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Tribology of laser modified surface of stainless
steel in physiological solution
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The laser surface treatment of stainless steel (SS) 316L, an important alloy for biomedical
applications, was used to improve its corrosion and wear-corrosion resistance in
bio-environment. Microstructural and X-ray diffraction (XRD) pattern analysis showed
presence of an austenitic phase in both untreated and laser-treated SS316L. Laser melting
produced homogenized and refined microstructure on the surface with higher hardness
(143-171 HV) compared to untreated SS316L (131 HV). Increase in intensity of y (200) peaks
in XRD pattern for laser-treated (>~800 W) SS316L indicated possible crystallographic
orientation along y (200) plane. Passive currents were reduced to <2.8 uA/cm? and pitting
potentials was increased to >+344 mV for samples laser surface treated at greater than
1200 W. The volume-loss and wear-rate of laser-treated SS316L were significantly reduced
compared to untreated sample. Abrasive wear was the main wear mechanism for both
untreated and laser surface treated SS316L. Wear particles/debris were found to be cold
welded on the surface of SS316L and showed brittle cracking with further wear-straining.
© 2005 Springer Science + Business Media, Inc.

1. Introduction

The application of stainless steels in surgical fields has
begun in 1926 and since then it has been increasingly
used in orthopaedic surgery for internal fixation devices
such as plates, nails, etc. [1-6]. It possesses a combina-
tion of good mechanical strength, ductility, corrosion
resistance, and fabrication properties and available at
relatively low cost. Lately, increasing metal-ion related
complexities (especially due to Ni, Be, Co, Cr, Ta, Ti
and V ions) after long-term exposure questioned the re-
liability of biomaterials. The metal ions and wear debris
from corrosion and wear reaction have been frequently
reported in the surrounding tissues that affected the
cell morphology, growth, and its functioning [7, 8]. Yet,
large usage of stainless steel (316L) for orthopaedic de-
vices is primarily due to its lower cost by 1/10th to 1/5th
of Co-Cr alloys, commercially pure Ti, and titanium al-
loys [9]. The demands for long-term usage of implant
devices and minimal toxic effects due to metal ions
to get rid of painful surgery have stressed to improve
or develop better materials for orthopaedic application
[10-15]. While improving and developing materials for
bio-medical application, corrosion and wear properties
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(being root cause of deterioration) have been on the
forefront of the field of research.

Surface modification has been widely employed as
an economical alternative for improving corrosion and
wear resistance and bioactivity of existing materials
(such as stainless steel, Ti-alloys, and Co-Cr alloys). It
has an additional advantage as it preserves the useful
properties of bulk material and can offer a biocom-
patible surface desirable for bio-environment. Among
various methods of surface modification, laser induced
surface modification has emerged as an increasingly
desirable technique due to several special features as-
sociated with it. Laser surface modification derives its
attractiveness in engineering applications mainly due
to (i) formation of a small heat-affected zone (ii) re-
finement and homogenization of microstructure lead-
ing to enhanced mechanical properties and corrosion
resistance, (iii) the possibility of forming novel sur-
face alloys unattainable by other methods because of
non-equilibrium nature of the process. Relatively rapid
rate of processing, ease of automation, operation at at-
mospheric pressure, and selective area treatment are
additional advantages over other surface modification
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techniques. The CO,, Nd-YAG, and excimer lasers
have been commonly used to improve the pitting, cav-
itation, and intergranular corrosion resistance of stain-
less steel [16-30]. Laser is relatively less commonly
used for surface modification of biomedical materi-
als. Several studies indicated that the laser surface
melting significantly increased the pitting potential of
stainless steels [21-30]. However, its effect on the
wear-corrosion resistance of stainless steels in bio-
environment is yet to be unveiled.

An attempt has been made to investigate the effects
of laser surface melting on the microstructure, corro-
sion resistance, and wear-corrosion of stainless steel
in Ringer’s solution. This was accomplished by sur-
face melting using a 2.5 kW Hobart continuous wave
Nd:YAG laser at power ranging from 800-1500 W.
The specimens were subsequently studied for corro-
sion and wear-corrosion resistance using electrochem-
ical polarization and pin-on-disc sliding methods re-
spectively. The corrosion resistance was evaluated in
terms of passivation current and pitting potential and
wear resistance was expressed in volume-loss (mm?)
and wear-rate (mm?>/m).

2. Materials and methods

Stainless steel AISI 316L (%wt: C-0.03, Mn-2.0, P-
0.045, Si-0.75, Cr-18, Ni-9.7%, Mo-2.0, Fe-balance)
was selected for this study, as it is an important biomed-
ical alloy.

A 2.5 KW Hobart continuous wave Nd:YAG laser
equipped with a fiber optics beam delivery system was
employed for laser surface melting (LSM) operation.
Parallel tracks with partial overlapping (~15%) were

TABLE I Laser processing parameters

Sample Laser power (Watt) Laser speed (mm/min)
LSM 800 800 1000

LSM 1000 1000

LSM 1200 1200

LSM 1500 1500

laid with the laser beam focused 0.5 mm above the sur-
face of the substrate to get a beam spot size of ~3.8 mm
on surface of the sample. A laser beam with power rang-
ing from 800-1500 W was used over a set of samples
keeping the laser traverse speed and working distance
constant. The laser surface melting was carried out with
argon as cover gas. The laser treatment parameters are
listed in Table I.

For electrochemical studies, coupons of 20 x 20
x 3 mm?, were cut from the laser- treated plates us-
ing TechCut10 high-speed abrasive wheel (Allied High
Tech Products Inc). The polishing to reveal microstruc-
ture of untreated and laser surface treated SS316L was
performed firstly by grinding them on a series of grit
papers ranging from 240-1200 grit followed by cloth
polishing with 0.03 um size alumina slurry. All speci-
mens were cleaned to degrease in acetone before they
were immersed in the experimental solution for elec-
trochemical polarization. The etching to reveal the mi-
crostructure of untreated and laser-treated SS316L was
done in the solution of 10 ml HNO3 + 15 ml HCI +
10 ml acetic acid at ambient temperature.

The microstructural characterization and morphol-
ogy of worn surface were revealed using optical mi-
croscope (Nickon, Epiphot, Japan) and Hitachi 3500
Variable Pressure scanning electron microscope (SEM)
respectively. Evolution of phases and possible changes
in crystallographic orientations due to laser surface
melting were identified by the Philips Norelco X-ray
diffractometer with Cu Ko (1.54 A wavelength) radi-
ation operated at 20 kV and 10 mA. Hardness of un-
treated and laser-treated SS316L was determined under
100 g normal load applied for 15 s using Micromet 2100
Series Microhardness tester (Buehler).

The electrochemical polarization studies were con-
ducted in non-deaerated Ringer’s physiological solu-
tion. The solution was prepared by adding 9 g/l NaCl,
0.17 g/l CaCl,, 0.04 g/1 KCl, and 2.0 g/l NaHCOs; (A.
R. grade chemicals) to distilled water. Anodic polar-
ization experiments were conducted at 37°C to simu-
late the body temperature. Specimens for these tests
were mounted in the epoxy and ensured no crevice
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Figure 1 Pin-on-disc wear set-up.

5620



formation occurred at the contact surface between
epoxy and metal after the polarization test. The repro-
ducibility of data was ensured by repeating the tests for
three times (for anodic polarization). Specimens were
cathodically cleaned at —1000 mV for 120 seconds to
remove oxides, if any, on the specimen’s surface before
scanning was commenced. The anodic polarization ex-
periments were initiated from —200 mV with respect
to open circuit potential at a scan speed of 0.17 mV/s.
Saturated calomel electrode (SCE) and graphite elec-
trode were used as a reference and a counter electrodes
respectively during electrochemical polarization exper-
iments. All values of potential in this paper are reported
withrespect to SCE. Electrochemical experiments were
performed using computer controlled VersaStat II, Po-
tentiostat/Galvanostat (EG&G, Princeton Applied Re-
search).

During wear-corrosion test, 50 mm long and 3 mm
diameter zirconia pin was used as a counter surface. The
zirconia pin was chosen because it is a frequently used
material for ceramic cup that mates with the metallic
stem or ceramic head in total hip replacement (THR)
surgery. The flat base (contact surface) of zirconia pin
was prepared by abrading and polishing against a se-
ries of emery papers ranging from 240-600 grit as sug-
gested elsewhere [ 14]. The wear surface was fabricated
from untreated and laser-treated SS316L in the size of
15 x 15 x 3 mm?’. The disc was held fixed by the
sample stage at the bottom of a cylindrical wear cell.
The wear cell was filled with Ringer’s solution to the
level so that the disc remained immersed in the solu-
tion. The wear cell was rotated at a preset linear speed
and distance using computer-controlled motor. Zirco-
nia pin was held fixed in contact with the disc and disc
was allowed to rotate at a constant speed. The latter was
rotated at a speed of 0.042 m/s for 300, 600, and 900 m
to observe the effect of distance on wear under the nor-
mal load of 0.9 kg. A fresh sample was used for wear
experiment conducted for each distance (300 m, 600 m,
and 900 m). The schematic of wear set-up is illustrated
in Fig. 1. The weight-loss in pin and SS316L disc was
determined with resolution of 0.0001 g using Sartorius
electronic digital balance. The volume-loss was calcu-
lated by measuring the worn surface area multiplied by
average track depth. The depths of the wear tracks were
measured using roughness profilometer (perthometer
M1 with PFM drive unit, Mahr GMBH Germany). The
stylus tip was set to travel across the wear track at 10
different locations and average of depth at these loca-
tions was an average track depth, used for volume-loss
determination.

3. Result and discussions

3.1. Microstructure

The microstructures of the regions of untreated and
laser surface treated SS316L in cross section are shown
in Fig. 2. The untreated SS316L showed equiaxed
austenitic grains (~43 pm), which on laser melting and
resolidification produced columnar structure in the sur-
face region. The laser treatment resulted in refinement
and homogenization of microstructure with columnar

Figure 2 Microstructure of laser-treated SS 316L at (a) 800 W and (b)
1500 W power.

grain ranging from 8-12 pm in the outermost surface.
Fig. 2 also showed variation in dendrite size and their
orientation at different laser powers. This difference
could be due to increase in the molten volume with
laser power consisting of larger thermal-gradient than
that at the low laser powers. It has been shown earlier
that the higher depth of the melt-pool indicated high
molten volume [31-33]. The specimen treated at in-
creasing laser power from (800, 1000, 1200, 1500 W)
produced the depth of melt pool in order as 132 < 163 <
293 < 469 pum respectively which indicated increase in
molten volume. Both untreated and laser-treated stain-
less steel contained austenitic (y) phase as indicated
by X-ray diffraction (XRD) pattern shown in Fig. 3.
Increase in relative intensity of y (200) peak with laser
power from 800-1500 W is an indication of possible
crystallographic orientation (Fig. 3). This is, however,
under further investigation for detailed understanding
of the textural developments and will be presented in
future.

The micro-hardness values were higher for laser-
treated than untreated stainless steel (131 HV) as listed
in Table II. Hardness in laser-resolidified region var-
ied such that the cellular regions (165-171 HV) were
harder than the columnar regions (143—-152 HV) for
various treated stainless steels.

3.2. Electrochemical polarization behavior
The anodic polarization behavior of untreated and
laser surface treated stainless steel in Ringer’s

5621



Y (200)

; —_—
= T §
[
- (c) & =z <
E ) = *
5 s " A PP
E- —_
g g _
o e = ) i
5 T - 8 e g
z | b = > T8
(7]
g o | N
£
= )
o o
T 8§
> >
(a) < ~ g
| Munrsnihennbaitpay wﬁ" IM&M
20 30 40 50 60 70 80 90 100

Diffraction angle (20)

Figure 3 X-ray diffraction pattern of SS316L (a) Untreated, (b) Laser-treated at 800 W, and (c) Laser-treated at 1500 W.

physiological solution is presented in Fig. 4. The corro-
sion potential of laser-treated stainless steel was more
noble than the untreated SS316L and listed in Table III.

TABLE II Variation in micro-hardness of laser-treated stainless steel

Micro-hardness of Micro-hardness of

The untreated SS316L showed it to be —131 mV and
it rose to —17 to +49 mV after laser surface treat-
ment (Table IIT and Fig. 4). The more noble corro-
sion potential in active-passive alloy is an indication
of formation of a stable passive surface film for lower
corrosion. Passivation current densities after laser treat-
ment were significantly reduced compared to untreated
SS316L. The passivation current density for untreated
SS316L was ~8 wA/cm? and was reduced to below
2.8 nA/cm? after laser surface treatment (Fig. 4). X-
ray diffraction pattern of laser-treated SS316L showed
indication of possible crystallographic orientation of
y along (200) planes. The latter component became

Laser power cellular region (HV)  columnar region (HV)
Untreated 131 £ 11 -
800 165+9 152+£5
1000 165 £ 12 149 £ 8
1200 1716 143 £8
1500 168 £5 143 +4
700 4
500 - 1- Untreated SS316L
2- LSM 800
m 3-LSM 1000
8 4- LSM 1500
S 300
£
g
& 100
[«]
o
-100 A
-300 T T

Log Current, Alcm?

Figure 4 Anodic polarization behavior of untreated and laser-treated stainless steel in Ringer’s physiological solution.
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Figure 5 Volume-loss during wear-corrosion of untreated and laser-treated SS316L.

increasingly prominent with increase in laser power
(>1000 W), as observed from the relative peak intensi-
ties (Fig. 3). These textural changes could be one of the
attributes for improvement of passive film properties of
stainless steel.

The pitting corrosion resistance of laser-processed
SS316L. was found to vary with laser powers
(Table III). The pitting potential of laser-treated at
>1200 W (>+344 mV) was more noble than the
untreated SS316L (4310 mV), whereas, those laser-
treated at <1200 W power showed lower pitting po-
tential (<4235 mV) than untreated stainless steel
(~+310 mV). Earlier studies showed pitting resistance
(for super austenitic stainless steel and nickel based al-
loys) to vary with laser scanning velocity [34]. Some in-
vestigations showed improvement in pitting resistance
after laser surface treatment of SS304 due formation
§ ferrite and crystallographic orientation [25, 29]. The
formation of § ferrite reported to depend on the laser
scanning parameters including cooling rate [25, 29].
On the contrary, in the present study, although XRD
results (Fig. 3) of laser surface treated SS316L indi-
cated the absence of § ferrite, the specimen treated at
>1200 W showed improvement in pitting corrosion
resistance. Possible crystallographic orientation along
y (200) more than along y (111) (at >1000 W laser
power) in laser-treated stainless steel could enhance the
pitting resistance of SS316L. It has also been investi-
gated earlier that the crystallographic orientation due
to cold rolling has certain influence on pitting potential

TABLE III  Electrochemical parameters of untreated and laser-

treated SS316L
Corrosion Passive current
potential (Eqory) Pitting potential ~density

Laser power (mV) (mV) (uA/cmz)

Untreated —131 +310 8.0

800 —17 +124 6.3

1000 —1 +235 <2.8

1200 +21 +344 <2.8

1500 +49 +431 <2.8

Figure 6 Morphology of wear tracks in (a) Untreated and (b) LSM
1500 SS316L.

of stainless steels 304 [35-37]. In addition to this, ho-
mogenization of microstructure also contributes to im-
provement in the corrosion properties. The manganese
sulfide (MnS) and TiN inclusions are considered to
be active sites for pit initiation in stainless steels and
nickel-based alloys in chloride containing solution [25,
29, 38]. Such sites in steels are likely to be eliminated
by homogenization during laser surface melting and so
enhancement in the pitting corrosion resistance may be
achieved.

5623



Figure 7 Brittle cracking on the wear track of untreated SS316L.

3.3. Wear-corrosion

The volume-loss due to wear-corrosion is shown in
Fig. 5. The figure clearly indicates lower volume-loss
from laser-treated specimens (1.43 x 107> mm? to
4.54 x 1073 mm?) compared to untreated (6.26 x
1073 mm? t0 6.75 x 1073 mm?) SS316L. The volume-
loss is complemented by surface topography of worn
surface in Fig. 6. The surface morphology reveals typi-
cal abrasive wear grooves, which were shallower in the
laser-treated specimens (Fig. 6b) compared to untreated
SS316L (Fig. 6a) that could result in lower volume-
loss from laser surface treated SS316L specimens. Un-
treated stainless steels showed chipping (Fig. 6a) and
cold-welding of wear debris to the parent surface that
increased the roughness of surface and could have en-
hanced frictional forces to aggravate wear-loss. Cold-
welding of wear particles in stainless steel is possi-
ble due to its high deformability; cold-welded particles
get strain hardened and then fragmented due to brittle
cracking with further straining during wear, as shown
in Fig. 7. Marked increase in the volume-loss with
increase in sliding distance from 300 m (8000 revolu-
tions) to 900 m (24000 revolutions) was observed for
both untreated and laser-treated SS316L. Greater wear-
loss was observed for the specimen (both untreated and
laser-treated SS316L) that slid for 900 m while the
lowest was observed for the one that slid for 300 m
distance.

Fig. 8 showed wear-rate after sliding to various dis-
tances from 300 to 900 m. Contrary to volume-loss
results, wear-rate decreased with increase in sliding
distance for both untreated and laser-treated stainless
steel, though the wear-rates for both were very low
(<0.022 x 103 mm?/m). The highest wear-rate was
experienced by specimen slid for 300 m, whereas, the
lowest wear-rate was showed by those worn for 900 m
distance for both untreated and laser-treated SS316L.
This could be due the fact that the stainless steel shows
strain hardening behavior associated with plastic de-
formation; increasing sliding distance could cause the
hardening of the SS316L and, therefore, offer more
resistance to wear-corrosion. It has also been shown
earlier that the wear at different velocities (at 0.2 m/s
and 1 m/s), resulted in different degree of deformation
and could increase the micro-hardness of SS304L from
~200 HV to >350 HV [39]. It, however, decreased
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with increase in distance from the worn surface (on
the sub-surfaces) [39]. The mechanical wear rate (W)
is related to hardness by a simple relationship (given
below), though wear-rate also depends on other me-
chanical properties and corrosion [40]

W=K. (1)

F
H

where F' is frictional force, K is co-efficient of friction,
and H is hardness of materials. Figs 5 and 8 showed bet-
ter wear resistance for laser-treated stainless steel than
untreated one for all distances. Higher hardness (H) of
laser-treated specimens compared to untreated SS316L
is one parameter that can contribute to the better wear
resistance of laser-treated. Additionally, hardness is in-
creased due to strain hardening and, in turn, it further
improved the wear resistance of both laser-treated and
untreated SS316L.

Since Ringer’s solution (a representative of body
fluid) is considered to be a corrosive medium as it con-
tains high chloride concentration, the total volume-loss
and wear-rate are expected due to corrosion in addition
to mechanical wear. The anodic polarization (Fig. 4) for
both laser-treated and untreated SS316L during wear
is in the least corrosion (passive) state and, therefore,
the contribution from corrosion would be very low. It
is clear from earlier studies that the weight-loss from
the wear test of steel under active and transpassive po-
tential was much higher (by about 3 times) than that
when it was under passive potential [41]. It can be seen
from anodic polarization curves (Fig. 4) that the passive
film resistance is increased after laser surface treatment
(as passive current density reduced from 8 yA/cm? for
untreated SS316L to <2.8 /¢LA/cm2 for laser surface
treated SS316L) and, thus, contribution to weight-loss
due to corrosion during wear-corrosion is expected to
be lower compared to untreated SS316L. The passive
film may further reduce the frictional force (increases
lubrication) and so reduced the wear. Galvanic corro-
sion between two counter surfaces (such as pin and
disc) is known to contribute weight-loss to a great ex-
tent during sliding wear in corrosive environment [42].
Coupling between ceramics and stainless steel, such as
in the present study, do not favor this form of corrosion
while in sliding, ceramic being a non-conducting. Thus,
this mode of corrosion (galvanic) is likely to cause in-
significant weight-loss of pin and stainless steel disc,
as noticed in the present study. Pitting, however, is
probable if surface roughness enhances (such as due to
wear) that favors the formation of extremely acidic so-
lution with high chloride concentration (in sites such as
wear grooves). This could cause the pitting in addition
to general corrosion on the worn surface of untreated
SS316L and laser-treated at <1200 W (Table III) as
shown Fig. 9a and b. Pitting, though, does not directly
cause significant increase in the weight-loss (in cor-
rosion studies), increasing pit density on the surface
can assist wear by reducing the strength of the counter
surfaces and result in higher weight-loss.
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Figure 8 Wear-rate of untreated and laser-treated SS316L.

LSM 800

Figure 9 (a) General and (b) pitting corrosion in the wear track of
untreated SS316L.

4. Summary
The microstructure and XRD pattern of untreated and
of laser-treated SS316L showed austenitic phase, lat-
ter indicated possibility of crystallographic orientation
along y (200) plane at higher laser power (>800 W).
Laser treatment produced microstructure that con-
tained refined (as low as ~4 pum) columnar regions.
Micro-hardness of the laser-modified microstructure
was higher (143-171 HV depends on the orientation of
columnar grains) than the untreated SS316L (131 HV).
The passivation of SS316L was improved after
laser-processing. The passivation current density for
untreated SS316L was ~8 uA/cm? that reduced to
below 2.8 nA/cm? after laser surface treatment. The

LSM1000

LSM1200 LSM1500

pitting corrosion resistance of laser-treated at >1000
was higher (pitting potential >-+344 mV) than the un-
treated SS316L (~+310 mV).

The volume-loss during wear and wear-rate were
significantly low for laser-processed SS316L (<4.54
x 1073 mm?) than for untreated specimen (>6.26 x
1073 mm?). Abrasive wear was main wear mechanism,
though brittle cracking and pitting were also observed
in the worn surface of untreated stainless steel.

The study suggests that the laser surface treatment
(>1000 W laser power) is a viable method to improve
corrosion and tribological properties of SS316L for
biomedical applications. This may significantly reduce
the release of metal ions and wear-debris in the body
and enhance the biocompatibility of implant devices
made from SS316L.
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