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Biocorrosion, Biocompatibility Properties,
and Bacterial Attachment of Laser Beam Welded
AISI 2205 Duplex Stainless Steel

CEYHUN KÖSE, MERVE GÜNDÜZ, ELIF _ILHAN, OĞUZHAN GÜNDÜZ,
SALIH DURDU, and SERGIO LOZANO-PEREZ

Limited studies exist on the application of welded duplex stainless steel as a temporary implant
material. Various methods have been employed to enhance the biocorrosion resistance and
biocompatibility of metallic implant materials. In this study, the effect of welding heat input on
the biocorrosion behavior and biocompatibility of AISI 2205 duplex stainless steel joined by
laser beam welding was investigated. Microstructure and microtexture characterization analyses
were also conducted. Electrochemical tests were performed in a simulated body fluid (SBF)
environment to evaluate the biocorrosion properties of the welded samples. The results
indicated that increasing the welding heat input improved corrosion resistance. This improve-
ment was attributed to the increased austenite volume fraction, larger grain size, and a higher
high-angle grain boundary (HAGB) ratio resulting from the higher heat input. Furthermore, it
was observed that increasing the welding heat input decreased the water contact angle of the
weld zone. In vitro biocompatibility studies were carried out using the MTT assay with an
hFOB cell line. Based on the results obtained on days 7, 14, 21, and 28 of incubation, cell
viability remained at acceptable levels across all groups. Metal ion release (Cr, Fe, Ni, Mn, and
Mo) into the hFOB medium was analyzed using inductively coupled plasma mass spectrometry
(ICP-MS), and the results showed that higher heat input reduced ion release. Finally, bacterial
adhesion tests performed with Escherichia coli revealed that the welding process influenced
bacterial attachment. Specifically, higher heat input promoted bacterial adhesion, which was
likely associated with the increased surface roughness.
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I. INTRODUCTION

THE most critical requirements for implant materials
include optimum mechanical properties, corrosion resis-
tance, biocompatibility, and a surface structure that
promotes osseointegration.[1] Currently, austenitic stain-
less steel is the most preferred metallic material for
temporary implants. However, austenitic stainless steels
exhibit low corrosion resistance when exposed to
aggressive environments containing chloride ions, such
as body fluids.[2] Duplex stainless steel (DSS), which
demonstrates superior corrosion resistance compared to
the 316L austenitic stainless steel used as a metallic
implant material, is therefore more advantageous.[3]

DSSs are engineering materials that consist of nearly
equal proportions of BCC ferrite and FCC austenite
crystal structures at room temperature.[4] The balanced
ferrite–austenite ratio improves both corrosion resis-
tance and mechanical strength.[4,5] In addition to high
corrosion resistance and strength, its soft-magnetic
properties enable its use as an implant material.[6–8] Teff
et al. determined that 2205 DSS can be utilized to

produce magnetic stent-grafts owing to its soft-magnetic
properties.[6] Furthermore, the elastic modulus and
ultimate compressive strength of DSS are significantly
higher than those of 316L austenitic stainless steel,
making it suitable for bone tissue engineering applica-
tions.[8] The corrosion properties of austenitic stainless
steels and DSSs, which are considered suitable biomate-
rials for tissue engineering, have been compared in
various studies. In vitro and in vivo studies, as well as
clinical results, suggest that DSS is a viable alternative
to biomedical-grade austenitic stainless steel due to its
resistance to crevice corrosion in the human body and
its superior mechanical properties.[9] Researchers have
reported that although 316L austenitic stainless steel is
the most commonly used stainless steel in the produc-
tion of osteosynthesis devices, it may experience local-
ized corrosion issues that can lead to ion release, implant
failure, and complications associated with Ni allergy.
Therefore, many researchers have stated that DSSs can
be used as a replacement for austenitic stainless steels,
particularly in bone tissue engineering applications,
because of their excellent resistance to localized
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corrosion. However, they have cautioned that further
research is required due to the limited data available on
the magnetic properties of DSSs and their magnetic
behavior in biomedical applications. Gregorutti et al.
investigated the magnetic behavior of DSS alloys and
compared the results with austenitic stainless steel. They
reported that both materials can be considered
soft-magnetic because of the very small area under the
hysteresis loop. In addition, the lower Ni content of DSS
compared to austenitic stainless steel reduces or mini-
mizes the adverse effects of allergic reactions caused by
Ni release. Consequently, DSSs are considered promis-
ing alternative materials to austenitic stainless steels for
use in the medical industry.[2,8,10]

Metallic implant materials can undergo structural
deterioration and corrosion due to exposure to a
corrosive environment after being placed in the body.[11]

DSS is particularly resistant to stress corrosion and
intergranular corrosion.[12] Its high corrosion resistance
is directly related to the balanced ferrite–austenite ratio
in its structure and the amounts of Cr, Ni, and Mo it
contains.[4,13] A high Ni content in the structure pro-
motes an increase in galvanic corrosion resistance by
reducing Cr precipitation.[14] Mo participates in the
formation of the chromium oxide (Cr2O3) passive film in
corrosive environments and contributes to increasing
the thickness of this film.[15] The addition of Cu
increases the localized corrosion resistance of DSS.[16]

DSSs exhibit excellent corrosion resistance in various
biological environments. In one study, the electrochem-
ical corrosion behavior of 2205 DSS in Ringer’s solution
was investigated, and the observed corrosion rate
supported its suitability as a temporary implant mate-
rial.[7] In addition, researchers reported that 2205 DSS
possesses higher electrochemical corrosion resistance
than 316L austenitic stainless steel in simulated physi-
ological Hank’s solution and artificial saliva, making its
application as an implant material more advanta-
geous.[17,18] DSSs are also utilized in orthodontic wire
production owing to their high corrosion resistance.[19]

Numerous approaches have been applied to improve
the corrosion resistance and biocompatibility of metallic
implant materials.[19–22] Previous researchers have
observed that increasing the welding heat input reduces
metal ion release from the surface of austenitic stainless
steel and improves biocompatibility.[23] In another
study, Köse et al. concluded that a laser-welded DSS
sample kept in L929 fibroblast cell-culture medium
exhibited better cell viability than the DSS base mate-
rial.[24] In the present study, the surface properties,
electrochemical corrosion behavior in an SBF environ-
ment, and in vitro biocompatibility of 2205 DSS joined
using various laser welding heat inputs were investi-
gated. The results obtained from samples joined with
different welding heat inputs were compared with those
of the base material (BM), thereby systematically
evaluating the effects of laser welding heat input on
microstructure, microtexture, surface properties, bio-
corrosion resistance, biocompatibility, and bacterial
adhesion. The welding process has a significant impact
on the surface properties of stainless steels. In this study,
the effects of laser welding heat input on surface

topography, wettability, and surface free energy were
comparatively examined. Various approaches exist in
the literature regarding the relationship between surface
properties and biological interactions. This study aims
to contribute to the field by explaining the correlation
between the biological interactions and surface proper-
ties of laser-welded DSS. While various biological
electrochemical environments have been used in the
literature to investigate the electrochemical corrosion
behavior of DSS,[7,17,18] studies determining the electro-
chemical corrosion behavior of laser-welded DSS in
SBF medium remain limited. Furthermore, in vitro
biocompatibility analyses of laser-welded DSS reported
in the literature are predominantly limited to the L929
fibroblast cell line medium.[24] In this study, the hFOB
cell line was utilized for in vitro biocompatibility
analyses. The use of the hFOB cell line is crucial for
evaluating the biocompatibility of the samples within a
human cell line environment and assessing their poten-
tial as implant materials for bone tissue. In addition to
cytotoxicity studies, the concentration of elements
released into the cell-culture medium was determined.
After 28 days of incubation, the amount of released
elements was found to be well below the levels that
could induce cytotoxicity. One of the significant prob-
lems associated with metallic implant materials is
bacterial contamination. As there are limited studies
on determining the quantity of bacteria that can adhere
to laser-welded DSS surfaces, the amount of Escherichia
coli that could adhere to the samples was determined.
This study examined both the bacterial adhesion capac-
ity on DSS surfaces and the specific effect of laser
welding heat input on this process. Based on the results
obtained, laser-welded 2205 DSS can be considered a
suitable material for temporary implants.

II. MATERIALS AND METHODS

A. Material and Welding Process

In this research, AISI 2205 DSS sheets with dimen-
sions of 300 9 90 9 4 mm were used. The chemical
composition (wt pct) of AISI 2205 DSS is shown in
Table I. The AISI 2205 DSS sheets were welded using a
CO2 laser beam with three different laser welding heat
inputs. The selected laser welding parameters and
sample codes are listed in Table II. Test samples were
cut using wire electrical discharge machining (WEDM)
to determine the microstructure and microtexture of the
base material (BM) and laser-welded stainless steel
samples, as well as their electrochemical corrosion
behavior in the SBF environment, bacterial adhesion,
and in vitro biocompatibility (Figure 1). The weld heat
input values were calculated using Eq. [1].

Heat input ðkJ=mmÞ ¼ Laser power ðkJ=sÞ
Welding speed ðmm=sÞ : ½1�
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B. Microstructure and Crystallographic Texture
Observations

To characterize the microstructural changes in the
laser-welded samples in detail, the surfaces of the base
material and laser-welded samples were polished using
sandpaper up to 2000 grit and a velvet polishing cloth,
and then etched with Carpenter solution (122 mL
C2H5OH + 122 mL HCl + 6 mL HNO3 + 8.5 g
FeCl3 + 2.4 g CuCl2). Before the electrochemical
corrosion test, in vitro biocompatibility analysis, and
bacterial attachment test, the surfaces of the BM and
laser-welded samples were polished using sandpaper up
to 2000 grit and a velvet polishing cloth. Microstructural

examinations of the BM and laser-welded samples were
performed using an Olympus optical microscope and a
JEOL scanning electron microscope (SEM) and Oxford
X-MAX 80 energy dispersive spectroscopy (EDS) con-
nected to the SEM instrument. Crystallographic texture
examinations were conducted using a Sigma-Carl Zeiss
FEG-SEM equipped with an Oxford Nordlys Nano
EBSD detector. Electron Backscatter Diffraction
(EBSD) measurement settings were optimized at an
acceleration voltage of 20 keV, a working distance of
10 mm, a 120 lm aperture, a 70 deg tilt angle, and step
sizes of 0.05 and 0.2 lm. Seven Kikuchi bands were used
for indexing each pattern. EBSD maps were obtained
using Channel 5 software (Oxford Instruments). XRD

Table I. Chemical Composition of AISI 2205 DSS

Element C Si Mn P S Cr Mo Ni Al Co

Pct 0.028 0.333 1.814 0.011 0.0072 22.88 3.105 5.450 0.019 0.119

Cu Nb Ti V W Pb Sn Zn N Fe

0.224 0.036 0.0089 0.116 0.050 0.0038 0.012 0.034 0.058 65.68

Table II. Sample Codes and Laser Welding Parameters

Samples’
Code

Laser Power
(W)

Welding Speed
(mm/s) Shielding Gas

Gas Flow Rate (L/
min)

Focal Length
(mm)

Heat Input (kJ/
mm)

A1 3250 30 50 pct Ar + 50 pct He 12 200 0.108
A2 3250 45 50 pct Ar + 50 pct He 12 200 0.072
A3 3750 30 50 pct Ar + 50 pct He 12 200 0.125

Fig. 1—The weld joint configuration design, schematic drawing of the weld geometry, and a schematic diagram showing the sampling locations
and specimen orientations for EBSD, corrosion, and cell-culture assays.
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analysis was conducted using a Rigaku device with a
scanning speed of 4 deg/min.

C. Surface Wettability and Surface Free Energy (SFE)

Contact angle measurements were performed by a
sessile drop technique contact angle goniometer (Data-
physics OCA 15EC). The average contact angles were
measured within 60 seconds using after 1 lL of
deionized water was dropped onto the surfaces. The
Neumann technique is predicated on the hypothesis that
there is a correlation between the surface free energy
(SFE) of a solid (cS), the SFE of a liquid in contact with
the solid surface (cL), and the SFE of the solid–liquid
interface (cSL). This correlation can be described in a
general form by the subsequent condition equation [2]:

F cS; cL; cSLð Þ ¼ 0: ½2�

The SFE calculations were conducted by the mea-
surements of the average contact angle (ACA) values for
deionized water. Subsequently, the Neumann technique
was employed to ascertain the surface energy (cS) in
accordance with the equation of state. The final form of
the equation is shown below[1]:

coshþ 1 ¼ 2
cS
cL

� �
e �b cL�cSð Þ½ �; ½3�

where b = 0.0001247 (m2/mJ)2, cL = 72.8 mJ/m2, and h
(contact angle) are known for each sample; numerical
iteration was needed to solve the Neumann equation.

D. Surface Topography

The surface roughness of the samples was determined
using a profilometer (surface profiler, KLA Tencor P-7,
Milpitas, CA, USA). Surface roughness values were
obtained by scanning over a 250 lm 9 250 lm area with
3D mechanical contact and at a speed of 100 lm/s.

E. Investigation of Electrochemical Corrosion Behavior
in SBF Environment

Before the electrochemical tests, the surfaces of the
BM and laser-welded specimens were cleaned by sani-
tizing in 70 pct ethanol for 1 hour. After surface
cleaning, the specimens were dried in an oven (Mem-
mert, Germany) at 50 �C. For the electrochemical
corrosion test, an SBF solution prepared according to
the recipe of Kokubo and Takadama was used.[25]

Electrochemical measurements were carried out at
36.5 �C using a potentiostat/galvanostat (Metrohm
Autolab PGSTAT101). Electrochemical measurements
were performed using a conventional three-electrode cell
consisting of a platinum counter electrode and an Ag/
AgCl (3 M KCl) reference electrode. The electrolyte
solution was naturally aerated. Prior to polarization
tests, the samples were stabilized at open circuit poten-
tial for 30 minutes. The Tafel extrapolation technique
was used to evaluate the corrosion resistance. Prior to
the corrosion tests, the open circuit potential (OCP) of

each sample was measured to determine the potential
range. Tafel polarization curves were obtained at
potentials between � 500 mV below and + 500 mV
above the OCP values, with a scan rate of 1 mV/s.

F. In Vitro Biocompatibility Analysis

The cytotoxicity of the BM and laser-welded samples
was assessed using the extract method, as outlined in
ISO 10993-5.[26] The samples were sterilized by using 70
pct ethyl alcohol for 60 minutes and then by holding
them under UV light. The sterilized samples were
prepared according to ISO-10993-12 standards[27] and
added to a complete culture medium [Dulbecco’s
Modified Eagle’s Medium-F12 (DMEM-F12)] supple-
mented with 10 pct fetal bovine serum (FBS, Gibco) and
1 pct penicillin/streptomycin (Gibco). The samples were
kept in the culture medium for 7, 14, 21, and 28 days,
and their extracts were separated. Meanwhile, human
fetal osteoblastic (hFOB, ATCC-CRL-3602) cell lines
were grown in a 5 pct CO2 incubator (ThermoFisher) at
37 �C using DMEM-F12. Trypsin/EDTA (Gibco) was
used to remove the flask when it reached an 80 pct fill
rate. Then, the harvested cells were centrifuged at
2000 rpm for 5 minutes, and an appropriate volume of
DMEM-F12 was used to lyse the resulting cell pellet.
The total number of cells was determined using a cell
counter (Anvajo Science). The hFOB cell line was
seeded in 96-well plates at 5 9 103 per well and kept in a
5 pct CO2 incubator (ThermoFisher). After 24 hours of
incubation, the medium was separated from the healthy
cells, and the previously prepared extracts were added.
Negative and positive controls were described by
replacing the medium with new culture medium or with
10 pct dimethyl sulfoxide (DMSO). Cells treated with
extracts obtained on different days were kept in the
incubator for 48 hours. Cell proliferation was evaluated
using MTT (3-(4.5-dimethylthiazol-2-yl)-2.5-diphenylte-
trazolium Bromide) assay (ElabScience). After adding
the extract, MTT solution was added to the specimens
and incubated in the incubator for 3 hours. The MTT
assay measures the metabolic activity of living cells,
while mitochondrial dehydrogenases within the cell
reduce MTT and convert it into purple formazan
crystals. After incubation, DMSO was added to the
wells to form formazan crystals, and the absorbance of
the resulting formazan product was calculated at
570 nm using a microplate reader (Agilent BioTek,
Epoch). The specimens were performed in triplicate to
ensure reproducibility and statistical significance. The
absorbance was directly proportional to the number of
viable cells. The portion of viable cells was calculated by
comparing all specimens and controls with the negative
control using the subsequent Eq. [4]:

%Viability ¼ 100�ODe

ODc
; ½4�

where ODe shows the average optical density measured
for the samples, while ODc defines the mean optical
density measured for the negative control, a specimen is
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categorized as cytotoxic if the percentage of viability is
less than 70 pct, and non-cytotoxic if the percentage of
viability is greater than 70 pct.[28]

The amount of elements transferred from the BM and
laser-welded samples, joined with different heat inputs
into the hFOB cell line medium, was determined. To
examine the amount of elements transferred, samples
were incubated in the hFOB cell line medium as
described above. Inductively coupled plasma mass
spectrometry (Thermo Scientific iCAP Q, Italy) was
used to determine the elements in the media obtained on
the 14th and 28th days of incubation, and the results
were read in triplicate. Inductively coupled plasma mass
spectrometry (ICP-MS) analyses were carried out using
an AGILENT 7700 ICP-MS system equipped with an
ASX-500 autosampler. ICP-MS analyses were per-
formed following standard procedures. Samples were
digested using appropriate acid mixtures, diluted, and
filtered when necessary. Calibration standards were
prepared at known concentrations, and an internal
standard was used to correct for instrumental drift and
matrix effects. Measurements were carried out under
optimized argon-plasma operating conditions.

G. Cell Attachment Analysis

The BM and laser-welded samples were sterilized by
using 70 pct ethyl alcohol for 60 minutes and then by
holding them under UV light. The sterilized samples
were placed in a 6-well plate and cleaned with Phos-
phate-Buffered Saline (PBS). Then, the previously prop-
agated hFOB cell line was seeded on the surface of the
samples at 20 9 103 cells per well. The cells were
incubated with the cells for 48 hours. After the culture
media were removed, the samples were cleaned with
0.1 M cacodylate buffer (ThermoScientific) (pH 7.4),
and the cells were fixed by adding 2.5 pct glutaraldehyde
to the sample surface for 20 minutes. Post-fixation, the
specimens were cleaned with cacodylate buffer and
dried. After the specimens’ surface was coated with gold
and palladium for 60 seconds with the help of a sputter
coating machine (Quorum SC7620, USA), cell mor-
phologies were analyzed by SEM (Zeiss EVO LS 10).

H. Bacterial Adhesion Test

Escherichia coli O157:H7 ATCC 25922 was used as
the test culture for the bacterial adhesion assay. The test
culture was activated by incubating in Brain Heart
Infusion Broth (BHIB, Condalab, 201181, Spain) at
37 �C for 24 hours. The method applied by Zhai et al.
was modified for the bacterial adhesion test of the
samples.[29] Before the experiment, the specimens were
sterilized by autoclaving. Sterile specimens were
immersed in the bacterial suspension adjusted to
106 CFU/mL and incubated at 37 �C for 24 hours. At
the end of the incubation period, the samples were
washed with 20 mL of peptone water to remove bacteria
that did not attach to the surface. After washing, the
samples were transferred to tubes containing 10 mL of
peptone water, and vortexing was performed for 3
minutes to separate bacteria adhering to the surface.

Using the spread plate method, decimal dilutions were
prepared from the resulting culture suspension and
inoculated onto Brain Heart Infusion agar (BHIA,
Condalab, 112141). Bacteria adhering to the surface
were evaluated by colony counting, and the values
obtained were expressed as colony-forming units (log
cfu/mL cm2).
The adhesion of E. coli O157:H7 to the surface of BM

and laser-welded AISI 2205 DSS samples under different
welding heat inputs was visualized by SEM. The method
used by Klug et al. was applied with a modification.[30]

The samples were incubated as mentioned above and
then washed. They were then fixed in 10 mL of 2.5 pct
glutaraldehyde solution for 24 hours. Following fixa-
tion, the samples were cleaned with 10 mL of peptone
water and then dehydrated by soaking in ethanol at
concentrations of 50, 60, 70, 80, and 90 pct for 10
minutes. The samples were then immersed first in 50 pct
ethanol, then in 50 pct acetone, and then held in pure
acetone for 10 minutes. The specimens were dried in a
biosafety cabinet for 12 hours after this process.
Bacterial adherence was visualized using SEM.

I. Statistical Analysis

Biological and chemical analyses were designed with
three replicates. The bacterial adhesion and ICP-MS
data were analyzed using the SPSS (IBM SPSS Statistics
26.0) statistical package program, initially using
ANOVA, followed by Duncan’s test for group compar-
isons. Cell viability data were evaluated using pairwise
two-tailed Student’s t-tests.

III. RESULTS AND DISCUSSION

A. Microstructure and Crystallographic Texture
Observations

Optical microscope (OM) and SEM images of AISI
2205 DSS are indicated in Figure 2. In the microstruc-
ture images, light-colored structures indicate austenite
grains, while dark-colored structures indicate ferrite
grains (Figure 2).
From OM and SEM images, greater austenite forma-

tion was observed in the weld metal of sample A3, which
was joined with a high welding heat input, compared
with sample A2, which was joined with a low welding
heat input (Figure 3). Due to rapid solidification
associated with low welding heat input, the weld
microstructure consisted of coarser ferrite grains, and
the ferrite–austenite balance shifted in favor of ferrite as
the ferrite grains coarsened (Figure 3). Furthermore,
undesirable phases such as sigma phase or nitride/car-
bide precipitates, which reduce mechanical properties
(ductility, toughness, and sometimes fatigue resistance)
and corrosion resistance, were not observed in the
microstructure of the welded joints. Solidification modes
in stainless steels are significantly influenced by their
chemical composition during cooling from elevated
temperatures. The DSS weld microstructure develops
in a purely ferritic solidification mode in the following
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sequence: liquid fi (liquid + ferrite) fi ferrite fi (fer-
rite + austenite). The DSS weld metal solidifies entirely
as ferrite, and the austenite volume fraction develops
through solid-state phase transformation.[32] The ferrite
phase forms from the liquid by primary solidification
and persists until solidification is complete. The trans-
formation of austenite from the ferrite phase occurs
later through a solid-state transformation, namely the
diffusion-controlled d fi c transformation, and more
austenite generally forms under slow cooling conditions.
Primary austenite phase formation occurs during the
welding process, followed by grain growth within the
ferrite. During the cooling of the weld metal, the ferrite
phase partially transforms into the austenite phase. The
cooling rate plays a significant role in phase formation
in DSSs.[33] High heat input during welding reduces the
cooling rate and promotes the formation of austenitic
phases.[34] Laser welding is a highly efficient joining
method with minimal impact on the workpiece and the
heat-affected zone (HAZ). The low welding heat input
and high cooling rate associated with laser welding
contribute to the formation of fine grains in the weld
metal.[35] It is known that DSSs joined by laser welding
maintain their duplex structure; however, samples
joined with high welding heat input generally exhibit
higher austenite content.[36] During the cooling of the
weld pool, various morphologies develop in the HAZ.[37]

The first type of nucleation is defined as grain boundary
austenite (GBA) and occurs along the d/d grain bound-
aries.[13,32] In addition, Widmanstätten austenite (WA)
is likely to form from GBA within the ferrite grains.[32]

It grows rapidly from the GBA boundary toward the
ferrite grains as side plates, forming WA.[38] The third
type of austenite, intragranular austenite (IGA), can
precipitate within ferrite grains during cooling. In the
case of slow cooling, the formation of intragranular
austenite (IGA) occurs more readily.[37] The formation
of IGA requires a greater degree of undercooling (as the
driving force) compared to GBA and WA owing to the
higher activation energy required for lattice diffusion.
Compared with lattice diffusion, grain boundary diffu-
sion occurs relatively faster; consequently, IGA growth
is generally more limited than that of GBA and WA.[31]

As a result of joining DSSs using laser welding, a

microstructure consisting of GBA, IGA, and WA can
form.[35,39–41] In this study, consistent with the literature,
the weld microstructure of DSSs joined with various
welding heat inputs was examined, and the formation of
GBA, IGA, and WA was observed (Figure 3). An
increase in welding heat input not only affects the
formation of the austenite phase but also has a
significant impact on austenitic morphology.[42]

B. SEM–EDS and XRD Analysis

The results of SEM–EDS point analysis and line-scan
analysis of the laser-welded samples are presented in
Figures 4 and 5. In addition, the quantitative compo-
sitional data obtained from EDS point analyses of
ferrite and austenite grains in the BM and WM
microstructures are shown in Table III.
Line-scan analyses of samples welded with different

heat inputs revealed no significant differences in the
elemental distribution of Fe, Cr, Ni, and Mo. Only
minor fluctuations were observed, indicating a homo-
geneous elemental distribution (Figure 4). As expected,
small fluctuations were detected in the analyses of ferrite
and austenite grains due to their different chemical
compositions. According to the line-scan analysis
results, no significant elemental changes occurred as a
result of variations in laser welding heat input, and no
elemental changes indicative of undesirable secondary
phases or chromium nitride formations were observed.
Owing to the inherent characteristics of laser welding
processes, which involve low heat input and rapid
solidification, the formation of undesirable structures is
unlikely, as insufficient time is available for their
formation. However, the high power density associated
with laser welding processes can sometimes lead to the
formation of carbide precipitates within grains or at
grain boundaries, particularly due to local reductions in
Cr content. In joints produced with high power density
(i.e., high heat input), chromium migration toward grain
boundaries may occur, and chromium depletion in these
regions could increase susceptibility to corrosion.
Nitride formations are known to contain higher
amounts of Cr, Fe, Mo, and V, whereas Ni and Cu
contents are typically lower. The results of EDS point

Fig. 2—OM and SEM Secondary Electron (SE) images of the BM.
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analyses conducted on austenite and ferrite grains
(Figure 5) showed no significant differences either
compared with the base material or among the welded

joints. Based on the EDS line-scan and EDS point
analysis results, the effect of welding heat input was
found to be limited in DSS samples joined with different
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Fig. 3—Optical microscope and SEM SE images of laser-welded samples, 1: OM image of A1, 2: SEM image of A1, 3: OM image of A2, 4:
SEM image of A2, 5: OM image of A3, and 6: SEM image of A3.
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welding heat inputs. Because no significant elemental
losses were detected, the samples are expected to exhibit
high corrosion resistance in aggressive environments.

XRD analyses of the laser-welded samples were
conducted, and the resulting diffraction peaks are
presented in Figure 6. The effect of welding heat input
on the XRD patterns of the laser-welded joints is clearly
visible, as the peak intensities change with variations in
heat input. d-Ferrite and c-austenite phases were
detected in samples A1, A2, and A3. No undesirable
phases other than ferrite and austenite, such as
chromium carbide/nitride precipitates or other sec-
ondary phases, were detected.

It should also be noted that such undesirable struc-
tures may not be detectable by XRD due to their very
low volume fraction in the weld microstructure.

C. EBSD

To understand the impact of welding heat input on
the grain orientation and texture of the weld microstruc-
ture, image quality (IQ) maps, inverse pole figure (IPF)
maps, phase maps, grain size maps, grain orientation
spread (GOS) maps, rotational grain boundary angle
maps, kernel average misorientation (KAM) maps, and
pole figure maps were obtained via EBSD analysis
(Figures 7, 8, and 9). These maps provide information
on the orientations and microtexture characteristics of
austenite and ferrite grains. The results clearly indicate
that epitaxial solidification occurs at the weld center of
the laser-welded joints. It was observed that the BM
grains exhibited random orientations (Figure 7(b)). The
ferrite grains in the weld center of sample A2 were

Fig. 4—SEM–EDS line-scan analysis of samples A1, A2, and A3.
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mainly oriented near the [111] and [001] directions,
whereas the austenite grains exhibited a predominantly
random orientation (Figure 8(b)). In contrast, the ferrite
grains in the weld center of sample A3 were also
oriented along the [111] and [001] directions, while the
austenite grains were mostly oriented closer to the [001]
direction and away from the [101] direction
(Figure 9(b)). The presence of random texture is
attributed to the relatively weak texture typically

observed in laser-welded joints.[43] In particular, the
columnar grains in the weld center of sample A2 were
observed to develop along the direction of heat flow

Table III. EDS Point Analysis Results of BM and WMs

(Wt Pct)

Samples Cr Ni Mo Fe Phases

A 25.6
24.0

4.7
5.6

3.6
3.5

65.9
66.3

d-ferrite
c-austenite

A1 24.2
24.2

5.2
5.8

3.4
3.4

67.1
66.4

d-ferrite
c-austenite

A2 24.1
25.6

4.6
5.2

3.8
3.2

67.4
65.9

d-ferrite
c-austenite

A3 24.0
24.6

5.4
5.1

3.4
3.3

67.0
66.9

d-ferrite
c-austenite

Fig. 6—XRD analysis results.

Fig. 5—SEM–EDS point analysis of samples A, A1, A2, and A3.
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(Figure 8). During laser welding, the directions of heat
flow and cooling during the solidification of the liquid
weld metal are important parameters affecting the
resulting texture.[44,45] It is evident that the direction of
local heat transfer significantly contributes to the grain
orientation in the weld center. When the volume
fractions of d-ferrite and c-austenite phases in the base
material and the weld metal of samples A2 and A3 are
examined, the ferrite and austenite ratios of the BM are
53 and 47 pct, respectively, whereas the ferrite and
austenite ratios are 90 and 10 pct for sample A2 and 86
and 14 pct for sample A3 (Figures 7(c), 8(c), and 9(c)).
Because laser welding involves relatively low welding

heat input, rapid solidification occurs in the weld pool,
resulting in an increased ferrite volume fraction. It was
also observed that the grain sizes in the weld center of
samples A2 and A3 were relatively similar, although the
grain size in sample A3 was slightly larger due to the
higher welding heat input (Figures 8(d) and 9(d)).
GOS maps describe the degree of recrystallization;

grain orientation spread (GOS) maps of ferrite and
austenite are presented in Figures 7(e), 8(e), and 9(e).
Blue and green regions, which correspond to low GOS
values, were observed in the weld centers of samples A2
and A3. These low GOS values indicate the presence of
subgrains in the weld centers of samples A2 and A3.

Fig. 7—EBSD analysis results of BM: (a) IQ map, (b) Inverse pole figure, (c) Phase map, (d) Grain size, (e) GOS, (f) Rotational grain boundary
angle map, (g) KAM, and (h) Pole figure for the Ferrite.

3516—VOLUME 57A, JULY 2026 METALLURGICAL AND MATERIALS TRANSACTIONS A



Owing to variations in welding heat input, high GOS
values were observed in some ferrite and austenite grains
in the weld centers of both samples, whereas low GOS
values were observed in others. High GOS values
(orange and red regions) indicate that the grains are
not fully recrystallized, while low GOS values indicate
that recrystallization has occurred. GOS also provides a
quantitative description of the crystallographic orienta-
tion gradients within individual grains. The GOS value
was found to be relatively higher in sample A2 than in
sample A3. The rotation angle is defined as the angle
between two grains in the same phase that are not in
direct contact but share a common axis. The

misorientation angle is defined as the minimum rotation
angle about a common axis that causes two grains in the
same phase that are not in direct contact to coincide. It
represents the degree of mismatch between the crystal
structures of neighboring grains.[46] Grain boundaries
(GBs) are generally classified into two groups: low-angle
grain boundaries (LAGBs, < 15 deg) and high-angle
grain boundaries (HAGBs,>15 deg). HAGBs can also
be categorized as special and random boundaries. GBs
with R £ 29 are defined as special boundaries, whereas
GBs with R> 29 or non-coincidence site lattice (CSL)
boundaries are defined as random HAGBs.[43,46]

HAGBs hinder dislocation motion and improve the

Fig. 8—EBSD analysis results of A2 sample: (a) IQ map, (b) Inverse pole figure, (c) Phase map, (d) Grain size, (e) GOS, (f) Rotational grain
boundary angle map, (g) KAM, and (h) Pole figure for the Ferrite.
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tensile strength, yield strength, and hardness of materi-
als.[46] When the GB maps (Figures 7(f), 8(f), and 9(f))
were examined, it was determined that HAGBs with
rotation angles greater than 15 deg (fraction of 0.858)
were dominant in the BM. In contrast, LAGBs with
rotation angles less than 15 deg (fraction of 0.992) were
dominant in the weld center of sample A2, whereas
HAGBs with rotation angles greater than 15 deg (frac-
tion of 0.954) were dominant in the weld center of
sample A3. HAGBs have higher energies due to the
increased misorientation between grains. As a result of
the influence of laser welding heat input, grain boundary
angles changed during recrystallization, particularly

under conditions of rapid solidification associated with
low heat input.
KAM maps were obtained to identify local grain

misorientation in ferrite, austenite, and grain boundaries
(GBs), and these maps are presented in Figures 7(g),
8(g), and 9(g). Dislocation formation in a material
results from local variations in lattice orienta-
tion.[38,43,46] In other words, the KAM distribution
reflects the dislocation density distribution within dif-
ferent grains.[38,43,46,47] It was determined that the BM
exhibited more complex KAM values. The KAM value,
which represents local dislocations, was found to be
generally higher within ferrite grains and at their

Fig. 9—EBSD analysis results of A3 sample: (a) IQ map, (b) Inverse pole figure, (c) Phase map, (d) Grain size, (e) GOS, (f) Rotational grain
boundary angle map, (g) KAM, and (h) Pole figure for the Ferrite.
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boundaries than within austenite grains. The KAM
maps also revealed local increases in dislocation density
at the GBs in the weld centers of samples A2 and A3,
particularly within ferrite grains. Although the KAM
values were very similar, the KAM value was relatively
lower in sample A3 due to the increase in welding heat
input. Two main theories describe the relationship
between dislocation density and corrosion resistance.
The first theory proposes that increased dislocation
density is associated with a higher concentration of
corrosion-active sites within the material, which can
reduce corrosion resistance. In contrast, the second
theory suggests that a uniform increase in dislocation
density leads to a greater number of corrosion-active
sites. This, in turn, provides additional nucleation sites
and a stronger driving force for passive film formation.
Dislocations also act as fast diffusion paths; therefore, a
higher dislocation density alters the diffusion kinetics of
oxygen and solute atoms diffusing outward. In many
alloys, it has been observed that a more deformed
surface (e.g., after shot-peening or coarse grinding) can
form a more protective oxide layer.[48] Pole figures were
obtained to examine the crystallographic textures of the
BM and welded samples, and the results are presented in
Figures 7(h), 8(h), and 9(h). Texture densities indicating
strong textures at the weld center were determined for
the BM (maximum texture intensity of 10.572), A2
(maximum texture intensity of 15.424), and A3 (maxi-
mum texture intensity of 20.926) samples. The texture
density was particularly pronounced in the h011i//
welding direction. These texture densities indicate that
the samples have a high potential for anisotropic
behavior. A preferred crystallographic orientation
developed due to the epitaxial growth of columnar
grains in the weld center. Previous studies have reported
that the duplex (ferrite + austenite) weld microstructure
exhibits a stronger texture than a purely austenitic
microstructure.[43] This can be explained by the stronger
texture density of ferrite grains compared with austenite
grains. It should be clearly emphasized that, due to the
influence of welding heat input, grain morphology
changes significantly, grains undergo recrystallization,
and preferred grain orientations develop within the weld
microstructure.

D. Results of Electrochemical Corrosion Test in SBF
Environment

The corrosion behavior of the BM and laser-welded
samples was comparatively analyzed using potentiody-
namic polarization in the SBF environment. To evaluate
the corrosion performance, corrosion potential (Ecorr),
corrosion current density (Icorr), corrosion rate, and
polarization resistance (Rp) values were determined
from the Tafel curves using Nova computer software
(Table IV). The potentiodynamic polarization curves of
the samples obtained in the SBF environment are
presented in Figure 10.

It was determined that the AISI 2205 DSS base
material exhibited higher corrosion resistance compared
to the welded samples owing to its higher Ecorr value and
lower Icorr value. As is known, according to Faraday’s

law of electrolysis, a rise in Ecorr and a reduction in Icorr
result in increased corrosion resistance.[49] Furthermore,
it was determined that the BM had the highest polar-
ization resistance among the samples. It was observed
that a rise in polarization resistance resulted in increased
corrosion resistance. An increase in welding heat input
promotes an increase in the austenite content in the
structure of DSS. A high rate of austenite phase
formation is directly related to an increase in electro-
chemical corrosion resistance.[33] An increase in welding
heat input allows the austenite phase fraction to develop
while reducing the formation of structures such as
chromium nitride, thus improving corrosion resis-
tance.[50] In this study, the microstructure did not show
formations such as sigma phase, carbides, or nitrides
that could negatively affect corrosion resistance.
Owing to the fast cooling caused by low welding heat

input, laser welding reduces the time required for the
formation of undesirable structures such as carbides and
nitrides. Furthermore, laser-welded joints require lower
welding heat input than other traditional fusion welding
methods, resulting in a finely structured morphology in
the weld metal. Moreover, the rapid solidification
resulting from low welding heat input leads to a narrow
weld bead and a narrow heat-affected zone (HAZ).
Because a narrow weld bead and HAZ imply a less
transformed microstructure in terms of weld metallurgy,
this condition is expected to positively affect mechanical
properties and corrosion resistance. A fine-grained
microstructure results in a larger surface area, which
can lead to better corrosion resistance in some aggres-
sive corrosive environments. When the electrochemical
corrosion behavior of DSS samples joined with different
welding heat inputs in SBF was examined, the lowest
corrosion rate was observed in sample A3, which was
joined with the highest welding heat input, while the
highest corrosion rate was observed in sample A2, which
was joined with the lowest welding heat input
(Table IV). According to this result, electrochemical
tests revealed that laser-welded DSS joined with low
heat input had higher corrosion susceptibility. Similar
results have been reported by other researchers, namely
that DSS samples joined with high welding heat input
exhibit higher electrochemical corrosion resistance than
samples joined with low welding heat input.[33,42,51–55]

The corrosion rates of samples A1 and A2 were
determined to be 0.0117 mm/year and 0.0146 mm/year,
respectively. Based on these results, it was concluded
that increasing the laser welding speed supported an
increase in the electrochemical corrosion rate in the SBF
environment. Researchers have emphasized that some
metallic materials exhibit improved corrosion resistance
with microstructural refinement owing to increased
passivation capacity. In contrast, others have reported
that grain refinement may deteriorate corrosion resis-
tance owing to increased active sites in the form of grain
boundaries, GBs.[56] There is no consensus on the
impact of grain size on corrosion behavior, as it is
challenging to isolate grain size from other process-
ing-induced microstructural changes. In other words, in
addition to grain size, microstructural changes such as
texture, impurities, and secondary phases can
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significantly affect corrosion behavior. In this study,
among the welded samples, the lowest corrosion rate
was observed in sample A3, which was joined with the
highest welding heat input, while the highest corrosion
rate was observed in sample A2, which was joined with
the lowest welding heat input. Therefore, according to
our results, sample A3, which consists of coarse grains
and is dominated by HAGBs with a rotation angle
greater than 15 deg (fraction of 0.954) at the weld
center, exhibited the best corrosion performance. In
contrast, sample A2, which is composed of fine grains
and is dominated by LAGBs with a rotation angle of
less than 15 deg (fraction of 0.992) at the weld center,
exhibited the lowest corrosion performance. It should be
clearly emphasized that the results obtained here reveal
a more complex relationship between HAGBs/LAGBs
and corrosion behavior than initially described and that
these should not be interpreted as precise mechanisms.
The effect of grain boundary characteristics on corro-
sion is known to depend on various factors, including
segregation, misorientation angle, and the specific envi-
ronment. Therefore, the trends observed here represent
correlations derived from microstructural and micro-
textural analyses rather than precise mechanistic expla-
nations. The results obtained are correlations that
suggest directions for future, more fundamental studies.
While the ferrite grains at the weld center of samples A2
and A3 exhibited similar crystallographic orientations
(mostly orientations close to the [111] and [001] direc-
tions), the austenite grains at the weld center of sample
A2 exhibited predominantly random orientations,

whereas the austenite grains at the weld center of
sample A3 exhibited orientations closer to [001] and
away from [101], as determined in the previous sec-
tion. The high corrosion resistance of the [101] crystal-
lographic plane is attributed to its higher atomic
packing density.[56] In addition, the ferrite and austenite
ratios of sample A2 were obtained as 90 and 10 pct,
respectively, whereas those of sample A3 were obtained
as 86 and 14 pct in the previous section. Researchers
have reported that acicular ferrite tends to exhibit
reduced corrosion resistance owing to the large number
of high-energy, wide-angle GBs.[57] Other researchers
have suggested that a moderate increase in grain size can
facilitate GB growth and structural refinement, which in
turn can reduce the incidence and rate of propagation of
corrosion processes.[48] The results indicate that the
coarsening of the weld microstructure, including GBs,
crystallographic orientations, and microstructural trans-
formations, has a substantial effect on the corrosion
performance of DSS.
Although the welding process was conducted using

the laser welding method, which produces low heat
input, it is evident that all samples were affected by the
welding thermal cycle and that the weld zone exhibited
greater sensitivity than the BM. It can be stated that the
amount of thermal energy transferred to the weld zone
specifically the variations in welding heat input affects
the morphology of the Cr2O3 layer formed in the weld
zone, and the texture of this layer subsequently influ-
ences the corrosion rate. It is clear that the chemical
composition and physical properties of the Cr2O3 layer,
particularly the repassivation formation time, are influ-
enced by changes in welding heat input. Furthermore,
the results of the electrochemical corrosion tests indicate
that the corrosion rates remained low. The protective
Cr2O3 layer formed on the surface of the BM and the
laser-welded samples supported the stability of the
specimens in SBF. The Cr2O3 film formed on the
surface of stainless steels inhibits the transport of
metallic ions in physiological environments, resulting
in lower corrosion rates and improved biocompatibil-
ity.[23,24,58] A thin passive Cr2O3 film develops on the
surface of high-chromium stainless steels, covering the
surface through the passivation process. DSSs are
expected to exhibit high corrosion resistance owing to
their higher molybdenum content, which supports an
increase in Cr2O3 layer thickness and a shorter repas-
sivation time compared to medical-grade stainless steels
such as 316L. The chemical composition, duplex
microstructure, and surface properties of DSSs support
their favorable corrosion performance. Stainless steels
intended for use as implants are required to demonstrate

Table IV. Electrochemical Corrosion Values of BM and Laser-Welded Samples in SBF Environment

Samples OCP (V) Ecorr (V) Icorr (A/cm2) Corrosion Rate (mm/year) Polarization Resistance (X)

A 0.170 � 0.2403 6.2739 9 10�7 0.0072 41534
A1 0.162 � 0.2840 1.0118 9 10�6 0.0119 25753
A2 0.151 � 0.2640 1.2582 9 10�6 0.0146 20711
A3 0.134 � 0.2752 1.0046 9 10�6 0.0110 25938

n = 1.
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Fig. 10—Potentiodynamic polarization diagram of the BM and
laser-welded samples.
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excellent corrosion resistance. Based on the results of the
electrochemical corrosion tests in SBF (Table IV), the
corrosion rates of the BM and laser-welded DSS were
determined to be within the acceptable range for implant
applications. The corrosion resistance of stainless steels
can also be associated with surface roughness and
wettability. Numerous studies in the literature indicate
that increasing hydrophilicity and surface roughness can
lead to a decrease in corrosion resistance.[59–63] In this
regard, the fact that the corrosion resistance of sample
A3 which has the highest surface roughness and the
lowest contact angle is lower than that of the BM which
has the lowest surface roughness and the highest contact
angle is consistent with existing literature. However, the
lower corrosion resistance of samples A1 and A2
compared to sample A3, despite their higher surface
hydrophilicity and lower surface roughness, is attributed
to the formation of a lower fraction of the austenite
phase in the microstructure following the welding
process.

Surface images of the base material (sample A) and
laser-welded samples following electrochemical corro-
sion testing are shown in Figure 11. When comparing
the BM and WM, SEM images reveal that the WM
surface exhibits more numerous and larger corrosion

pits, with pits of varying morphologies observed on each
sample surface. The BM exhibits this specific pit
distribution and morphology owing to its balanced
ferrite–austenite microstructure. The SEM images pre-
sented here provide further evidence of the superior
corrosion resistance of the BM compared to the welded
samples.

E. Contact Angle and Surface Free Energy (SFE)
Measurements

Despite their high corrosion resistance, stainless steels
are considered engineering materials with varying wet-
tability.[64] Surfaces with a contact angle of less than
90 deg are described as hydrophilic, those between 90
and 150 deg as hydrophobic, and those greater than
150 deg as superhydrophobic.[65] The contact angles and
SFE values of the DSS base material and laser-welded
samples joined with different heat inputs were measured,
and the results are presented in Figure 12. The findings
of the study indicated a positive correlation between
contact angle and SFE, whereby a reduced contact angle
corresponded to a higher SFE value, whereas an
increased contact angle corresponded to a lower SFE
value. The BM (Sa = 1.05 lm) exhibited the highest

Fig. 11—Surface images of BM and laser-welded samples after electrochemical test.
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contact angle among the samples, while sample A3
(Sa = 2.97 lm) exhibited the lowest. It was noted that
the contact angle of sample A1 (Sa = 1.39 lm) was
higher than that of sample A2 (Sa = 1.07 lm). It was

determined that both the BM and the laser-welded
samples exhibited hydrophilic surfaces. The fact that the
sample with the highest heat input had the lowest
contact angle is attributed to its higher surface

CA left: 67.2°

CA right: 66.1°

CA left: 36.4°

CA right: 36.4°

CA left: 61.5°

CA right: 65.2°

CA left: 58.7°

CA right: 58.0°

A1

A2 A3

A

Fig. 12—Contact angle images and contact angles-SFE graphs of BM and laser-welded samples.
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roughness. Köse et al., who conducted a similar study,
determined via atomic force microscopy (AFM) that the
surface roughness of the weld bead increased as the
welding heat input increased when DSS was joined by
laser welding.[58] Researchers have also determined that
an increase in the surface roughness of 316L stainless
steel, used as an orthopedic implant material, causes a
reduction in the contact angle.[66] Furthermore, it has
been observed that the water contact angle decreases as
the surface roughness of 316L stainless steel increases
through nanosecond pulsed laser ablation.[67] Wenzel’s
theory explains the relationship between surface rough-
ness and contact angle. According to this theory,
increasing the roughness of a hydrophobic surface
increases hydrophobicity, whereas increasing the rough-
ness of a hydrophilic surface increases hydrophilicity.[68]

The data obtained in this study indicate a negative
correlation between surface roughness and contact
angle, which is consistent with Wenzel’s theory.

F. Surface Topography

Surface characterization of the BM and laser-welded
samples was performed three-dimensionally using a
surface profilometer (Figure 13). Areas of
250 lm 9 250 lm were scanned from the weld center
of the laser-welded A1, A2, and A3 samples, as well as
from regions of the BM where the ferrite–austenite
phase equilibrium exists. This enabled the quantitative
evaluation of surface fluctuations on the micrometer
scale. The obtained Sz, Sv, Sp, Sku, and Ssk values
allow for a better understanding of the surface mor-
phology. Sa (arithmetic mean height), Sq (root mean
square height), Sz (maximum surface height), Sp (max-
imum peak height), Sv (maximum valley depth), Ssk
(skewness), and Sku (kurtosis) are areal surface rough-
ness parameters used to characterize the height distri-
bution and morphology of the surface quantitatively.
Although the same surface preparation procedures were

applied to all samples prior to analysis, differences in
surface roughness were observed. This difference is
attributed to the heat input applied during the laser
welding process.
An analysis of the surface roughness results (Table V)

reveals significant differences among the samples. The
lowest Sa value was observed for the BM sample at
1.05 lm, while the Sa value for the A3 sample, joined
with higher heat input, was measured at 2.97 lm.
Conversely, the Sa value of sample A2, joined with
low heat input, was determined to be 1.07 lm. These
results indicate that increasing the heat input leads to a
substantial increase in surface roughness. When the Ssk
and Sku values of sample A3 are examined, it is
observed that the surface possesses a flatter geometry,
with peak heights and valley depths becoming more
pronounced. In contrast, in samples joined with low
heat input, the surface morphology appears to consist of
sharper, pointed structures, and the peak-to-valley
difference is lower compared to the other samples. It is
suggested that the increase in heat input facilitates the
formation of distinct structures in the surface geometry
by expanding the melt pool and prolonging the solid-
ification time. The results obtained from samples joined
with low heat input suggest that sharp structures are
formed owing to the narrow melt pool and rapid
solidification.[69,70] Previous studies have demonstrated
that high heat input in laser welding induces a substan-
tial increase in surface roughness.[58,71–74]

G. In Vitro Cell Culture Assay

Determining whether metallic implant materials cause
toxic effects in the physiological environment of the
body is of great importance. An additional MTT assay
was applied to determine the presence of cytotoxicity.
The cytotoxicity of the BM and laser-welded samples
was evaluated using the hFOB cell line. For this
purpose, sample extracts prepared by incubating the

Fig. 13—3D surface topography of samples.
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samples for 7, 14, 21, and 28 days in accordance with
ISO standards were applied to healthy cells for 48 hours.
The obtained results are shown in Figure 14. The cell
viability ratios of all evaluated sample extracts were
calculated by comparison with those of the negative
control group. At the end of the incubation period, cell
viability was above 70 pct, which is considered an
acceptable threshold, for all incubation times in samples
A, A1, A2, and A3. The viability values obtained from
the 7-day extracts of samples A, A1, A2, and A3 were
measured as 111, 105, 103, and 95 pct, respectively,
compared to the control group. Cell viability exposed to
the 28-day extracts was measured as 101, 106, 81, and 80
pct, respectively.

Although cell viability remained within acceptable lim-
its for all groups and incubation periods, some differ-
ences between the groups were observed. In samples
where the welding heat input increased, metal release
decreased. The relatively lower cell viability observed in
samples A2 and A3 compared to the other groups can be
attributed to this reason. Metallic ions such as Mn, Ni,
Mo, and Cr present in the environment at certain
concentrations can support cell proliferation and growth
and regulate cellular enzyme activity; however, concen-
trations above a specific threshold may cause toxic-
ity.[64,75–77] Nevertheless, the results obtained in this
study showed that samples with higher metallic ion

release and lower welding heat input exhibited higher
cell viability than the others. Similarly, the ability of iron
to participate in redox reactions makes it an important
transition metal for cellular functions. However, the
presence of excessive iron in the medium may also lead
to DNA, protein, and membrane damage, which can
reduce cell viability.[78] Therefore, the increasing iron
release in the extract of sample A1 starting from day 14
may have relatively decreased cell viability. A similar
trend was observed in the 28-day extract MTT results of
sample A2. The decrease observed in the extract MTT
results of sample A3 may be attributed to the fact that
the amount of metallic ions required for healthy cellular
metabolism is considerably lower in metals processed
with higher heat input. When the overall cell viability
results are considered, it can be concluded that the
produced samples do not exhibit toxic effects on the cells
and do not inhibit cell viability up to 28 days, depending
on their ion release profiles. Researchers have associated
reductions in cell viability with higher grain boundary
(GB) energy and the presence of the ferrite phase in the
weld microstructure. GBs possess higher energy, and the
ferrite phase is an iron-rich phase. It has been reported
that when ferrite grains are deficient in elements such as
Cr, Ni, and/or Mo, which generally enhance corrosion
resistance, this can result in a significant increase in the
localized release of metallic ions into the surrounding
cellular environment of the weld, thereby affecting cell
viability.[23] When all results are evaluated, the high cell
viability observed in some sample extracts, particularly
in comparison with the negative control group, suggests
that the controlled ion release profile of the produced
samples is not only non-toxic but also cytocompatible.
For osteoblastic cells (hFOB), the presence of transition
metal ions such as Mn, Zn, and Mo at physiological
trace levels is known to act as cofactors that upregulate
enzymes essential for bone matrix mineralization and
cell proliferation. Therefore, the sustained high viability
is likely the result of a favorable balance between the
beneficial effects of these trace elements and the preven-
tion of cytotoxic accumulation, indicating a supportive
environment for hFOB cell function rather than a
detrimental one.[79,80] Metal ion toxicity on human
osteoblast-like MG-63 osteosarcoma cells has been
reported in the order Cr < Mg < Mo < Ni < Fe.[81]

The lower cell viability observed in samples A1, A2, and
A3 compared with sample A can be attributed to
increased Fe release during the laser welding process.
According to the inductively coupled plasma mass
spectrometry (ICP-MS) results, the amounts of Cr, Ni,
Mo, and Mn diffusing from the samples to the hFOB

Fig. 14—Cell viability of Human Fetal Osteoblastic (hFOB) cells
cultured with sample extracts at different incubation periods,
measured by indirect MTT assay. Absorbance values were
blank-corrected and normalized to the negative control group (set to
100 pct viability). Data are shown as mean ± SD (n = 3). Statistical
significance was determined by pairwise two-tailed Student’s t-tests
(*P < 0.05, **P < 0.01, ***P < 0.001). Asterisks are annotated
directly on the graph, with horizontal lines connecting the two
groups being compared.

Table V. Parameters of Profilometer Surface Characterization

Samples Sa (lm) Sz (lm) Sv (lm) Sp (lm) Sku Ssk Sq (lm)

A 1.05 7.95 3.29 4.65 2.35 � 0.0182 1.26
A1 1.39 7.18 3.31 3.87 1.86 0.0869 1.61
A2 1.07 5.87 3.45 2.42 2.84 � 0.606 1.34
A3 2.97 13.3 5.78 7.57 1.98 0.412 3.44

3524—VOLUME 57A, JULY 2026 METALLURGICAL AND MATERIALS TRANSACTIONS A



cell line were at ppb levels, whereas the amount of Fe
released was at ppm levels. Therefore, it was concluded
that elements other than Fe were not released at
concentrations that could induce cytotoxic effects.

Optical microscope images obtained after 24 hours of
incubation show that the cells were fully spread and
proliferated in each group and at each time point
(Figures 15 and 16). The morphologically healthy
structure of the cells indicates that the extracts did not
cause any cytotoxic effects. The uniform spreading and
homogeneous distribution of the cells suggest that they
interacted harmoniously with the microenvironment.
The MTT results also support these findings; the
preservation of metabolic activity and high cell viability
confirmed that the extracts did not have an adverse
effect on cell viability. In addition, the maintenance of
healthy cell morphology after 24 hours of incubation
indicates that the extracts did not disrupt cell membrane
integrity or induce cellular stress. The preservation of
cell membrane integrity is generally achieved through
the harmonious interaction of biocompatible materials
and biological components with the cell surface.[66]

1. The amount of elements diffusing into the human
osteoblast cell environment from the experimental samples
BM and laser-welded specimens were incubated in

hFOB cell line medium, and the amounts of elements
transferred from the samples to the cell medium on the
14th and 28th days of incubation were determined by
the inductively coupled plasma mass spectrometry
(ICP-MS) analysis (Table VI). The effect of welding
heat input on the amounts of Cr, Mn, Fe, and Ni
diffusing into the hFOB cell line medium on the 14th
and 28th days of incubation for all examined samples
was found to be statistically significant (P< 0.05). The
difference between Mo release in samples A1 and A3
was found to be statistically insignificant (P> 0.05). It
was determined that an increase in welding heat input
caused a reduction in the release of Cr, Fe, Ni, and Mo.
The highest element release occurred in the sample
joined with the lowest welding heat input. The high
element release observed in the sample joined with the
lowest welding heat input is consistent with the higher
corrosion rate of that sample. The diffusion mechanism
can explain the release of metal ions from the samples.
Metal release is related to the microstructure, surface
properties, and surface quality of the weld area.[23,24,82]

The pH and protein composition of the medium affect
the amount of diffusing elements.[83] A decrease in pH

Fig. 15—Optical microscope images of the hFOB cell line on day 7 of incubation of A, A1, A2, and A3 samples.
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induces the release of Mn, while the presence of proteins
promotes the release of Fe, Ni, Cr, and Mn. However,
the increase in metal release gradually decreases because
the presence of proteins promotes Cr2O3 formation in
the passive film structure formed on the surface.[84–88]

The relatively high amount of element release observed
within the short incubation period of 28 days is thought
to be related to the thermal cycle of the weld. MTT test
results indicate that the amount of metal ions released

during the 28-day incubation period is not toxic to the
cells. Since increasing the incubation time may decrease
metal ion release due to the protein structure in the
medium promoting Cr2O3 formation, implant applica-
tions are not expected to cause long-term cellular
toxicity.

Fig. 16—Optical microscope images of the hFOB cell line on day 28 of incubation of A, A1, A2, and A3 samples.

Table VI. ICP-MS Results Obtained from the BM and Laser-Welded Samples After Different Incubation Times in the hFOB Cell

Line Medium

Samples Incubation Time 52Cr (ng/mL) 55Mn (ng/mL) 57Fe (ng/mL) 60Ni (ng/mL) 95Mo (ng/mL)

A 14th day 29.0C ± 2.0 5.5B ± 0.4 20.0D ± 70 18.0C ± 5 1.6B ± 1.2
A 28th day 77.02c ± 0.08 9.3c ± 0.6 665.0d ± 30 38.0c ± 2 2.4c ± 0.2
A1 14th day 22.18D ± 0.09 1.96C ± 0.04 742B ± 60 19.0C ± 2 1.7B ± 7
A1 28th day 266b ± 2.0 3.5b ± 0.7 1850b ± 80 193a ± 3 22b ± 2
A2 14th day 71.6A ± 0.9 14.6A ± 0.6 1374A ± 40 64.7A ± 1 10.1A ± 0.4
A2 28th day 275.0a ± 2 19.1a ± 0.2 2717a ± 10 95.2b ± 2 37.8a ± 1.3
A3 14th day 59.7 ± 1.4 0.8D ± 0.3 556C ± 30 22.7B ± 1.0 1.0B ± 0.9
A3 28th day 63 ± 2.0 8.86d ± 0.02 1256c ± 60 36.4c ± 0.5 22.1b ± 1.2
LOD 0.0179 0.0075 1.6539 0.0112 0.0386
LOQ 0.0597 0.0250 5.5130 0.0373 0.1286

*Capital letters indicate the difference between welding heat inputs on element release up to day 14 of incubation, lowercase letters indicate the
difference between welding heat inputs on element release up to day 28 of incubation (P< 0.05), n = 3, ± standard deviation.
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H. Cell Attachment Assay

The assessment of cell adhesion density in this assay
was performed qualitatively through visual analysis of
SEM images. To evaluate the extent to which the surface
of the produced metallic samples supports cell attach-
ment, hFOB cells were incubated on the sample surfaces
for 48 hours following seeding. The fixed cells were
subsequently analyzed using SEM. As shown in
Figure 17, the hFOB cell line was observed to adhere
to and proliferate on the surfaces of materials A, A1,
A2, and A3. After 48 hours of incubation, the cells were
observed to spread across the samples and cover the
surfaces by extending their protrusions along the mate-
rial. The adhesion and proliferation of the cells on the
surface indicate a positive interaction between the metal
samples and the cells. Moreover, the presence of cellular
extensions suggests that the cells are capable of adhering
to the sample surface, migrating across it, and poten-
tially integrating with the material surface.[88] Visual
examination revealed that cell adhesion was similar
across all specimens, with no significant differences
observed among them. Cell viability analyses further
confirmed that the materials did not release any toxic

substances that would inhibit cell proliferation, thereby
supporting both cellular growth and adhesion.

I. Bacterial Adhesion and SEM Images

Biofilm layers formed by pathogenic microorganisms
on implant materials and metallic medical equipment
surfaces can cause serious infections and cross-contam-
ination; furthermore, they are considered responsible for
approximately 10 pct of biomaterial failures.[89] In
stainless steel materials, the surface treatment method
and surface isotropy are among the critical factors
influencing bacterial attachment. Surface roughness,
processing temperature, surface isotropy, and root mean
square deviation all significantly affect bacterial adhe-
sion. Researchers have particularly emphasized that
increasing surface roughness leads to enhanced bacterial
adhesion.[90,91] In the present study, bacterial adhesion
to sample A3 (Sa = 2.97 lm), which possessed the
highest Sa value, was determined to be 5 Log Kob/mL/
cm2, whereas bacterial adhesion to the BM
(Sa = 1.05 lm), which had the lowest Sa value, was
measured at 4.6 Log Kob/mL/cm2. Researchers investi-
gating the relationship between welding heat input and

Fig. 17—SEM images of hFOB cell adhesion to BM and laser-welded samples.

METALLURGICAL AND MATERIALS TRANSACTIONS A VOLUME 57A, JULY 2026—3527



bacterial adhesion measured the surface roughness
values of AISI 304 austenitic stainless steel welded using
metal inert gas (MIG) and tungsten inert gas (TIG)
welding methods as 6.18 and 3.38 lm, respectively. They
determined the total bacterial adhesion values to be
11,000 and 360 CFU/mL, respectively. Based on that
study, it was observed that the weld seam obtained with
lower welding heat input had a smoother structure and
exhibited greater resistance to bacterial adhesion.[90]

Results consistent with the aforementioned study were
also obtained in the present research. The difference
between the bacterial adhesion values of the DSS base
material and samples welded with different welding heat
inputs was found to be statistically significant (P<0.05,
Table VII). Notably, sample A3, which exhibited the
highest bacterial adhesion, was the sample joined with
the highest welding heat input. The elevated bacterial
adhesion observed on sample A3 compared with the
other samples is attributed to its higher surface
roughness.

One of the most critical criteria affecting bacterial
adhesion to stainless steel surfaces is the surface free
energy (SFE). The Lifshitz–van der Waals interactions
that occur during bacterial adhesion are significantly
influenced by SFE. For a surface to resist bacterial
adhesion, the SFE value should ideally be within the
range of 20 to 30 mN/m,[88] as values outside this range
tend to promote bacterial attachment.[92–94] Consistent
with the literature, higher bacterial adhesion was
observed on metallic surfaces with higher SFE values.[95]

The SFE values of the samples followed the order
A3 > A1 > A2 > A. The high bacterial adhesion
observed in sample A3, which possessed the highest SFE
value, is in agreement with existing studies. Addition-
ally, the BM, which had the lowest SFE value, exhibited
greater resistance to bacterial adhesion, supporting the
notion that an increase in SFE promotes bacterial
attachment. Another factor influencing bacterial adhe-
sion is surface hydrophilicity. An increase in surface
hydrophobicity reduces bacterial adhesion strength
below the Laplace pressure, making attachment more
difficult. Furthermore, bacterial adhesion to hydropho-
bic surfaces is hindered by the formation of air bubbles
between the bacteria and the surface, as well as the
reduction of van der Waals attraction between the
bacteria and the substrate.[96] It has also been reported
that an increase in surface hydrophilicity on stainless
steel surfaces promotes bacterial adhesion.[97] The con-
tact angle values of the surfaces examined in this study
ranged from 37.4 to 67.2 deg, indicating that all surfaces

were hydrophilic. It was observed that the laser welding
process increased surface hydrophilicity, thereby pro-
moting bacterial adhesion. The Cr and Mo contents in
the chemical composition of stainless steels influence
bacterial adhesion by affecting the thickness and stabil-
ity of the passive film formed on the surface.[15,98] It has
also been reported that high Ni content promotes
bacterial adhesion.[63,99] EDS analysis showed that laser
welding did not cause a substantial difference in the
proportions of Cr, Ni, and Mo on the material surface.
The similarity in the chemical compositions of the BM
and laser-welded samples suggests that the bacterial
adhesion observed in the samples is primarily influenced
by physical parameters such as SFE, contact angle, and
surface roughness rather than surface chemistry.
In their study, Casarin et al. investigated the adhesion

of Salmonella enteritidis on the weld seam of 304L
stainless steel joined by MIG and TIG welding.[100] The
images obtained demonstrated that S. enteritidis tended
to form clusters on the metal surface.[100] In another
study, researchers examined the adhesion of Listeria
monocytogenes to the surface of 304L stainless steel
following 24 hours of incubation.[101] The images
obtained after the incubation period showed that the
bacteria tended to form colonies.[100,101] Within the
scope of the present study, it was observed that E. coli
O157:H7 adhered to the surfaces of the BM and
laser-welded samples and exhibited a tendency to form
colonies (Figure 18). It is well established that bacteria
adhering to polished surfaces tend to form colo-
nies.[100–102] Therefore, it is suggested that the polished
surfaces of the materials used in this study facilitate such
colony formation (Figure 18).

IV. CONCLUSIONS

The microstructure, microtexture, biocorrosion
behavior, in vitro biocompatibility, and bacterial adhe-
sion behavior of AISI 2205 DSS joined using various
laser welding heat inputs were investigated. The main
findings of this study are summarized as follows:

(1) The microstructure of the laser-welded DSS was
predominantly composed of ferrite due to the
rapid solidification associated with low welding
heat input. While the BM exhibited a balanced
ferrite–austenite structure, the welded samples
showed a significantly higher ferrite fraction. No
sigma phase, nitride, or carbide formations were
detected.

(2) EDS, XRD, and EBSD analyses demonstrated
that welding heat input had a limited effect on
elemental distribution and phase composition.
Only ferrite and austenite phases were identified,
indicating that the laser welding process facilitates
joining with minimal metallurgical degradation.

(3) Electrochemical corrosion tests in the SBF envi-
ronment showed that the BM exhibited the
highest Ecorr and the lowest Icorr values. Among
the welded specimens, sample A3 (joined with the
highest welding heat input) demonstrated

Table VII. Results of E. coli O157:H7 Adhesion Test on BM

and Laser-Welded Samples (Log Kob/mL/cm
2
)

Sample E. coli O157:H7

A 4.6d ± 0.1
A1 4.9b ± 0.4
A2 4.7c ± 0.2
A3 5.0a ± 0.2

*Letters indicate the difference between welding heat inputs,
n = 4, ± standard deviation.
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relatively superior corrosion resistance, which is
attributed to its higher austenite fraction, specific
grain structure, and the presence of a [101]
crystallographic orientation at the weld center.

(4) Surface characterization results indicated that
laser welding increased surface roughness and
hydrophilicity. Accordingly, the contact angle
decreased with increasing welding heat input,
with the lowest value observed in sample A3.

(5) MTT results demonstrated that neither the DSS
base material nor the laser-welded samples exhib-
ited cytotoxic effects on the hFOB cell line. Cell
attachment behavior was similar across all sam-
ples, indicating that the laser welding process did
not detrimentally affect cellular adhesion.

(6) The lowest bacterial adhesion was observed on
the BM, whereas the highest adhesion occurred
on sample A3, which possessed the highest
welding heat input and surface roughness. SEM
observations revealed that E. coli tended to form
colonies on DSS surfaces. The results indicate
that bacterial adhesion is primarily influenced by
surface characteristics such as roughness, surface

free energy, and wettability rather than metallur-
gical changes.
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