided surface, indicating good adhesion.

The surface roughness of the samples before and after DLC deposi-
tion is measured. As shown in Fig. 8, the surface roughness (Ra) of the
substrate is approximately 0.11 pm. With increasing nitriding time, it
increases gradually to 0.13 pm and 0.16 pm, and the 5 h sample shows a
surface roughness of 0.24 pm, which is slightly lower than samples with
similar thickness by other nitriding methods [10,11,23]. After DLC
deposition, the surface roughness of all samples, except for the untreated
one, decreases on account of the filling of surface depressions of the PVD
coating during deposition [39].

The structure of the composite Cr/CrCx/CrC/DLC coating is char-
acterized by X-ray diffraction (XRD) and Raman scattering, as shown in
Fig. 9. The change of the XRD patterns is consistent with that observed
before coating deposition. However, a small broad peak appears at 44°
from the underlying Cr/CrCx/CrC transition layer. All the samples
exhibit asymmetrical broad peaks in the range of 1000-1800 cm™!
characteristic of DLC in the Raman spectra, including the D peak at
1350 cm ™! and G peak at 1580 c¢m ™! [40]. The ratio of Ip/Ig indicates
the proportion of sp? to sp® bonding in the coating. Specifically, a
smaller Ip/Ig ratio suggests more sp3 [41]. Peak fitting reveals that the
Ip/Ig ratio of all the samples is approximately 0.547, which is relatively
low and indicates a higher proportion of sp® and greater hardness.
Moreover, there is no difference among the various samples, implying
that the surface nitriding layer does not affect the deposition of subse-
quent coatings.

Hardness tests are conducted after DLC deposition, as shown in
Fig. 10. Under a load of 10 mN, the hardness is around 1850 HV. The
hardness measured under small loads predominantly reflects the hard-
ness of the surface DLC layer. The consistent sp® content of the DLC
coating, as indicated by the Raman results in Fig. 9, leads to a uniform

Fig. 7. Cross-sectional morphology of the samples after nitriding for different time durations after DLC deposition: (a) Without nitriding; (b) 1 h nitriding; (c) 3 h

nitriding and (d) 5 h nitriding.
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Fig. 8. Surface roughness of the samples before and after DLC deposition.

hardness value of approximately 1850 HV. When the load is increased to
2 N, the hardness of the untreated sample drops to 400 HV, which ap-
proaches the substrate hardness, indicating that the substrate does not
provide adequate support for the coating. In contrast, the hardness of the
nitrided samples under 2 N decreases only slightly, with the reduction in
hardness becoming less pronounced with nitriding time. When the load
is further increased to 5 N, a significant drop in hardness is observed.
However, the hardness of the 3 h and 5 h nitrided samples is about 900
HV. Upon further increase of the load to 10 N, the hardness of the 3 h
and 5 h samples is 600 HV and 880 HV, respectively, indicating that the
nitrided layer provides good load-bearing capacity.

The adhesion strength of coatings is important. Fig. 11 depicts the
morphology after the scratch test. The untreated sample exhibits a
metallic color at the scratch onset, indicative of coating delamination.
The adhesion strength is approximately 29 N. With regard to the 1 h and
3 h samples, whitening occurs closer to the rear end of the scratch,
revealing improved adhesion strength of 61 N and 73 N, respectively.
The adhesion is higher than most of the integrated Nitriding/DLC
coatings, which is mostly between 20 and 40 N [9,10]. The improved
adhesion can be ascribed to the dense nitrided surface, high ionization
rate in HiPIMS, direct deposition after nitriding, and prevention of
secondary contamination. However, the adhesion strength of the 5 h
nitrided sample decreases to 50 N. The adhesion strength is primarily
related to stress in the coating and the interface with the substrate. In
this study, the PVD coating preparation process is the same, and the

Surface & Coatings Technology 496 (2025) 131716

theoretical adhesion strength should be comparable. However, previous
research reveals that the adhesion increases linearly with the increasing
of substrate hardness in scratch test [42]. During the scratch test, coating
failure is primarily associated with the tangential force [43], which is
influenced by the indentation depth and surface roughness of the
coating [10]. As for the untreated sample, the softer substrate allows for
greater indentation under the same load, even penetration to the sub-
strate, resulting in a very high tangential force and making the coating

Fig. 10. Hardness under different loads after DLC deposition on the
nitrided surface.

Fig. 11. Scratch morphology of different samples.

Fig. 9. XRD and Raman spectra of different samples after DLC deposition.
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Fig. 12. (a) Hertzian contact stress under different loads and (b) friction coefficients of different samples under 50 N and 100 N loads.

Fig. 13. Morphology of wear tracks on different samples.

prone to delamination. When the substrate hardness is higher, both the
substrate and coating deform less under the same load, resulting in a
lower tangential force, which only increases at larger loads. Conse-
quently, the nitrided samples have greater adhesion strength. In addi-
tion, Ma S.L. et al. found short nitriding time could also reduce the
residual stress of the coatings [44], which could also attribute to the
adhesion improvement with nitriding. However, as the nitriding time is
further extended, the surface roughness increases and the adhesion
decline, which is consisted with the results from A. Nishimoto [10]. The
larger protrusions appeared in samples with longer nitriding time
endure significantly high tangential forces during lateral sliding, leading
to lower adhesion strength. Therefore, the adhesion strength of the 5 h
sample declines.

To assess the extent of the mitigation of the “eggshell effect” stem-
ming from nitriding and investigate the fatigue performance under high
loads, ball-on-disc friction and wear tests are conducted using 4 mm
diameter SisN. balls against the coatings under various loads. Firstly, the
Hertzian contact stresses under different loads are calculated using the
Hertz formula [45], as shown in Fig. 12(a). Under loads of 3 N and 10 N
(standard loads), the contact stresses are 1.21 GPa and 1.80 GPa,
respectively, whereas under loads of 50 N and 100 N, the contact stresses
reach 3.08 GPa and 3.88 GPa. Based on these calculations, the higher
contact stresses (3.08 GPa and 3.88 GPa) are selected for the fatigue
wear tests. Fig. 12(b) presents the variations of the friction coefficients
with time under 50 N and 100 N loads. Under the 50 N load, the un-
treated sample exhibits an immediate increase in friction coefficients at

the start of the test, indicating instant failure under fatigue wear con-
ditions. In contrast, the nitrided samples maintain low friction co-
efficients during the two-hour friction wear test, showing values of
0.11-0.13. When the load is raised to 100 N, the untreated sample again
shows immediate wear failure and a severe eggshell effect. In contrast,
the nitrided samples continue to exhibit low friction coefficients even
under a load of 3.88 GPa. Aside from the 3 h sample, which has a low
friction coefficient, the friction coefficients of the 1 h and 5 h samples
increase slightly to 0.16-0.18.

To analyze the failure modes and processes during the friction and
wear tests, the morphology after wear is shown in Fig. 13. Under a load
of 50 N, the wear track of sample without nitriding clearly exposes the
substrate and exhibits an irregular pattern with pronounced grooves,
indicative of significant abrasive wear. This phenomenon is primarily
attributed to the “eggshell effect,” which results in the instantaneous
fracture of the coating. On the other hand, the transition layer composed
of Cr/CrCx/CrC acts as the abrasive medium, leading to the visible wear
scar even after only 5 min. Eugenia L. D. et al. also got the similar results
in the DLC coated 316L surface at similar contact stress [46]. The wear
tracks of the other nitride samples (1 h-DLC-50 N, 3 h-DLC-50 N, 5 h-
DLC-50 N) are smooth, showing no significant exposure of the substrate,
implying that the DLC coating maintains effective protective properties
under this load. Under a load of 100 N, the morphology of the non-
nitrided samples resembles that under 50 N, suggesting similar failure
modes, albeit more severe wear. As for the 1 h sample, bright coloration
appears from the center of the wear track. However, the discontinuous
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Fig. 14. Wear track profiles under different loads.

Table 1
Wear rates of the nitriding/DLC samples for different nitriding time periods.

Load/sample Wear rate (x10~ ' m3/N-m)

Oh 1h 3h 5h
50 N 82.8 2.44 2.53 2.95
100 N 94.8 4.84 2.55 8.33

nature of brightness indicates partial wear-through of the DLC layer.
This may be because the relatively thin nitrided layer provides insuffi-
cient mitigation of the eggshell effect. The central area corresponds to
the apex of the grinding ball, where deformation is maximal, resulting in
more severe wear. The wear track of the samples nitrided for 3 h does
not show a metallic color, suggesting effective avoidance of the eggshell
effect and excellent protection. Thin grooves are observed in the wear
track in Fig. 13(g), indicting abrasion wear mechanism. The rigid
nitriding layer with higher hardness will increase stress concentration of
the film when contacted with the Si3N4 ball, and the fine debris detached
from the carbon film causes scratches of the film and the counter body
ball, giving rise to the formation of the grooves [47]. The wear track of
the samples nitrided for 5 h exhibits a bright white color. However, the
scar remains relatively smooth. Coupled with a slight increase in the
friction coefficients toward the end of the test, it can be inferred that
wear occurs slowly rather than instantaneous failure associated with the
egg-shell effect. The minor increase in friction coefficients, albeit DLC
wear, may be due to wear debris providing a certain degree of lubrica-
tion. Severe wear is observed from the 5 h samples because of the larger
surface roughness, and local protrusions experience significant contact
stress and failure.

As shown in Fig. 14, under a load of 50 N and after 30 min, the depth
of the wear track of the untreated sample reaches 10.7 pm, with the
width approaching 1 mm, indicating poor wear resistance. In contrast,
the other samples exhibit a wear scar depth of approximately 1 pm and a
width of about 0.3 mm without penetration. Under a load of 100 N, the
untreated sample shows significant depth and width approaching 15 pm
and 1 mm, respectively. With regard to the sample nitrided for 1 h under
aload of 100 N, the maximum wear track depth is 2.8 pm, indicative of a
worn coating similar to that shown in Fig. 11. The wear track depth of
the sample nitrided for 3 h is 2 pm, which is less than the DLC thickness,
indicating that there is no penetration. Meanwhile, the sample nitrided
for 5 h displays a maximum wear track depth of approximately 6 pm,
confirming that the coating is also worn. The wear rates calculated from
the wear scars are summarized in Table 1. As for the untreated sample
under loads of 50 N and 100 N, the wear rates are 82.8 x 1071 m®/N-m
and 94.8 x 1071% m3/N, respectively. In comparison, under loads of 50
N and 100 N, the 1 h, 3 h, and 5 h samples exhibit no evident eggshell

effect, and the wear rate decreases to 2.5 x 10710 m3/N-m, which is
about 36 times less than that of the pristine sample. The wear rate for the
3 h nitride sample is much lower than the reported data in the previous
researches (higher than 6.5 x 107'° m3/N-m) [9,11], which was
possibly attributed to the harder nitriding layer providing enough load-
bearing capacity. The results disclose that low-temperature nitriding of
316L plays a significant role in enhancing the service life of the DLC
coating.

4. Conclusion

To address the issue of the eggshell effect that often occurs when
depositing PVD coatings on a soft 316L substrate, arc-enhanced plasma
nitriding is coupled with DLC deposition. The effects of the different
nitriding depths on the eggshell effect are determined. By utilizing high-
energy pulsed bias coupled with arc-enhanced plasma nitriding, rapid
nitriding of 316L is accomplished at a low temperature of 400 °C with a
nitriding rate of 6.5 pm/h. As a result of the low-temperature nitriding,
the formation of Cr compounds is avoided. The DLC coating deposited
on the nitrided surface shows enhanced bonding strength. Benefiting
from the higher hardness of the nitrided layer, the DLC coating effec-
tively prevents the eggshell effect and maintains good protective capa-
bility under a high contact stress of 3.88 GPa, consequently producing a
wear rate nearly 36 times less than of the untreated substrate.
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Supplementary Material
High-loading 316L stainless steel by integrated low-temperature
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Fig.S1 The cross-sectional EDS mapping of sample nitride for different time.



Fig.S2 The cross-sectional EDS mapping of sample nitride for different time and DLC

deposition.
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