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The present study aims to understand the influence of laser parameters (applied power density and scan
speed) on microstructure, surface mechanical (microhardness and wear resistance), and electrochemical
(corrosion resistance) properties of AISI 316L stainless steel following laser surface melting (LSM), con-
ducted using a 6.6 kW continuous wave diode laser with the applied power density and scan speed ranging
from 58.98 to 88.46 W/mm2 and 20 to 80 mm/s, respectively. Detailed characterization included
microstructure investigation, composition analysis, phase determination, and assessment of wear and
corrosion resistance. The melt zone microstructure mainly comprises dendrites with the secondary arm
spacing systematically varying with laser parameters. With increase in laser power density, cumulative
lattice strain, dislocation density, and residual stress increased. The relationship between these properties
and scan speed is just the opposite. Microhardness of the melt zone varied between 180 and 336 VHN, with
higher values obtained either at higher laser power density or lower scan speed. Similarly, wear volume and
wear rate after LSM also vary with the laser parameters. Detailed microstructural analysis of the worn
surface was carried out to study the mechanism of wear. Interestingly, LSM recorded a corrosion resistance
better than that in as-received conditions which systematically varies with the LSM parameters. Orien-
tation imaging by electron backscattered diffraction analysis suggested that LSM with 88.46 W/mm2 power
density and 20 mm/s scan speed developed a lower area fraction of high-angle grain boundaries and
orientation mismatch and, hence, offered highest corrosion resistance in a 3.56 wt.% NaCl solution.
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1. Introduction

AISI 316L austenitic stainless steel offers an attractive
combination of moderate strength, high toughness, moderate
wear resistance, and good corrosion resistance. As a result, this
grade of steel is widely used as structural components in
automotive, marine, chemical, petrochemical, and biomedical
sectors (Ref 1, 2). However, this steel is not reliable in abrasive
wear and aggressive environments (especially fluoride contain-
ing environments). Appropriate surface engineering interven-
tions are known to improve resistance to wear and corrosion,
which are mostly surface-dependent degradations (Ref 3-5).
Indeed, mechanical and electrochemical properties of AISI
316L stainless steel have been enhanced by various surface
engineering techniques in the past, including physical (PVD) or

chemical vapor deposition (CVD), electrodeposition, surface
alloying, and hard facing. For use in proton exchange
membrane fuel cells (PEMFCs) and bipolar plates, Jannat
et al. (Ref 6) used cathodic arc evaporation based PVD to create
a multi-layer nanometric Ti/TiN coating. Multilayered coatings
of nanometric CrN/ZrN and CrN/CrAlN on stainless steel for
the same PEMFCs were successfully developed using a similar
thin film deposition process (Ref 7). Ali et al. (Ref 8)
demonstrated that electron beam-assisted PVD is an effective
method to deposit thin film with controlled layer thickness. In
order to increase the biocompatibility of stainless steel, Zhu
et al. (Ref 9) developed a diamond-like carbon coating on the
material using microwave-assisted plasma-aided CVD. The
effect of preheating temperature on the microstructure and
degree of hardening of tungsten carbide coating was studied by
Sabzi et al. (Ref 10) using hot filament-assisted CVD. In
another investigation, titanium nitride was deposited on stain-
less steel for surgical instruments by CVD using a gas mixture
of TiCl4, H2 and N2 (Ref 11). Garcia et al. (Ref 12) developed
CTS (chitosan)/HAp composite coatings on AISI 316L stain-
less steel substrate by electrodeposition process and studied its
tribological behavior. On stainless steel, pulse electroplating of
chromium–palladium alloy films showed excellent corrosion
resistance and good adhesive strength in boiling H2SO4, acetic-
formic acid mixture, and simulated proton exchange membrane
fuel cell environments (Ref 13). Laser surface alloying (LSA)
of TiC, Ti + SiC, SiC, and C increased the surface hardness of
stainless steel by precipitating hard carbides during solidifica-
tion (Ref 14). A composite hydroxyapatite–titanium oxide
ceramic layer was developed by LSA to increase the biocom-
patibility of the same stainless steel (Ref 15).
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Among different surface engineering techniques employed,
LSM is a relatively simpler method involving melting the
surface of the components up to a limited depth by high-power
laser irradiation followed by rapid solidification to form a
significantly refined microstructure and yield marked improve-
ment in corrosion resistance property, resulting from the
combined refinement and uniformity of microstructure and
homogeneity of composition (Ref 16-18). LSM offers addi-
tional advantages of precise control of the microstructure, melt
depth, heat-affected zone, rapid processing speed, and easy
applicability to alloys with a wide range of melting points and
other thermo-physical properties (Ref 19). In the past, LSM
was successfully utilized to increase the surface hardness of
tool steel (Ref 20, 21), low alloy steel (Ref 22), and gray and
nodular cast irons (Ref 23). It has also been observed that a
post-laser melting heat treatment operation may improve the
hardness of high chromium steel (Ref 24). Corrosion and wear
resistance of Al and other metallic alloys were also reported to
be improved by LSM (Ref 25-28). Several works have also
been conducted on LSM of AISI 304 stainless steel (Ref 29,
30), AISI 304L stainless steel (Ref 31, 32), AISI 316 stainless
steel (Ref 33), AISI 316L stainless steel (Ref 34-39) and
martensitic (Ref 40), and duplex stainless steel (Ref 41) for
improving the surface-dependent properties. Notable studies in
this regard include studies by Cui et al. (Ref 29) on LSM of
AISI 304 stainless steel with Nd:YAG laser, leading to
improvement in hardness and wear resistance. Jafar et al.
(Ref 30) reported the dissolution of chromium carbide by LSM
of AISI 304 stainless steel and the formation of refined and
homogeneous microstructure. In another study, Mahanti Gh-
oshal et al. (Ref 31) reported an improvement in the pitting
corrosion resistance of AISI 304L stainless steel using Nd:YAG
laser, which was attributed to the elimination of inclusions and
impurity segregation at the grain boundary. Akgun et al. (Ref
32) reported a 15% lowering of Mn content due to LSM of
AISI 304L stainless steel. Parvathavarthini et al. (Ref 33)
reported on the desensitization of AISI 316 stainless steel by
LSM, which was attributed to the complete dissolution of
M23C6 precipitates and suppression of reprecipitated due to
rapid quenching. An improvement in hardness and cavitation
corrosion resistance of austenitic stainless steels S31603,
S30400 and super duplex stainless steel S32760 by LSM using
continuous wave Nd:YAG laser were earlier reported by Kwok
et al. (Ref 34) and correlated with the microstructure. Ghorbani
et al. (Ref 35) demonstrated the possibility of improving the
surface quality of selective laser melted AISI 316L stainless
steel by LSM under optimum parameters. Vilchez et al. (Ref
36) studied the effect of LSM of AISI 316L stainless steel
welded joints on its corrosion performance. Balla et al. (Ref 37)
studied the effect of LSM of AISI 316L stainless steel on its
corrosion resistance (in Hank�s solution), wettability, and cell
adherence and reported an improvement of those properties by
LSM. However, the influence of process parameters on
microstructure, microhardness, wear, and corrosion resistance
was not studied in detail. Kumar et al. (Ref 38) did an extensive
study on the LSM of AISI 316L stainless steel using Nd:YAG
laser in Ar and N2 atmosphere and reported an improvement in
microstructure, microhardness, wear, and corrosion resistance
(in Hank�s solution) due to LSM. However, the mechanism of
corrosion was not studied in detail. In this regard, it may be
noted that a detailed investigation of the effect of microstruc-
ture (especially the grain size and its distribution, nature of
grain boundaries, strain, and grain orientation) on the kinetics

of wear and corrosion due to LSM of AISI 316L stainless steel
was not reported earlier. Hence, in this study, an attempt has
been made to understand the effect of laser parameters on the
surface microstructure, wear resistance, and corrosion resis-
tance of laser surface melted AISI 316L stainless steel
developed by diode laser and establish a structure–property–
process parameter correlation. The micro-mechanism of corro-
sion enhancement has also been established through a detailed
EBSD mapping. In addition, the optimum process parameter
for maximum improvement in wear and corrosion resistance
has been established.

2. Experimental Procedure

In this study, AISI 316L stainless steel (composition: 68.5
Fe, 17.5 Cr, 9.7 Ni, 2.2 Mo, 1.6 Mn, and 0.5 Si, all in wt.%)
sheet was cut to dimensions of 50 9 50 9 5 mm and used as a
substrate for LSM. Prior to laser irradiation, sandblasting was
applied to clean and increase absorptivity on the substrate
surface. LSM was carried out using a 6.6 kW (maximum
power) continuous wave diode laser (wavelength of 1000 nm)
with a 3.6 mm beam diameter (at focus) with a Gaussian
intensity distribution profile covered by an argon shroud. In this
regard, it may be noted that all LSM experiments were
conducted with the same configuration with 30-40% overlap
between successive tracks to maintain uniformity and compa-
rability, and even out the differences in the depth of melting. A
similar beam was also used and reported for LSM of metallic
materials in the past (Ref 42, 43). The range of process
parameters (applied power density: 58.98-88.46 W/mm2, scan
speed: 20-80 mm/s, and 3.6 mm beam diameter) used in the
present study were selected based on several trial runs aimed to
identify the suitable process window for the formation of
defect-free melt zones with minimum surface roughness. In this
regard, it may be noted that similar parameters were also
reported earlier for laser surface melting of AISI 316L stainless
steel. Notable reports in this regard include (i) LSM of AISI
316L stainless steel using laser power of 1350 W, scan speed of
21 mm/s, and beam diameter of 1.7 mm by Kwok et al. (Ref
34), (ii) LSM of AISI 316L stainless steel using Nd:YAG laser
with 200 W applied power, 10 mm/s scan speed, and beam
diameter of 361 lm by Vilchez et al. (Ref 36) and (iii) LSM of
AISI 316L stainless steel using Nd:YAG laser with 750-
1000 W laser power, 0.05-0.1 m/s scan speed, and 4 mm beam
diameter by Kumar et al. (Ref 38). In addition, a systematic
study showed that a laser beam diameter higher than 3.6 mm
produced distortion of the beam shape with an inhomogeneous
distribution of beam energy across the beam diameter in the
present laser system. Since the focus was more on the
improvement of surface-dependent properties than studying
the effect of beam diameter and shape, all studies were
conducted only with this same beam diameter of 3.6 mm.

Table 1 shows the laser parameters used in the present study.
Following LSM, the microstructure and micro-composition of
the top surface and cross-sectional plane were studied using a
scanning electron microscope (SEM, Model: SUPRA 40, Make:
Zeiss, Germany) coupled with an energy dispersive x-ray
spectroscope (EDS). Phase along with micro-strain and crystal-
lite size was determined using x-ray diffraction (XRD, D8
Advanced, Bruker, Germany). Microhardness was measured by
Vickers microhardness tester (Walter UHL, VMHT) at 50 gf of
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load applied for 10 s dwell time. The nano-mechanical charac-
teristics of the as-received and LSM samples were determined
using a nanoindenter (Hysitron-TI950 Triboindentor) equipped
with a Berkovich tip applying 20 mN maximum load for 10 s of
loading and unloading period.Wear resistance property was then
assessed utilizing ball-on-disk wear testing equipment in the
fretting wear mode using a tungsten carbide ball, 10 N of load,
and 10 Hz of oscillation frequency. The kinetics of wear were
analyzed in terms of variation in cumulativewear depth over time
by using the Rtec machine and dedicated software. Also, a time-
dependent evaluation of the coefficient of friction was carried out
using the same methodology. Following wear tests, microstruc-
tural damages were assessed by an SEM. Electron backscattered
diffraction analysis (EBSD) was carried out with samples in as-
received condition and after LSM. Using Ag/AgCl standard
electrode as a reference electrode and its counter electrode as
platinum, the potentiodynamic polarization studies were con-
ducted to electrochemically analyze the corrosion resistance
property at an applied voltage ranging from � 0.5 to 1.0 V and
scan rate of 0.001 V/s in 3.56 weight percent NaCl solution at a
pH of 6.1 using a standard potentiostat/galvanostat (Model:
Autolab PGSTAT302N, AUT87037 Make: Metrohm, The
Netherlands). The corrosion rate was determined using Tafel�s
extrapolation approach. Finally, post-corrosion microstructural
analysis was conducted using an SEM after immersing the
sample for 72 h in 3.56 wt.% NaCl solution.

3. Results and Discussion

Figure 1(a) and (b) shows the variation of vertical melt
depth and lateral width of the laser tracks developed by
variation of (a) P at v = 20 mm/s and (b) v at P = 88.46 W/

mm2, respectively. It is apparent that both the depth and width
of the surface melt zone increase with P but decrease with v,
respectively. These effects reflect that, as normally expected,
heat input and degree of laser energy coupling on the metallic
surface increase as P increases but v decreases, respectively.
The P and v combination is so selected that the maximum
temperature developed during laser irradiation remains below
the boiling temperature of the substrate to prevent surface
evaporation and crater formation. The variation of heat input
with P and v was discussed earlier in detail by theoretical
modeling and experimental validation (Ref 44, 45).

Figure 2(a), (b) and (c) shows the (a) SEM image, (b)
elemental profile derived from EDS analysis, and (c) XRD
profile of as-received AISI 316L stainless steel, revealing the
presence of coarse grain equiaxed morphology with average
grain size varying from 20 to 30 lm and the arrows showing
the presence of twins (cf. Fig. 2a) in between. The twins are
usually observed in the microstructure possibly due to prior
deformation and annealing (Ref 46). From Fig. 2(a), it may
further be noted that the grains are contaminant-free, and there
is no evidence of any precipitate. From Fig. 2(b), it may be
noted that Fe, Cr, Ni, Mn, and Si are present in the
microstructure with an average composition of 68.5 wt.% Fe,
17.5 wt.% Cr, 9.7 wt.%Ni, 2.2 wt.% Mo, 1.6 wt.% Mn, and 0.5
wt.%Si. However, there was no signature of the presence of
measurable S in the EDS profile. Figure 2(c) further reveals that
there is the presence of only gamma peaks in the XRD profile.
However, there is no signature of oxide or MnS in the x-ray
diffraction profile. Hence, AISI 316L stainless steel used in the
present study is contaminant-free with no signature of any other
phase.

Following LSM, it is known that surface roughness, depth
of melt zone, microstructure, morphology, phase, and compo-
sition across the melt zone largely determine the surface-

Fig. 1 Variation of depth and width of melt zone with (a) applied power density at constant scan speed of 20 mm/s and (b) scan speed at a
constant power density of 88.46 W/mm2

Table 1 Summary of experimental parameters used in the present study

Sl. No. Power, W Beam diameter, mm Power density, P, W/mm2 Scan speed, v, mm/s Wavelength, nm

1 600 3.6 58.98 20, 40, 60, 80 1000
2 700 68.81
3 800 78.63
4 900 88.46
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dependent mechanical and functional properties. In the current
experiment, characterization of the above-mentioned parame-
ters was undertaken and correlated with laser and process
parameters. Figure 3(a), (b), (c), and (d) shows that the SEM
image of the (a) substrate following LSM with P = 58.98 W/
mm2 and v = 20 mm/s along with the same at higher magni-
fication of (b) zone 1, (c) zone 2, and (d) zone 3 (as marked in
Fig. 3a), respectively. Figure 3(a) shows the cross section of the
melt pool of a single track, as a result of which the thickness is
not uniform all throughout. However, to ensure a melt pool
with minimum thickness, 25% overlapping was applied.
Figure 3(a) reveals that the melt zone underwent typical
directional solidification with columnar-dendritic morphology
growing from the bottom (substrate-melt zone interface) to the
top. The top surface, examined at high magnification, reveals
almost equiaxed cellular morphology, with cells ranging in size
from 3 to 10 lm. Similar equiaxed morphology is commonly
observed after LSM with different process parameters (Ref 38,
47). The cellular morphology on the top surface originates from
long columnar or dendritic growth from the bottom. This is
corroborated by Fig. 3(b) and (c) that confirm the presence of
columnar morphology in the middle of the melt zone that
gradually transforms into a columnar-dendritic structure near
the top surface and eventually into nearly equiaxed cellular
distribution at the top surface. The width of the near-surface
equiaxed region, columnar-dendritic region, and columnar
region varied with thermal history and, hence, laser parameters.

In addition, it was observed that the grain size, secondary
dendrite arm spacing (SDAS), and inter-columnar width were
also affected by the applied laser parameters.

Figure 4(a), (b), and (c) shows the scanning electron
micrographs of the top surface of laser surface melted AISI
316L stainless steel lased at (a) applied power density of 58.98
W/mm2, scan speed of 20 mm/s, (b) applied power density of
88.46 W/mm2, scan speed of 20 mm/s, and (c) applied power
density of 88.46 W/mm2, scan speed of 80 mm/s. From
Fig. 4(a), it may be noted that the microstructure of the laser
surface melted AISI 316L stainless steel consists of predom-
inantly equiaxed morphology with an average grain size of 10-
15 lm. From the close comparison of Fig. 4(a) and (b), it may
be noted that, with an increase in applied power density, there is
a significant refinement of microstructure with average grain
size varying from 2 to 4 lm. Similar variation of microstructure
with applied power density was reported earlier by Rajan et al.
(Ref 48). On the other hand, with an increase in scan speed,
there is marginal coarsening of microstructure (Fig. 4b vis-à-vis
Fig. 4c). The variation of grain size with applied power density
and scan speed is summarized in Fig. 5. The decrease in grain
size with an increase in applied power density is attributed to
rapid cooling associated with an increase in applied power
density. On the other hand, with an increase in scan speed, the
grain size is coarsened because of the lower cooling rate due to
availability of less time for convective dominated heat transfer
during solidification. The effect of individual parameters on the

Fig. 2 (a) SEM image, (b) elemental profile derived from EDS analysis, and (c) XRD profiles of as-received AISI 316L stainless steel
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grain size for the whole set of samples is summarized in
Fig. 5(a). In this regard, it may also be noted that Fig. 5(a)
represents the equiaxed grain size/secondary dendritic arm
spacing/columnar grain size of the whole set of parameters of
laser processing applied in the present study.

Figure 5(a) and (b) illustrates the influence of applied power
density and scan speed on (a) equiaxed grain size/secondary
dendritic arm spacing/columnar grain size and (b) width of
individual morphology in the microstructure after LSM. From
Fig. 5(a), it may be noted that there is a systematic decrease in
equiaxed grain size/secondary dendritic arm spacing/columnar
grain size with an increase in applied power density and

increase of the same with an increase in scan speed which is
also evident from the microstructural features, as discussed in
Fig. 4. In this regard, it may be noted that columnar
morphology is usually observed at the solid–liquid interface
followed by dendritic and then equiaxed morphology at the
near-surface region. Hence, the similar trend of the variation in
equiaxed grain size/secondary dendritic arm spacing/columnar
width confirms that the cooling rate with depth is the same for
the present set of laser parameters. From Fig. 5(b), it may be
noted that the thickness of the equiaxed zone formed on the
surface increases with an increase in applied power density up
to 78.63 W/mm2, followed by which it decreases marginally at

Fig. 3 SEM images of the (a) cross section, (b) top surface (zone 1), (c) intermediate (zone 2), and (d) solid–liquid interface (zone 3) of laser
surface melted specimen lased with P = 88.46 W/mm2 and v = 20 mm/s

Fig. 4 SEM images of the top surface of laser surface melted AISI 316L stainless steel processed with (a) P = 58.98 W/mm2 at v = 20 mm/s,
(b) 88.46 W/mm2 at v = 20 mm/s and (c) 88.46 W/mm2 at v = 80 mm/s
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88.46 W/mm2 applied power density. On the other hand, the
variation in thickness of columnar grains does not follow any
specific trend with applied power density. However, it
decreases with an increase in scan speed. The dendritic zone
width, on the other hand, is found to increase with the increase
in applied power density and decrease with an increase in scan
speed. The morphological changes in the microstructure from
columnar to dendritic and subsequently to equiaxed are due to
higher local undercooling that occurred at the interface as
compared to the same, which is required for nucleation
resulting in blocking of columnar grains by dendrites or
equiaxed grains grown in the undercooled region. The blocking
mechanism may be mechanical, thermal, or solutal blocking,
which was experienced earlier by several authors (Ref 49-51).

Figure 6(a) and (b) shows the XRD profiles after various
LSM routines. While the microstructure remains the same
austenitic with no new peak or phase, the individual peaks
undergo a change in width due to accumulated lattice strain
introduced by rapid cooling of LSM. This lattice strain was
calculated using the Scherer formula: L = kk/(b cosh) (whereas
k is the x-ray wavelength (Cu K-a), h the diffraction angle, k is
a constant shape factor (0.9), and b is the breadth at half-peak-
height) and presented in Fig. 7.

In addition to strain, dislocation density associated with this
strain was also calculated from the width of the XRD peaks and
presented in Fig. 7. It is evident from Fig. 7 that both lattice
strain and dislocation density increase with increase in P but
marginally decrease with increase in v. It appears that the effect
of power density is more prominent than scan speed in
generating lattice strain. The existence of point and line defects
caused by rapid quenching associated with LSM may be
attributed to the lattice strain, which was also reported by
Kumar et al. (Ref 38).

The residual stress introduced during LSM was measured by
XRD using a dedicated goniometer. Figure 8(a) and (b) shows
the residual stress variation with P and v and reveals that the
residual stress increases with power density increase and

decreases scan speed increase. The residual stress is mostly
tensile in nature, which is obviously due to the rapid
solidification and contraction occurring during the ultrafast
cooling cycle or self-quenching associated with LSM. Thus,
this residual stress is proportional to the thermal gradient and
rate of cooling experienced by the melt pool. When P rises, so
does the temperature gradient and the rate of cooling, leading to
a greater degree of residual stress. Also, when scan speed
increases, the residual stress reduces since both the temperature
gradient and rate of cooling decrease (Ref 52). It may be
observed that the residual stress generated by LSM has a
smaller magnitude than the yield strength of AISI 316L
stainless steel (205 MPa). Hence, the introduced residual stress
may reduce the load-bearing capacity of the specimen;
however, it would not cause any damage on the surface.

Microhardness is a measure of the surface mechanical
properties. Microhardness variation with vertical depth from the
surface after LSM is shown in Fig. 9, along with various
combinations of P and v (constant) and v and P (constant),
demonstrating that LSM results in a significant increase in
microhardness (260-336 VHN) compared to that of the as-
received stainless steel (180 VHN). Besides that, the maximum
microhardness found near the surface diminishes with increase
in distance from the surface. This trend is usual, as reported by
Kumar et al. (Ref 38), where the maximum reported micro-
hardness was 375 VHN obtained after a similar LSM
experiment. The effect of P and v on microhardness seems to
follow opposite trend as the peak and average microhardness
increases (260 to 336 VHN) with increase in P (58.98-
88.46 W/mm2) but decreases (336 to 180 VHN) with increase
in v, respectively. The variation in microhardness with power
density is attributable to the reduction in average equiaxed
grain size resulting from a faster cooling rate at higher P.
Similarly, a higher scan speed results in a reduced microhard-
ness of the melt zone as a result of a lower cooling rate at lower
v. The same logic is attributed to decrease in microhardness
with increase in vertical depth as the maximum temperature

Fig. 5 Variation of (a) equiaxed grain size/secondary dendritic arm spacing/columnar grain size and (b) width of individual morphology in the
microstructure of laser surface melted AISI 316L stainless steel with process parameters
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Fig 6 XRD profiles of AISI 316L stainless steel following LSM with (a) P = 58.98 W/mm2 (plot 1), 68.81 W/mm2 (plot 2), 78.63 W/mm2

(plot 3), and 88.46 W/mm2 (plot 4) at v = 20 mm/s (constant), and (b) v = 20 mm/s (plot 1), 40 mm/s (plot 2), 60 mm/s (plot 3), and 80 mm/s
(plot 4) at P = 88.46 W/mm2 (constant) respectively

Fig. 8 Variation of residual stress following LSM with (a) P = 58.98-88.46 W/mm2 at v = 20 mm/s, and (b) v = 20-80 mm/s at P = 88.46 W/
mm2, respectively.

Fig. 7 Variation of lattice strain (and dislocation density of following LSM with (a) P = 58.98-88.46 W/mm2 at v = 20 mm/s, and (b) v = 20-
80 mm/s at P = 88.46 W/mm2, respectively

Journal of Materials Engineering and Performance



coincides with the top surface and minimum with the final
depth of melting in a given cycle of LSM. As neither change in
composition nor any phase transformation (other than melting
and solidification) is expected in LSM of austenitic stainless
steel, it may be concluded that refinement of microstructure or
austenitic grain size is the main mechanism of enhancement of
microhardness.

Figure 10(a), (b), (c), and (d) shows the nano-indentation
behavior of AISI 316L stainless steel in as-received and after
LSM in terms of the effect of power density (Fig. 10a, b) and
scan speed (Fig. 10c, d), respectively, while LSM consistently
improves nano-hardness than the as-received surface. With an
increase in power density and a reduction in scan speed,
these changes to the laser parameters helped to raise the nano-
hardness. Two other relevant nano-mechanical properties
derived from the nano-indentation curves, namely, elastic
modulus and energy absorbed in the elastic regime (resilience),
also show systematic variation though not very significantly,
such that elastic modulus is proportional to power density but
inversely related to scan speed, and resilience is proportional to
scan speed but inversely related to power density (within the
error limit). Nano-mechanical properties at low load (20 mN)
are useful to determine the mechanical behavior of the near-
surface region following LSM or similar surface engineering
operations. It may be noted that the literature does not include
any reports of such thorough nano-mechanical property eval-
uation of stainless steel after LSM.

Figure 11(a) and (b) shows the variation of the average
surface roughness with P (at a constant v = 20 mm/s) and (b) v
(at a constant P = 88.46 W/mm2). Average surface roughness
developed after LSM increases with P but decreases with v
under comparable conditions. In the past, similar behavior of
variation of surface roughness with P was reported by Kumar
et al. (Ref 38) following LSM of the same steel with a Nd:YAG
laser. Increased surface roughness with increase in P is
attributed to an increase in thermal gradient, causing surface
tension assisted fluid flow during melting and, hence, ripple
formation. Following a similar logic, the surface roughness
increases with decrease in v.

Figure 12(a), (b), (c), (d), (e), and (f) shows the wear
behavior of as-received specimen and subsequent to LSM
against a sintered WC ball (D = 10 mm) under oscillating

fretting wear mode showing the variation of (a, c) coefficient of
friction (COF), (b, d) cumulative depth of wear with time, and
(e, f) specific wear rate showing the effects of P (Fig. 12a, c, e)
and v (Fig. 12b, d, f) on wear behavior. It appears that COF
initially increases linearly with a smooth/sharp increase in its
magnitude with time, following which it remains almost steady,
oscillating around a mean value during the steady state of wear
till the end of the experiment. A comparison of the COF of
samples in as-received condition and after LSM suggests that
the COF of samples after LSM is marginally lower than that of
as-received samples. A comparison of the COF of all samples
shows that the COF is the minimum after LSM with P = 88.46
W/mm2 at v = 20 mm/s (Fig. 12a, c). Similarly, Fig. 12(b) and
(d) shows that wear depth or wear rate initially follows linear
kinetics for a very short period of time, following which the rate
remains almost steady thereafter. The detailed comparison of
the wear behavior of samples after LSM with that of the as-
received one reveals that the wear rate of LSM significantly
reduces the wear and damage in stainless steel in all combi-
nations of P and v. In this respect, the effect of P seems more
prominent than that of v. This set of wear results are
commensurate with the fact that LSM increases the hardness
of stainless steel significantly (Fig. 9a). The same argument is
valid for the reduction of COF and wear rate and volume with a
decrease in v due to a concomitant increase in hardness with a
decrease in v (Fig. 9b).

This study on the effect of LSM on the wear and tribology
of austenitic stainless steel clearly establishes that LSM is quite
effective in improving hardness and wear resistance without
any compositional or microstructural intervention to the bulk.
Moreover, the effect of P is more pronounced than v in
enhancing wear resistance under comparable conditions, with
the maximum improvement obtained at P = 88.46 W/mm2 and
v = 20 mm/s (Fig. 12e, f).

Scars on the wear tracks reveal important details about the
mechanism of wear damage. Figure 13(a), (b), (c), (d), (e), and
(f) shows the microstructures of the worn surface of (a, b) as-
received specimen, (c, d) reveal the same after LSM with
P = 58.98 W/mm2 and v = 20 mm/s, and (e, f) present the
same after LSM with P = 88.46 W/mm2 and v = 20 mm/s,
respectively. Comparison between Fig. 13(a), (c), and (e)
clearly establishes that the extent and severity of wear damage

Fig. 9 Average microhardness with variation of vertical depth from the surface in as-received condition (for reference) and after LSM with (a)
various levels of P at v = 20 mm/s, and (b) different levels of v at P = 88.46 W/mm2, respectively
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is significantly reduced after LSM than that in as-received
stainless steel. The high magnification views in Fig. 13(b), (d),
and (f) in comparison with their low magnification images in
Fig. 13(a), (c), and (e) reveal that the worn surface of as-
received steel consists of loose worn debris along with the
presence of microcracks. In contrast, the size and volume of
such debris are considerably smaller and lower, with smaller
density of microcracks in the worn surfaces in samples after
LSM. In addition, small areas of fretting-assisted micro-
deformation band are noticed in worn tracks in samples after
LSM. A close examination suggests that worn surfaces of as-
received stainless steel contain some micro-holes and micro-
pits (Fig. 13a). As a result of this extensive examination of the
worn surfaces, it is possible to infer that the process of wear in
all instances includes the combined action of fretting and
abrasive wear. While the formation of debris is primarily due to

abrasive wear, as revealed by the fine micro-scratches mostly
covered by the worn debris and damage on the surface, wear in
both as-received condition and after LSM is mostly contributed
by the effect of both high-stress abrasion and fretting wear. The
extent of damage, as already pointed out, is significantly lower
in samples after LSM, mainly due to the higher hardness and
related mechanical properties (higher elastic modulus and lower
COF) of the samples compared to that of as-received AISI
316L stainless steel.

A detailed study of the corrosion behavior of AISI 316L
stainless steel samples in as-received condition and after LSM
was carried out in 3.56 wt.% NaCl solution by potentiodynamic
polarization test to determine the relevant corrosion resistance
parameters like corrosion potential (Ecorr), the critical potential
for pit formation (Epit), and corrosion rate, as depicted in
Fig. 14(a) and (b) and summarized in Table 2. From Table 2, it

Fig. 10 Surface mechanical properties at 20 mN of load obtained by nano-indentation studies of samples subjected to LSM with (a) varying
P = 58.98-88.46 W/mm2 at v = 20 mm/s with corresponding summary of the (b) variation of nano-hardness, elastic modulus and energy
absorbed with P; and the same for (c) variation of v = 20-80 mm/s at P = 88.46 W/mm2 with (d) summary of the same set of nano-mechanical
properties as a function of v
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is observed that Ecorr of the as-received AISI 316L stainless
steel is � 0.42 V (Ag/AgCl), which is in tune with the similar
result (� 0.43 V, Ag/AgCl) reported by Savaloni et al. (Ref
53). The studies were conducted either with varying P at
v = 20 mm/s or with varying v at P = 88.46 W/mm2. Fig-
ure 14(a) and (b) and Table 2 suggest that the corrosion rate
decreases and the corrosion potential shifts toward the noble
direction as the power density increases. In addition, the Epit

also shifts toward the noble direction. The improvement in
corrosion resistance with increase in laser power density is
mainly due to the increased degree of microstructural refine-
ment and homogenization with increase in applied power
density. On the other hand, by increasing the scan speed, there
is deterioration of pitting corrosion resistance, in terms of
shifting of Epit toward active direction. Furthermore, there is
increase in corrosion rate as a signature of decreased corrosion
resistance with increase in scan speed. Deterioration in
corrosion resistance property with an increase in scan speed
is attributed to the coarsening of microstructure and an increase
in segregation with an increase in scan speed. A careful study
of the corrosion rate shown in Fig. 14(a) and (b) and Table 2
reveal that LSM accounts for nearly two orders of magnitude
decrease in corrosion rate as compared to that in as-received
stainless steel specimens. This decrease in corrosion rate caused
by LSM might be directly related to microstructural refinement
and compositional homogeneity, as has previously been
reported and established in various other alloy systems (Ref
54, 55). A careful investigation of the variation of the corrosion
rate with v reveals that the corrosion rate is lowest after LSM
with P = 88.46 W/mm2 and v = 20 mm/s. A similar careful
analysis of the values of critical potential for pit formation
reveals that Epit shifts toward a nobler direction except for the
sample processed with P = 58.98 W/mm2 and v = 20 mm/s. A
similar range of Epit values was observed by Kumar et al. (Ref
38) in as-received (Epit = � 0.319 V) and laser surface melted
AISI 316L stainless steel (Epit ranges from � 0.07 to 0.158 V).
To understand the corrosion behavior and mechanism of
corrosion resistance, electron backscatter diffraction (EBSD)
analysis was performed on the microstructure, as described
below.

Figure 15(a) and (b) reveals the significant degree of grain
size reduction caused by LSM as compared to that in as-

received stainless steel. Comparison between Fig. 15(a) and (b)
demonstrates that the area fraction of high-angle grain bound-
aries in as-received steel is more than double (0.578) than that
produced by LSM (0.215). In contrast, the area fraction of low-
angle grain boundaries is much higher after LSM (0.101) as
compared to that in as-received steel (0.062). The presence of a
greater percentage of high-angle grain boundaries in the as-
received AISI 316L stainless steel results in an increased
corrosion rate. Also, due to higher area fraction of the low-
angle grain boundaries (LAGB) produced by LSM, protective
oxide film forms uniformly throughout the surface. The
potential differences among the grains may increase due to
low LAGB by an increase in temperature after LSM (Ref 56).
In addition, the oxide film is more stable and stronger because
of a larger fraction of LAGB after LSM as compared to that in
as-received specimen.

Figure 16(a) and (b) compares the KAM misorientation
maps of the present stainless steel in as-received condition with
that after LSM and reveal that due to LSM, the magnitude of
strain is reduced, and it is uniformly distributed. On the other
hand, the strain mapping is not uniform in the as-received AISI
316L stainless steel, as isolated regions of high strain are seen
discontinuously distributed throughout the surface. Due to the
presence of a highly strain region in the microstructure, the
probability of localized damage and the formation of pits is
more in as-received sample. In addition, these localized strain
pockets are likely to form wider numbers of micro-galvanic
cells in various parts of the microstructure, increasing more
chances of galvanic corrosion damage and pit formation in as-
received steel than that of laser surface melted AISI 316L
stainless steel (Ref 57).

Figure 17(a) and (b) clearly shows that the same steel before
and after LSM develops vastly different orientation distribution
with much smaller and more randomly distributed regions or
crystallites of contrasting orientations separated by high-angle
boundaries of large curvature in as-received condition
(Fig. 17a), which changes to significantly large areas of regions
of multiple grains or crystallites of nearly identical orientation
as if a large region of the microstructure after LSM bear the
same orientation (or negligible misorientation) drastically
reducing the scope of galvanic action over a large area. More
precisely, LSM drastically reduces the area fraction of orien-

Fig. 11 Variation of surface roughness with (a) P at a constant v = 20 mm/s and (b) v at a constant P = 88.46 W/mm2, respectively
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Fig. 12 Variation of wear behavior in terms of (a, c) coefficient of friction, (b, d) cumulative depth of wear and wear rate as a function of (e) P
(with v = 20 mm/s) and (f) v (with P = 88.46 W/mm2)
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tation mismatch compared to the same steel prior to LSM. This
difference in microstructure and orientation distribution is a big
reason why AISI 316L stainless steel after LSM has less
chemical reactivity and better corrosion resistance properties
than that in the as-received condition.

4. Summary and Conclusions

In the current investigation, microhardness, wear resistance,
and corrosion resistance properties of AISI 316L stainless steel
have been carefully measured and compared between samples

prior to and following LSM (with P = 58.98-88.46 W/mm2 and
v = 20-80 mm/s). Detailed analysis of the results indicates:

• The lattice strain, dislocation density, and residual stress
after LSM rise with applied power density (from 58.98 to
88.46 W/mm2) and decrease with an increase in scan
speed (from 20 to 80 mm/s).

• The microstructure and phase prior to and after LSM re-
main identical, i.e., single-phase austenitic with no new
phase evolving or precipitating due to LSM.

• According to SEM analysis, LSM causes a significant
amount of grain refinement in comparison with that of the
as-received steel (from 40-50 lm to 1-2 lm).

Fig. 13 SEM images of worn scars of (a, b) as-received steel and the same after LSM with (c, d) P = 58.98 W/mm2 and v = 20 mm/s, and (e,
f) P = 88.46 W/mm2 and v = 20 mm/s, respectively. Note that Figs. b, d, and f are the high magnification view of a, c, e, respectively
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Fig. 14 Potentiodynamic corrosion plots in terms of variation of potential with current density AISI 316L stainless steel samples in as-received
condition and after LSM showing the effect of (a) P (at v = 20 mm/s) and (b) v (at P = 88.46 W/mm2), respectively

Table 2 Summary of results of potentiodynamic polarization tests

Power density,
W/mm2 Scan speed, mm/s Ecorr, V Icorr, A/cm

2
Corrosion rate, mm/

year 3 1023 Epit, V

As-received AISI 316L stainless steel � 0.42 ± 0.021 4.43�5 ± 0.2215 461.00 ± 23.05 � 0.32 ± 0.016
58.98 20 � 0.41 ± 0.0205 6.38�7 ± 0.319 6.66 ± 0.33 � 0.36 ± 0.018
68.81 20 � 0.19 ± 0.0095 2.14�7 ± 0.107 2.24 ± 0.112 0.01 ± 0.0005
78.63 20 � 0.16 ± 0.008 1.38�7 ± 0.069 1.44 ± 0.072 0.13 ± 0.0065
88.46 20 � 0.12 ± 0.006 4.73�8 ± 0.2365 0.49 ± 0.025 0.54 ± 0.027
88.46 40 � 0.24 ± 0.012 1.28�7 ± 0.064 1.30 ± 0.065 0.42 ± 0.021
88.46 60 � 0.16 ± 0.008 1.29�7 ± 0.065 1.35 ± 0.067 0.22 ± 0.011
88.46 80 � 0.13 ± 0.0065 1.51�7 ± 0.059 1.54 ± 0.062 0.11 ± 0.0055

Fig. 15 EBSD images showing grain boundary distribution of AISI 316L stainless steel (a) in as-received condition and (b) after LSM with
P = 88.46 W/mm2 and v = 20 mm/s
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• Due to this considerable grain refinement, average micro-
hardness after LSM is significantly enhanced (180-
336 VHN) as compared to that (155 VHN) of as-received
specimen.

• Both wear rate and cumulative wear volume are much
lower in samples after LSM than that in the as-received
condition. Moreover, the wear rate and wear volume both
drop when laser power density is increased (from 58.98 to
88.46 W/mm2); however, they rise as scan speed is in-
creased (from 20 to 80 mm/s). LSM at P = 88.46 W/mm2

and v = 20 mm/s offers the highest improvement in wear

resistance.
• Samples after LSM show a sharp increase in the coeffi-

cient of friction only at the beginning of dry sliding wear,
which subsequently reduces and remains nearly constant
thereafter. In fact, worn surfaces of samples after LSM are
discontinuous in nature with the evidence of micro-rough-
ening due to the accumulation of worn debris and its
adherence to the surface.

• LSM induces enhanced corrosion resistance than that of
as-received AISI 316L stainless steel, particularly after
LSM with P = 88.46 W/mm2 and v = 20 mm/s.

Fig. 16 Misorientation (KAM) mapping of AISI 316L stainless steel in (a) as-received condition, and (b) after LSM with P = 88.46 W/mm2

and v = 20 mm/s

Fig. 17 Inverse pole figure (IPF) mapping of AISI 316L stainless steel in (a) as-received condition and (b) after LSM with P = 88.46 W/mm2

and v = 20 mm/s
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• The improved corrosion resistance under optimum condi-
tions is attributed to (a) microstructure refinement and
homogenization, (b) increased area fraction of low-angle
grain boundaries and decreased area fraction of high-angle
grain boundaries promoting formation of stable and stron-
ger passive film, (c) homogeneous and reduced strain dis-
tribution as confirmed by KAM mapping, and (d) reduced
area fraction of orientation mismatch between grains.
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