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Abstract

This study investigated how fibre laser surface treatment affects stainless steel 316L’°s microhardness and corrosion
resistance. The laser parameters utilized in this investigation were four different readings of laser power applied at a
constant frequency and scanning speed to stainless steel 316L specimens. A digital micro-Vickers hardness tester was
used to measure the microhardness of the samples before and after laser treatment. The TAFEL cyclic potentiodynamic
polarization technique was employed to study corrosion behaviour. The microstructure of the base metal and the effect of
laser power were investigated using optical microscopy. The phases before and after laser treatment were identified
through X-ray diffraction, and the cross section of the heat-affected zones and the molten pool’s depth were examined
using a scanning electron microscope. Results revealed that laser treatment affected microstructural transitional phase
alterations. Compared with the average microhardness of the base metal, the microhardness of the laser-treated specimens
improved to 78.23% as the laser power increased. The increase in microhardness considerably enhanced corrosion

resistance to 36.13% relative to that of the base metal.
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1. Introduction

Lasers can be utilized as highly adaptable,
mouldable thermal sources. Lasers can alter the
surface properties of specific materials. The high
power density and short contact times of lasers
produce high heating rates in a thin surface layer.
After surface treatment, self-quenching causes fast
cooling, which in turn introduces microstructural
alterations, such as grain refinement or phase
transitions to metastable phases. Additional
microstructural changes, such as the dissolution or
modification of precipitates or residual stresses,
alter the surface and subsurface properties of the
material. Laser surface treatments are considered a
well-established method to improve corrosion
resistance and surface hardness [1].

This is an open access article under the CC BY license.

Lasers have many exceptional properties, such as
non-contact processing, improved product quality,
low cost, high production, decreased finishing
operations and processing, high material use and a
small heat-affected zone. The need for laser material
processing is increasing because of these properties
[2]. The usage of lasers for material processing may
be classified into two groups: (a) uses that require
minimal energy or power and do not appreciably
affect phases and (b) uses that require a considerable
amount of energy to accomplish. The first group
includes processes for annealing and etching
semiconductors, curing polymers and labelling
integrated circuit substrates. The second group
comprises cutting, welding, melting and heat
treatment [3]. Engineering material failure can be
categorized into numerous categories: corrosion,
oxidation, fatigue and wear/abrasion. Material
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failure may start at the surface because of two main
factors:  wvulnerability of free surfaces to
environmental deterioration and high intense
external load at the surface. To eliminate failure that
starts at the surface, engineers can alter the surface
microstructure and composition of the near-surface
region of a component without changing the bulk
[4,5]. The most popular conventional surface
engineering methods are galvanizing, diffusion
coating, carburizing, nitriding and flame/induction
hardening. However, these methods have several
drawbacks, such as low precision, limited flexibility
range and high time, energy and material
consumption.

Ti alloys, Co alloys and stainless steels are
frequently used for biomedical implant purposes.
Metals and their alloys are essential to structural
biomaterials used in reconstructive surgery,
especially orthopedics. Given that the surfaces of
these metals and their alloys are prone to corrosion,
laser technology is employed to alter their
mechanical characteristics (e.g. hardness). The
majority of laser surface modifications has been
applied to ferritic (430), martensitic (420) and
austenitic (304) stainless steels to reinforce their
resistance to pitting corrosion. The most common
implant material is 316L austenitic stainless steel
because it is inexpensive [6]. Austenitic stainless
steel is one of the most frequently utilized alloys in
maritime, biomedical and aerospace industries
because of its superior flexibility and corrosion
resistance [7]. Stainless steel 316L (SS316L) is
excellent for corrosion resistance applications
because it can form a coherent, adhesive, oxide-thin
layer of chromium (Cr.0s;, a corrosion barrier).
However, this layer of oxide chromium created on
the surface of the implant metal is unstable because
the layer tends to localize corrosion in long-term
implant applications. Moreover, the human body is
a complex and challenging electrolytic environment
for biomaterial applications [8,9]. The corrosion
protection provided by laser treatment is attributed
mainly to the grain refinement of the top surface
layer [10]. Grain refinement can improve strength,
such that a reduction does not create microporosity
[11]. Numerous investigations have been performed
to enhance the surface qualities, such as corrosion
resistance, wear and hardness, of metals and alloys
because of these materials’ importance in daily life.

For AISI SS316L, the processes of low-energy,
high-current pulsed electron beam (LEHCPEB)
corrosion and wear improvements were studied by
Zou et al., who found that AISI SS 316L confirms
the high potential of the LEHCPEB technique for
improving the  aforementioned  properties,
particularly when the number of pulses is
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sufficiently high [12]. Muna investigated the effects
of ND:YAG laser treatment on the surface
modification and corrosion behaviour of the most
popular implant biomaterial (SS316L) in an
artificial saliva solution at a temperature of 37 °C.
The results showed that a decrease in the pulse
repetition rate or frequency from 1 Hz to 6 Hz at
1,064 nm results in surface modification, grain
refinement and a slight improvement in hardness.
Corrosion tests revealed that the samples treated
with 1 Hz at 532 and 1,064 nm had higher corrosion
resistance than the untreated base alloy and other
treated samples [13]. Abbas et al. examined how
pulsed laser surface melting affects AISI 304
stainless steel’s corrosion and wear properties. The
results demonstrated that LSM enhances the
hardness and wear resistance of treated samples.
The corrosion test also revealed that treated samples
have stronger resistance to pitting corrosion than
untreated ones [14]. Singh et al. studied the effects
of laser surface processing on the surface
microstructure and corrosion behaviour of SS316L
and Ti-6Al-4V. They found that metal ions are
generated during the corrosion process (laser power
of 500-1,500 W) in an ambient environment. In the
re-solidified area of SS316L, columnar dendrites
and tiny grains create a homogeneous surface
microstructure. The researchers also discovered that
grain size gradually increases from the substrate
towards the treated surface. Compared with the
corrosion characteristics of untreated counterparts,
the corrosion characteristics of Ti-6Al-4V improve,
whereas those of SS316L to worsen after laser
processing. SS316L°s corrosion resistance is
affected by variations in laser power, but that of Ti-
6Al-4V is not substantially affected [15].
Tangkwampian et al. studied the influence of fibre
laser surface modification on the corrosion
behaviour of SS316L and found that laser treatment
increases the pitting potential by 40%. The results
also showed a shift in corrosion potential to a more
favourable one. The corrosion improvement results
led to the conclusion that the corrosion protective
layer on the newly laser-treated surface can reduce
the material’s pitting tendency [16]. Ganesh Dongre
revealed the effects of different laser parameters on
the microhardness of SS316L after laser hardening.
They obtained a 25% increase in hardness after laser
hardening and a hardened depth of up to 400
microns [17]. Bakhtiari et al. used a high-power
ND:YAG pulsed laser at a maximum power of 3.5
kW to study the hardness of AISI14130 steel. Some
of the results showed that the coefficient of friction
decreases from 0.77 in the base metal to 0.39 in the
hardened samples [18].
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Previous researchers have investigated and used
several laser methods, including laser surface
hardening and melting, with a continuous wave and
pulsed mode under different laser parameters, such
as power density, beam power, travel speed and
pulse duration.

This study investigates fibre laser surface
treatment and the effects of laser power on the
microhardness, corrosion resistance  and
microstructure of SS316L by using a high frequency
(KHz), high scanning speed, and very small spot
size (um).

2. Materials and Methods
Table 1.
SS316L’s chemical composition.

2.1 Materials

The material used in this study was wrought
SS316L. Austenitic SS316L was utilized in this
study because of its vast application in the
biomedical field, and it is used in orthopedics and
dental implants. This steel is a rolled sheet with 30
mm thickness. Table (1) shows SS316L’s chemical
composition, and Table (2) presents its mechanical
properties.

Element C Si Mn P S N Cr Mo Ni Fe
Actual test Value% 0.027 0.3 138 0.03 0.004 0.09 17.1 2.03 115 Bal.
standard Value % < 0.75 2 0045 003 01 16.5-185 225 10-14 Bal.
0.03
Table 2.
Mechanical properties of SS316L [19].
Density-kg/m3 8,000
Micro hardness-HV 206.3
Modulus of elasticity-GPa 193
Thermal conductivity at 20 °C W/m K 15
Specific heat-0 °C —100° C ( J/kg.K) 500

2.2 Methods

The first step in sample preparation was cutting
the samples into cylindrical shapes with dimensions
of (4x9, 5x10, 20x10 and 8x20 mm) in height and
diameter, as shown in Figure (1). The samples were
ground using silicon carbide (Sic) paper with
different grids (220, 400 and 800) for corrosion,
microhardness, scanning electron microscopy
(SEM) and X-ray diffraction (XRD) tests. The
samples were ground using Sic paper with grids of
220, 400, 600, 800, 1,200 and 2,000 for the
microstructure test, and the samples were micro-
polished with a diamond suspension of 0.1 pm
particle size to achieve a good finish for vivid
findings. Next, alcohol was employed to wash the
samples and remove oils from the surface to obtain
precise details of the microstructures under a
microscope. The cross-section surfaces were etched
for 60 s by using Marable’s reagent etchant solution
[20]. Marable’s etchant contains 50 mL of HCL, 50
mL of CuSO4 and 10 mL of distiller water. The
etched samples were dried in an oven after being
rinsed with distilled water and alcohol. The
microstructure of the base metal and the effect of
laser spot size with various laser power were
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investigated through optical microscopy. The cross-
sectional area of the heat-affected zones and the
molten pool’s depth were examined SEM. The
phases before and after laser treatment were
identified via XRD. A digital micro-Vickers
hardness tester was used to measure the
microhardness of the samples in HV before and
after laser treatment, and a microhardness test was
conducted at a load 1 kg for 15 s. The TAFEL cyclic
potentiodynamic polarization technique and the
WINKING M Lab 200 potentiostat from Bank-
Elektronik software were employed to examine the
corrosion behaviour. The samples were immersed in
seawater solution for an electrochemical corrosion
test for 15 min.
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Fig. 1. Types of samples used in this study.

Table 3.

Specification of the laser machine used in this work.

2.2.1 Laser System Specifications

A laser beam was used as a heat source to
enhance the surface metal’s characteristics through
phase changes. The specifications of the laser
device used in the surface treatment are listed in
Table (3), and the laser parameters are given in
Table (4). The device is shown in Figure (2).

The EzCad2 software program was used to
determine the laser power, laser scanning speed and
laser frequency for this study. In this software, the
laser path can be determined by Hatch. The Zigzag
path was used in this study because of its popularity
and efficiency.

This work was performed in AL-Nahrain
University Laser and Optoelectronics Engineering
Department.

Specification Description Units
Brand name Wuxi Raycus Fiber Laser Technologies Co., Ltd. -
Type Fiber optics laser -
Origin China -
Power 0-31 W
Scanning speed 0-6000 mm/s
Frequency 30-60 KHz
Applications Surface processing, marking, engraving -
Table 4.
Variable fibre laser power with other parameters being constant.
No. Parameters Values Units
1 Power 3,5,75,10 W
2  Scanning speed 3,000 mm/s
3 Frequency 30 KHz
4 Wavelength 1,064 nm
5 Spotsize 70 um
6  Pulse duration 127 ns
7  Working distance 20 cm
8 Medium air -

i Z-direction
g

Laser switch

» Power switch

main switch

/ § ﬂ_l *T_.\\_‘

GALVO lens

Field lens

(@)

49

(b)

Fig. 2. Laser device system: (a) fibre laser device and (b) components of the fibre laser device.
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2.3 Microhardness test

This  microhardness test determined the
material’s hardness or resistance to the penetration
of the indenter. The Vickers hardness test method
employed a digital device (Vickers hardness tester
TH714). The main parts of this device are the
microscope, indenter, screw and testing table, as
shown in Figure (3). The diamond indenter was
indented in the test material as a pyramid with a
square base and a top angle of 136° between
opposite faces subjected to a load of 9.8 N. The full
load of 9.8 N was normally applied for 15 s. Three
readings were obtained, and the averaged values
represent the microhardness of all the samples (as
received and treated).

This task was performed in University of
Baghdad, Al-Khwarizmi College of Engineering,
Automated Manufacturing Engineering
Department, Iraq. Hardness was measured using
Vickers’ law as follows [21]:

HV =1.854 P/ ,, (D)

where HV is Vickers hardness (kg f/mmz ), Pis

the load applied (kg f) and D is the indentation
diameter (mm).

Fig. 3. Microhardness test device.

2.4 Corrosion Test

Cylindrical samples measuring 20 mm in
diameter and 8 mm in height, as shown in Figure
(1), were immersed in seawater (3.5 wt.% NaCl
solution) at 25 °C for an electrochemical corrosion
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test. Cycle polarization experiments were conducted
using the WINKING M Lab 200 potentiostat from
Bank-Elektronik and a standard electrochemical
cell, as indicated in Figure (4). Fifteen minutes of
electrochemical measurements were performed

with the potentiostat at a scan rate of 3 mV/sec. The
key results were expressed in terms of corrosion
potential (E corr.) and corrosion current density (I
corr.). The Tafel slopes were also measured in this
study [22]. This examination was done in the
Ministry of Science and Technology’s Inspection of
Materials Laboratory.

Fig. 4. Electrochemical corrosion cell test.

3. Results and Discussions
3.1 Effect of Laser Power on Microhardness

Table (5) shows the measured microhardness of
the samples treated at different laser power with a
constant speed and frequency on the SS316L metal
surface.

The highest value of microhardness (367.7 HV)
was found in Sample (A3), and the lowest value of
microhardness (183.8 HV) was in the Sample (A4).
The base metal’s value was 206.3 HV, as shown in
Table (5) and Figure (3).
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Table 5.
Effect of laser power on the microhardness of
SS316L.
Microhardness Average
Sample Power  Speed Frequency  readings microhardness %
| (W) | (mm/s) | (KHz) | 1 | 2 | 3 | (HV) | improvement |
Base Metal
SS316L - - - 213.0 205.2 199.6 206.3 -
Al 3 3,000 30 2113 197.8 1961 201.7 -2.22%
A2 5 3,000 30 228.9 211.0 205.0 2149 +4.16 %
A3 7.5 3,000 30 373.1 3679 3621 367.7 +78.23 %
A4 10 3,000 30 197.6 1841 169.8 183.8 -10.9%

The increase in microhardness in most of the
treated samples was due to grain refinement of the
metal surface [23,24]. This study revealed that
increasing the laser power from 3W to 7.5W
increased the microhardness of the surface metal,
but increasing the laser power from 7.5 W to 10 W
decreased the microhardness of the metal surface.
This decrease was due to the relationship between
laser power and the melted surface [25]. Figure (3)
shows the effect of laser power on the
microhardness of the surface metal.

400
350
300
250 N\
200 - \\
150
100
50

Microhardness (HV)

3W
2017

5W
214

Power (W)

75W
367.7

1ow
183.8

—

Fig. 3. Effect laser power on microhardness.
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3.2 Effect of Laser Power on Corrosion
Resistance

Table (6) shows the influence of lasers on the
electrochemical corrosion test done in NaCl
solution (3.5 wt.%). The sample chosen for the
corrosion test depended on the highest readings of
the microhardness test, and a comparison was made
with the base metal. The cyclic polarization curve
for Sample A shows the result of the untreated
sample, and that for Sample B shows the result of
the laser-treated sample. Figure (4a) presents the
cyclic polarization curve for the base metal
(SS316L). On the basis of the corrosion test in NaCl
solution (3.5 wt.%), pitting corrosion (loop cycle)
was observed. This figure contains Tafel and cyclic
polarization curves. The Tafel equation was utilized
to determine the corrosion rate (in material per
year). The results showed that pitting corrosion
increased when the corrosion current (I corr.)
increased, as indicated in Table (6). Meanwhile,
corrosion behaviour (pitting corrosion) decreased
with the loop cycle compared with that in Sample
(A), as indicated in Figure (4b).
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Table 6.
Corrosion results for the base metal and laser-treated sample.
Power Speed  Frequency | corr. E corr. Corrosion rate %
Samples (W) (mm/s) (KHz) (nA/cm?) (mV) (material per Improvement
year
=0.43)
Base
metal
_ _ 283.51 -331.5 121.9 -
(A)
(B) 7.5 3000 30 18.71 -211.7 8.0 +36.13 %

2l i

— = .
"ﬁ Current najcm?) r‘” L
7 i

03 o - | o 1]
e i Current {nd/cm")

(@)

(b)

Fig. 4. Corrosion results of (a) base metal Sample A (before laser treatment) and (b) Sample B (after laser

treatment).

The results of the corrosion tests showed that the
corrosion resistance of the laser-treated sample was
better than that of the untreated sample. This
improvement in corrosion resistance confirmed that
a layer of chromium oxide was formed as a
protective layer on the surface; it slowed down
corrosion and improved the resistance to pitting
corrosion [14,15,16].

3.3 Effect of Laser Power on the Microstructure
of SS316L

The laser parameters affected the metal surface
and surface morphology, leading to an increase in
the intensity of the austenite phase (y-Fe) due to
grain refinement [23,24] and showing the presence
of the alpha ferrite phase (a-Fe), as presented in
Table (7).

Table 7.
XRD data.
Power Average
Sample (W) Speed Frequency microhardness XRD
(mm/s) (KHz) (HV) phases
Base metal
SS316L - - - 206.3 v-Fe
A3 7.5 3000 30 367.7 v-Fe + a-Fe
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The microstructure of the base metal SS316L
before and after laser treatment is shown in Figure
(5). It explains the grain structure and phases of
SS316L, which consists of an austenite phase with
a regular distribution of grain boundaries with twin

boundaries. XRD  explained the phase

transformation, as shown in Figure (6). The sample
chosen for the XRD test depended on the highest
readings of the microhardness test, and a
comparison was made with the base metal.

© - P

Fig. 5. Microstructure of SS316L at 400x. (a) Base metal after etching using Marable’s etchant. (b) Laser-treated
sample at laser power of 7.5 W, scanning speed of 3,000 mm/s and frequency of 30 KHz after etching. (c and d)
Laser-treated sample at laser power of 7.5 W, scanning speed of 3,000 mm/s and frequency 30 KHz before etching.

T 4~
450 = — Stainless steel 316L{befor Laser) 2000 TSW
3000 mm/s
400 1800 30KHz
_m 5 1890
[ =
-% a0 § 10
- @
[
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Fig. 6. XRD data of the (a) base metal (before laser treatment) and (b) Sample A3 (after laser treatment).
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3.4 Effect of Laser Power on the Molten Depth of
SS316L

Laser treatment was applied to the outer layer of
the sample’s surface. SEM examination helped
examine the depth of the molten pool. The sample
chosen for the SEM test, which was Sample A3 with

3/29/2023 | HV maga WD
3:23:32PM  10.00kV ' 600 x

spot | det
128mm | 40 ETD

200 pm
Axia ChemiSEM-Thermo Scientific

a laser power of 7.5 W, depended on the highest
reading of the microhardness test. Figure (7c) shows
that the melted depth at laser power of 7.5 W was
4.533 um. Three zones, namely, melted, heat-
affected and base metal zones, can be seen in all the
figures.

3/29/2023 | HV mag o WD
32318PM | 10.00kV 1300 x

100 pm
Axia ChemiSEM-Thermo Scientific

spot  det
128mm 40 ETD

(b)

HV. mag a | WD spot
10.00kV 2500 x | 12.7mm | 4.0

ETD

B.M

HAZ |

M.Z
Melted
Depth

4.533

Axia ChemiSEN

(©)

Fig. 7. SEM photo of Sample A3 showing the depth of the molten pool at (a) 600x%, (b) 1,300x and (c) 2,500 with
laser power of 7.5 W, scanning speed of 3,000 mm/s and frequency of 30 KHz.

4. Conclusions

Surface treatments are necessary for materials to
achieve desirable mechanical and surface
properties. In this study, the surface and mechanical
properties of SS316L were enhanced by laser
surface treatment. Laser surface treatment generally
improved the corrosion resistance, microhardness,
wear resistance, fatigue strength and tensile strength
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of the materials. The following conclusions were

obtained in this study.

1. Surface treatment of SS316L by pulsed fibre
laser revealed that the laser affected grain
refinement directly.

2. Most samples showed an increase in
microhardness. Among the samples, Sample A3
(367.6 HV) with 7.5 W of laser power had the
largest increase in microhardness, which was
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78.23% more than that of the base metal (206.3
HV).

3. Corrosion resistance at a laser power of 7.5 W
increased when the microhardness of the laser-
treated materials increased to I corr. = 283.51
nA/cm? compared with | corr. = 18.71 nAlcm?
of the base metal.

4. In comparison with the base-metal sample, the
laser-treated sample showed the presence of the
alpha ferrite phase (a-Fe) with an intensified
austenite phase (y-Fe) due to grain refinement.

5. According to the SEM data, the depth of the
sample treated with laser power of 7.5 W was
approximately 4.5 mp.
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