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a  b  s  t  r  a  c  t

An  optimized  low-temperature  plasma  carbonitriding  process  at 430 ◦C for  15  h  was  used  to treat  the
surface  of 316LVM  medical  grade  austenitic  stainless  steel.  By  using  a servo-hydraulic  dynamic  test
machine,  the  fretting  behaviour  of both  as-received  and  the surface-treated  316LVM  plate  samples  against
martensitic  stainless  steel  balls  was  studied  in the  Ringer’s  solution  at various  displacement  amplitudes.
The  experimental  results  demonstrate  that  the  optimized  low-temperature  plasma  surface  treatment
can produce  a  precipitate-free,  C/N  supersaturated  S-phase  layer.  Such  layer  revealed  a  hardness  of  5
times  that  of 316LVM  substrate.  The  formation  of  S-phase  can  protect  the 316LVM  from  corrosion  in  the
Ringer’s  solution,  and  the  hard  surface-treated  layer  can  significantly  improve  the  fretting  wear  resistance
of 316LVM  material.  When  fretted  in  a mixed  regime,  a  sharp  drop  of friction  force  was  observed  for
untreated  316LVM  after fretting  for  about  1000  cycles,  which  was  mainly  caused  by  the  penetration  of

Ringer’s  solution  into  the  contact  area  of  the  fretting  pairs.  As a  comparison,  no  friction  drop  was  observed
through  the  fretting  process  on  the  surface-treated  samples.  Due  to the  high  ratio  of elastic  modulus  to
hardness  (E/H)  of untreated  sample,  the  main  damage  mechanism  on  untreated  sample  was  adhesive  and
abrasive  wear  during  the  fretting  process.  However,  because  of the  high  hardness  and  low  E/H ratio  of
the  surface-treated  sample,  the  main  damage  mechanism  was  mild  abrasive  wear.  In conclusion,  the low
temperature  plasma  surface  treatment  can effectively  improve  the  fretting  wear  properties  of 316LVM

ld  pa
stainless  steel,  which  cou

. Introduction

Due to their low cost, proper mechanical behaviour and good
ormability, austenitic stainless steels have long been used as
iomaterials, such as prosthetic bearing surfaces, orthodontic

mplants, bone fixation devices and cardiovascular devices [1].
owever, the low wear resistance and the susceptibility to pitting
orrosion in body fluids have limited their applications in the med-
cal industry [2].  Combined improvement in corrosion and wear
esistance is desirable for expanding their applications in long-life
oint prostheses. Therefore, it is important to develop advanced
urface treatment methods to improve the wear and corrosion
esistance of austenitic stainless steels.
Based on the previous reports, low-temperature plasma car-
urizing treatment could produce a S-phase layer by introducing

nterstitials (N and C, or both) into an FCC structured substrate [3].
uch S-phase layer could reduce considerably the friction coef-

∗ Corresponding author. Tel.: +86 28 87600687; fax: +86 28 87603142.
E-mail address: linmao@swjtu.edu.cn (L.M. Qian).

043-1648/$ – see front matter ©  2011 Elsevier B.V. All rights reserved.
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ve  the  way  to develop  the  high-performance,  long-life  body  implants.
© 2011 Elsevier B.V. All rights reserved.

ficient and improve the wear resistance of a Ni-free austenitic
stainless steel in Ringer’s solution. Dong [1] pointed out that the
newly developed S-phase surface engineering technologies could
provide stainless steels with a high surface hardness, good corro-
sion resistance, excellent tribological and tribochemical properties
and outstanding fatigue properties for the design of demanding
components. Rybiak et al. [4] noted that when tested above a
threshold temperature of 220 ◦C, the friction coefficient and wear
rate of stainless steels would decrease. The severe adhesive wear
played a dominated role at low temperatures, whereas a third body
abrasive process involving the formation of a compliant glaze layer
structure took place at high ones. Low temperature surface treat-
ment could increase the surface hardness and provide both low
friction coefficient and excellent wear resistance against tungsten
carbide balls [5].  It has been reported that the abrasive and adhesive
wear resistance of austenitic stainless can be greatly improved after

plasma nitriding, which was critical to the tribological application
of the surface modification technique [6,7]. Nosei et al. [8] reported
that ion nitriding of steels was a well known process mainly for
surface hardening to improve their tribological properties and cor-
rosion resistance. Liu et al. [9] demonstrated that low temperature

dx.doi.org/10.1016/j.wear.2010.12.017
http://www.sciencedirect.com/science/journal/00431648
http://www.elsevier.com/locate/wear
mailto:linmao@swjtu.edu.cn
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Table  1
Composition of 316LVM and AISI 440C steels, wt%.

 Cr Ni Mo Cu N Fe

.003 17.43 13.75 2.72 0.1 0.084 bal.
 17 – 0.6 – – bal.
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Composition C Si Mn  P S

316LVM steel 0.019 0.5 1.87 0.025 0
AISI440C steel 1.1 0.8 0.6 – –

lasma surface treatments, carbonitriding at 430 ◦C, carburizing at
00 ◦C and nitriding at 430 ◦C, could enhance the anti-corrosion and
nti-wear properties of 316LVM stainless steel to some extent, and
he first one was the best among these surface treatment meth-
ds. Despite all that, the fretting behaviour of the S-phase layer
ormed on 316LVM medical grade austenitic steels has not been
ell addressed.

In this paper, an optimized low-temperature plasma carboni-
riding process at 430 ◦C for 15 h was used to treat the surface
f 316LVM medical grade austenitic stainless steel. With a servo-
ydraulic dynamic test machine, the fretting behaviour of both
s-received and surface-treated 316LVM plate samples against
artensitic stainless steel balls was studied in the Ringer’s solution

t various displacement amplitudes. A series of analyses, such as
he frictional logs, the surface morphology and the cross-sectional
rofiling of the wear scars, were carried out. The wear mechanisms

nvolved in the fretting process of untreated and surface-treated
16LVM sample were discussed.

. Materials and testing methods

The material used in this study was 316LVM medical grade
ustenitic stainless steel. Block samples of 25 × 6 × 6 mm3 were cut
rom the bar. The flat surfaces of the block samples were firstly wet
round using silicon carbide paper from 120 down to 1200 grit, and
hen polished using 6 �m and 1 �m diamond suspension in turn.
inally, the roughness (Ra) on the surface of samples was measured
s 0.06–0.08 �m.  Low temperature plasma carbonitriding was  car-
ied out at 430 ◦C for 15 h in a gas mixture containing 1.5% CH4 and
8.5% H2 at a constant pressure of 400 Pa in a 60 kW Klöckner dc
lasma unit. After the treatment, a surface layer with a thickness
f 25 �m was formed. AISI 440C stainless steel balls of 40 ± 0.1 mm
n diameter were selected as the counterpart, which moved hor-
zontally against the stationary plate specimen. The component
lements of 316LVM and AISI 440C steels were listed in Table 1. The

hase constituents in the as-received and plasma-treated surfaces
ere analyzed with an X’Pert Philips X-Radiation diffractometer

XRD) using Cu-K� radiation (� = 0.15419 nm). As shown in Fig. 1,
ompared to the untreated material, the peaks of surface-treated
16LVM samples were shifted to lower angles, which was  the char-
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ig. 1. XRD charts of untreated (MU) and surface-treated (MNC430) 316LVM stain-
ess  steel.
Fig. 2. The schematic diagram of the horizontal servo-hydraulic fretting appara-
tus. During fretting tests, the upper AISI 440C steel ball moved horizontally with a
displacement amplitude of D under a normal load of Fn.

acteristic signature of the S-phase layer. This indicates that a C/N
supersaturated S-phase layer has been produced after the treat-
ments [10].

With a nanoindenter (Nano-Hardness/Scratch Tester, CSM,
Switzerland), the nanoindentation hardness H and elastic modulus
E of untreated (MU) and surface-treated (MNC430) 316LVM sample
were measured. The load capacity of the S-phase was  characterized
by the scratch tests with the same instrument.

All the fretting tests were conducted using a horizontal servo-
hydraulic fretting apparatus (DS20 PLINT, France) under a normal
load of 100 N at a frequency of 5 Hz in Ringer’s solution. The
schematic diagram of the horizontal servo-hydraulic fretting appa-
ratus was  shown in Fig. 2. During fretting tests, the upper AISI
440C steel ball moved horizontally with a displacement ampli-
tude of D under a normal load of Fn. The number of fretting cycles
was  1500–10,000. The displacement amplitude D was ranged from
3 �m to 40 �m.  The tangential force Ft and the number of cycles
N were recorded by the test machine. All the fretting tests were
carried out in atmosphere with the temperature of 15–20 ◦C and
relative humidity of 40–50%. Under each condition, the fretting
test was repeated at least 3 times to ensure the repetition of data.
After the fretting tests, the morphologies of the wear scars were
characterized by an optical microscope and a scanning electron
microscope (SEM, Qunta200, FEI, Holland), and the chemical com-
position of the materials in the wear scars was  analyzed by an
energy dispersive X-ray detector (EDX, INCA PENTAFET X3, Oxford
Instruments Technology, England).

3. Experimental results

3.1. Surface mechanical properties
The nano-mechanical properties in terms of hardness H and
elastic modulus E of the plasma treated and untreated material
were probed using a nanoindentation machine and the results were
summarized in Table 2. It can be seen that the hardness and elastic
modulus of 316LVM was improved by 393% and 24% respectively
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Fig. 3. The tangential force Ft versus normal load Fn curves and the SEM images of the scra

Table  2
Nano-mechanical properties of untreated and surface-treated samples.

Sample H (GPa) E (GPa) E/H

a
p
t
2
e
s

t
i
u
t
t
r
p

ues of D were above 20 �m,  all the Ft–d curves were open and finally

F
1

Untreated (MU) 2.7 170.5 63.1
Treated (MNC430) 13.3 210.7 15.8

nd the E/H ratio was reduced by 75% accordingly following the
lasma surface treatment. It was reported that nitrogen ion implan-
ation processes can enhance the surface hardness of 316LVM by
0–86% only [11]. Clearly, plasma surface treatment is much more
ffective than ion implantation in hardening austenitic stainless
teel.

The load capacity of the S-phase was characterized by scratch
ests with a Nano-Scratch Tester. As shown in Fig. 3, with the
ncrease in the normal load, the tangential force of the scratch on
ntreated (MU) sample fluctuated greatly, while that on surface-

reated (MNC430) sample showed a slow and smooth increase. As
he load increased to 80 mN,  the tangential force on MU  sample
eached 100 mN,  which was about 8 times that on MNC430 sam-
le. As a result, the scratch formed in MU sample was much deeper

ig. 4. Ft–d–N curves of untreated (MU) and surface-treated (MNC430) 316LVM stainles
00  N.
tch scars on untreated (MU) and surface-treated (MNC430) 316LVM stainless steel.

and wider than that formed in MNC430, as evidenced by the SEM
images in Fig. 3. The results demonstrate that the surface treatment
can effectively improve the load capacity of MU  sample through the
formation of S-phase.

3.2. Effect of surface treatment on fretting regimes

Fig. 4 shows the typical frictional logs (Ft–d–N curves) of the as-
received and surface treated 316LVM against AISI 440C stainless
steel balls under various values of displacement amplitude D in
the Ringer’s solution. When the fretting occurred between the MU
sample and stainless steel ball (MU/ball pairs), three typical fret-
ting regimes could be determined from the frictional logs under
various values of D. When the values of D were below 7 �m,  the
tangential force versus displacement (or Ft–d) curves were in the
quasi-closed shape, indicating a partial slip regime. When the val-
in a parallelogram shape, which was the characteristic of the gross
slip regime. Finally, when the values of D varied between 7 �m
and 20 �m,  the curves were characterized by elliptic and parallel-
ogram shape, showing the behaviour of the mixed fretting regime

s steel under various fretting displacement amplitudes. The applied normal load is
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Table  3
Effect of surface treatment on the fretting regimes of 316LVM stainless steel against AISI 440C stainless steel balls.
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Fretting regimes Partial slip regime 

MU/ball pairs D < 7 �m 

MNC430/ball pairs D < 15 �m 

12]. However, the surface treatment showed a strong effect on
he fretting regimes. As shown in Fig. 4, the surface treated layers
ould extend the gross slip regime of the MU/ball pairs to the rel-
tively smaller displacement amplitude 15 �m.  For D ≤ 15 �m,  no
ixed regime was identified and the MNC430 against AISI 440C

MNC430/ball) pairs ran in partial slip regime. The fretting regimes
f two pairs were summarized in Table 3.

The variation of the tangential force Ft with the increase in the
umber of fretting cycles N was also an important indicator to the

retting kinetic behaviour. The Ft–N curves of the fretting of MU/ball
nd MNC430/ball pairs under various values of D were plotted in
ig. 5. As shown in Fig. 5a, in the partial slip regime of MU/ball
airs (D = 3 �m),  the tangential forces reached its stable value in
he 40th cycle after the initial increase. However, when the fret-
ing of MU/ball pairs ran in mixed regime (D = 7 �m or 10 �m)
nd gross slip regime (D = 20 �m),  the tangential forces increased
apidly in the first 100–1000 cycles and then dropped quickly to
heir stable values. During the initial fretting cycles, surface asper-
ties on the contact area were worn down gradually, resulting in
he increase of the real contact area. Since the friction force is pro-
ortional to the contact area, the friction coefficient on MU  and
NC430 undergoes the similar increasing trend during the initial

ycles [13,14].  It was also noted that when the fretting of MU/ball
airs ran under a larger value of D, the tangential forces started to
ecrease earlier and the stable values were higher. However, the
t–N curves of the fretting of MNC430/ball pairs were much dif-
erent from those of MU/ball pairs. As shown in Fig. 5b, either in
he partial slip regime (D = 3–10 �m)  or in the gross slip regime
D = 20 �m),  no drop of tangential force was observed and the tan-
ential force increased to a constant value after 100–500 fretting
ycles.

.3. Effect of surface treatment on fretting wear properties

To investigate the fretting wear mechanism of as-received and
urface treated 316LVM, the morphologies of wear scars were

xamined by an optical microscope and the cross-sectional pro-
les were measured by a stylus profilometer. As shown in Fig. 6,
hen the fretting ran in partial slip regime (D = 3 �m),  all the wear

cars of MU  and MNC430 samples could be divided into two  parts,
he stick zone in the center and the micro-slip zone at the edge. As
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ig. 5. The tangential force versus the number of fretting cycles curves of as-received an
mplitudes. The applied normal load is 100 N.
Mixed slip regime Gross slip regime

D = 7–20 �m D ≥ 20 �m
– D ≥ 15 �m

the fretting of MU/ball pairs ran in mixed regime (D = 7 �m),  the
entire wear scar area on MU  surface was  rough and some cracks
were formed around the edges. However, under the same fretting
conditions, the wear scar on MNC430 surface still revealed the char-
acteristics of partial slip regime, namely as an inner stick area and an
outer micro-slip area. Finally, when the fretting of these two pairs
ran in gross slip regime (D = 20 �m),  the main wear mechanism of
MU/ball pairs was  adhesion, while MNC430/ball pairs underwent
mild abrasion.

Fig. 7 plotted the average wear depth h of the wear scars on MU
and MNC430 samples after fretting for 10,000 cycles as a function
of D. As the fretting ran in partial slip regime (D = 3 �m),  the h was
0.7 �m on MU  and 0.6 �m on MNC430 surfaces. For D = 7 �m,  the
MU/ball pairs ran in mixed regime and the h on MU  was  4.7 �m.
However, since the MNC430/ball pairs still ran in partial slip regime,
the h on MNC430 was 0.8 �m,  which was only 18% of that on MU.
Finally, when the fretting ran in gross slip regime (D = 20 �m),  the h
was  2.7 �m on MU and 0.6 �m on MNC430 surface. Obviously, low
temperature plasma surface treatment has effectively improved
the fretting wear properties of 316LVM stainless steel.

3.4. Effect of surface treatment on fretting corrosion behaviour

The EDX detection may provide information to some extent on
the corrosion resistance of sample in the fretting test [15]. After
fretting in Ringer’s solution for 10,000 cycles, the EDX spectrum
on the wear scars of MU  and MNC430 samples were detected. As
shown in Fig. 8, high oxygen and chlorine peaks appeared in the
center of the wear scar of MU  sample but they could not be detected
in the wear scar of MNC430 sample. The enrichment of the chlorine
on MU  was due to the penetration of the Ringer’s solution. It was
noted that the MU sample was  worn and corroded heavily in the
solution during the fretting. Therefore, the carbonitrided sample
exhibited better anti-corrosion behaviour than untreated material.
It can be speculated that the formation of S-phase on the surface
layer played an important role in the protection of the 316LVM

substrate from corrosion in the Ringer’s solution. Even though, the
effect of surface treatment on the corrosion resistance of 316LVM
medical grade austenitic stainless steel under fretting conditions
should be investigated on-line by the electrochemical method in
future.
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d surface treated 316LVM against AISI 440C steel ball under various displacement
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ig. 6. The optical morphology of the wear scars on untreated (MU) and surface-
isplacement amplitudes. The applied normal load is 100 N.

. Discussion

It can be seen in Fig. 5 that when the fretting of MU/ball pairs
an in the mixed regime, the tangential forces decreased sharply
o stable values after the initial increase. However, such drop of
angential forces was not observed in the fretting of MNC430/ball
airs. To understand the reason for the drop of the tangential
orces, the cross sections of fretting scars were examined by a SEM.

ig. 9 showed the SEM images of the panorama, details and cross
ection of the wear scars on MU and MNC430 surfaces after the
retting of these two pairs under D = 7 �m.  After 10,000 fretting
ycles, the generation of cracks was observed on MU  sample, as
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ig. 7. The average wear depth of untreated (MU) and surface-treated (MNC430)
16LVM stainless steel after fretting for 10,000 cycles under various displacement
mplitudes. The applied normal load is 100 N.
d (MNC430) 316LVM stainless steel after fretting for 10,000 cycles under various

shown in Fig. 9a. However, the generation of cracks was effec-
tively prevented by the plasma surface treatment, as shown in
Fig. 9c. Even after 1584 fretting cycles, where the tangential force
of MU/ball pairs began to drop, a clear crack was  formed on MU
samples.

It is reported that the generation of cracks can lead to the fluc-
tuation of the tangential force [16]. But the penetration of the
lubrication solution into the contact area was  also been found
responsible for the drop of tangential force [17]. To verify which one

was  the main reason, the fretting of MU/ball pairs was  conducted
under both dry and lubrication conditions. As shown in Fig. 10a,
when the fretting of MU/ball pairs ran in lubricated condition, the
tangential force decreased sharply from the peak value of 140 N to
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Fig. 8. The EDX spectrum on the center of the fretting wear scars of MU and MNC430
samples.
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ig. 9. The SEM images of the panorama, detail and cross section of the wear scar
 = 1584 cycles; (c) surface-treated sample and N = 10,000 cycles.
he stable value of 40 N around 1000 cycles, but no cracks were
bserved on the wear scar. However, when the fretting of MU/ball
airs ran in dry condition, no rapid drop in the tangential force was

ig. 10. The Ft–N curves and SEM images of the wear scars after fretting under D = 7 �m
nder  dry condition. The applied normal load is 100 N.
r D = 7 �m.  (a) Untreated sample and N = 10,000 cycles; (b) untreated sample and
recorded and no cracks were generated on the wear scar of MU
sample. When the fretting runs under dry condition, the creation
of debris can lead to a three-body contact on the entire surface

.  (a) after 1636 fretting cycles in Ringer’s solution; (b) after 10,000 fretting cycles
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nd induce the decrease of tangential force [13]. Therefore, even
hough the generation of cracks might decrease the tangential force
o some extent, the sharp drop of tangential force of MU/ball pairs in
inger’s solution was mainly induced by the penetration of solution

nto the contact area.
During the fretting process of MU/ball pairs in Ringer’s solu-

ion, since the ratio of elastic modulus to hardness (E/H) for MU
ample was as high as 63.1 (Table 2), strong adhesion wear can
e detected from the friction loops and wear scars (Figs. 4 and 6)
18]. Hence, the solution was difficult to penetrate into the contact
urface in the initial hundreds of fretting cycles. After hundreds of
retting cycles, the contact surface might be damaged and the abra-
ive debris was generated as the three-body. Under this condition,
he solution might penetrate into the contact area and a rapid drop
n the tangential force occurred [17]. The penetration of the solu-
ion was also depended on the displacement amplitude D. With the
ncrease in the values of D, the penetration was easy to occur and the
umber of turning point cycle (at which cycle the tangential force
egan to drop) was reduced [17]. As shown in Figs. 4 and 5, with
he increase in the values of D from 7 �m to 20 �m,  the number of
he turning point cycle decreased from 2000 to 200. Compared to
he high E/H ratio of MU  sample, the E/H ratio of MNC430 was  only
5.8. Thus, both the plastic deformation and the adhesion junction

n the contact area were largely reduced, consequently resulting
n the decrease of adhesive wear. Therefore, no drop of tangen-
ial force was observed and the solution might penetrate into the
ontact area in the first several cycles.

In summary, the rapid drop of the tangential force of MU/ball
airs was mainly induced by the penetration of the Ringer’s solu-
ion into the contact area. The main wear mechanism of the MU/ball
airs was adhesion and abrasion. The surface treatment could
trongly improve the wear behaviour of 316LVM substrate.

. Conclusions

An optimized low-temperature plasma carbonitriding process
t 430 ◦C for 15 h was used to treat the surface of 316LVM medical
rade austenitic stainless steel. With a servo-hydraulic dynamic
est machine, the fretting behaviours of both as-received and
urface-treated samples against martensitic stainless steel balls
ere studied in the Ringer’s solution at various displacement

mplitudes. Based on the experimental results and discussion, the
ain conclusions can be summarized as follows.

1) After low temperature plasma carbonitriding treatment, the
surface hardness of 316LVM has been improved by 5 times and
the elastic modulus increased by 24%. The surface-treated layer
can not only expand the gross slip regime of MU/ball pairs to

low displacement amplitude, but also effectively improve the
corrosion and wear behaviour of 316LVM substrate.

2) When the fretting of MU/ball pairs ran in mixed regime, a sharp
drop of tangential force was observed after the initial increase,
which was mainly induced by the penetration of Ringer’s solu-

[

[

011) 1490– 1496

tion into the contact area of fretting pairs. However, such
drop could be largely limited by the surface treatment of MU
sample.

(3) Due to the high value of E/H ratio of untreated sample, the main
damage mechanism of MU/ball pairs was  adhesive and abrasive
wear during the fretting process. However, because of the high
hardness and low E/H ratio of the surface-treated sample, the
main wear mechanism of MNC430/ball pairs was mild abrasion.
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