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AISI 316L stainless steel sheet was joined by CO, laser beam welding method. In order to determine
in vitro bioactivity and corrosion properties of the laser beam welded and non-welded samples were
immersed in Simulated Body Fluid (SBF) for 1, 3, 7, 14, 21, 28 days. The bone-like apatite formation
was investigated on the surface of the weld area and non-welded samples. Also, corrosion resistance of
the laser beam welded and non-welded samples were determined via weight loss method. No corrosion
mechanisms were observed in the heat affected zone (HAZ), weld metal of laser beam welded joints,
and base material.
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1. INTRODUCTION

Modern corrosion resistant (stainless) steel is fabricated by adding more than 12 wt% of
chromium (Cr), the addition resulting in the formation of a passive oxide coating on the surface of the
alloy [1]. This thin oxide film is characterised by low chemical reactivity and displays a self-healing
property in contact with oxygen: this thin oxide layer protects them from corrosion [1]. Nickel (Ni) and
molybdenum (Mo) elements are also introduced to stainless steel to improve corrosion, whereas
carbon (C) is minimised as C tends to bind to Cr to form chromium carbide, thus minimising the
protective anti-corrosion activity of the metal [1,2].

Austenitic stainless steels are the widely used for biomedical industry [1]. The austenitic steels
are non-magnetic, and are hardened by means of cold working rather than heat treatment [1]. Their
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microstructure provides high corrosion resistance and they have better weldability compared to
martensitic and ferritic stainless steel series [1,3]. Stainless steels are biocompatible and has been used
as a artificial implant material [4]. 316L austenitic stainless steel is commonly used for biomedical
applications [4]. Biocompatibility by being corrosion resistant due to the formation of a protective
chromium oxide surface film [4]. 316L stainless steel is widely used in cardiovascular stents,
orthodontic wires and orthopedic implants because of its excellent mechanical properties and
biocompatibility [5-7].

In the case that stainless steel is used as an orthopedic implant, stainless steels are biologically
tolerated and no chemical bonds. Hydroxyapatite (HA) coating deposited on stainless steels improve
osseointegration, due to its capacity to form bioactive fixation with the bone tissue [8]. Since metallic
implants exhibit bioinert acts or lack having the desired bioactive properties when they are used as
implants in the body, they do not interact or bond with any bone tissue, neither positive or negative in
the environment they exist [9-11]. The bone-like apatite formation or calcium phosphate (CaP) layer is
accepted as a base factor for biomaterials with bioactivity [9].

Hydroxyapatite (HA) is the main inorganic component of bone and teeth and a form of calcium
phosphate (CaP) [12-15]. Due to its chemical composition and crystallographic texture, which is
similar to living bone, calcium phosphate is in crystallized form. HA ensures bone rigidity and
accelerate healing of the bone tissue [9,16-18]. The formation of HA is dependent on temperature, pH
and Ca/P ratio, as well as the composition of the SBF solution, detailed preparation procedure of SBF
solution [19,20].

In the case that stainless steels are used as an implant material, a disadvantage of stainless steel
is its tendency towards corrosion sensitivity under the physiological conditions in the body due to
release of metal ions such as those of nickel and chromium [21,22]. Corrosion of stainless steel
implants in the human body is critically important because it can negatively affect the biocompatibility
[9,23]. Corrosion behaviors of biomaterials can be studied using a simulated physiological fluids
[24,25].

CO; laser beam welding method stands out among the other conventional methods of welding
from many aspects such as low heat input, high concentration energy, high welding speed, narrow
weld area, deep penetration, automation compliance, high mechanical strength, low distortion and the
opportunity to be able to weld without the need of a filler metal [26-31]. Laser beam welding can be
used for joining of medical grade stainless steels.

However, there are not any studies about in vitro bioactivity and corrosion properties of laser
beam welded stainless steel in simulated body fluid (SBF). Therefore, AISI 316L medical grade
stainless steel sheet was performed with CO, laser beam welding method in this study. Thus, the SBF
was used to evaluate the in vitro bioactivity properties and corrosion resistance of laser beam welded
and non-welded samples.
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2. EXPERIMENTAL PROCEDURE

2.1. Material and welding application procedure

In this study, AISI 316L stainless steel is widely used in many industries, such as biomedical
industry. The chemical composition for the commercially acquired AISI 316L stainless steel is
provided (weight %) in Table 1.

Table 1. The chemical composition of AISI 316L stainless steel (weight %).

C% Si Mn P S Cr Mo Ni Al Co
0.013 0528 1859 0.052 0.0010 1694 2.065 9.336 0.0020 0.267

Cu Nb Ti V W Pb Sn Zn N Fe
0.248 0.0338 0.014 0.086 0.099 0.0010 0.026 0.027 0.026 68.36

AISI 316L steel plates were fixed in a horizontal position onto the fixture mold and the welding
was performed with the TRUMPF LASERCELL 1005 CO, laser beam welding machine of 4 kW
capacity without any filler metal and in compliance with the parameters given in Table 2.

Table 2. The welding parameters used for joining AISI 316L stainless steel.

Sample Travel - Gas Focal .
Laser power Shielding flow Heat input
code speed length
(W) (cm/min) gas rate (mm) (kJ/mm)
(It/min)

50% Ar +

Al 3500 90 509 He 10 200 0.233
50% Ar +

A2 3500 180 509 He 10 200 0.116
50% Ar +

A3 3500 270 509% He 10 200 0.077

2.2. Preparation of the experiment samples and works of characterization

CO, laser beam welded AISI 316L stainless steel samples and non-welded samples were
prepared in dimensions of 20 x 5 x 3mm and polished with SiC emery papers of meshes between 200
and 1200. This was followed by ultrasonic rinsing in distilled water and acetone for 30 minutes. After
the washing process, the samples were dried at 50 °C in an incubator and the weight of each sample
determined before they were put into the SBF solution. The laser beam welded and non-welded
samples were immersed for 1, 3, 7, 14, 21, 28 days in the SBF at 37 °C; the samples were then
removed from the SBF, washed with pure water and dried at room temperature, after which their
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weight gain (weight gain = (weight after immersion — weight before immersion) / surface area) was
measured with a precision scale (0.0001 g.). Then, SEM and EDS were used to characterize the surface
morphology of the non-welded samples A and weld seam of laser beam welded samples Al, A2, A3,
which were previously immersed in the SBF. After determination of the apatitic calcium formations on
the surface, all the samples were cleaned using acidic solution which was prepared in accordance with
ASTM G1 and the corrosion products on their surface were removed before weighting [32]. The
samples were then weighted to calculate the weight loss (weight loss = (weight before immersion —
weight after clean) / surface area). The corrosion rates were calculated according to weight loss as per
ASTM G1 [32]. Finally, SEM and EDS were used to characterize the microstructure of non-welded
samples A and welded samples Al, A2 and A3, which were immersed in the SBF for 28 days.

2.3. Preparation of the SBF and weight loss corrosion testing experiment

The SBF used in this study was based on the work of Kokubo [33]. While the solution was
being prepared the ambient temperature was kept approximately at 37 °C. SBF chemicals were of the
brand Merck and each one of them was added in a certain order and their pH values were adjusted to
be 7.4 so that they could be similar to human blood plasma. Chemicals used in the preparation of the
SBF solution, their amounts, and order of adding were as such: NaCl, 8.035 g., NaHCO3, 0.355 g.,
KCL, 0.225 g., K;HPO,. 3H,0, 0.231 g., MgCl,. 6H,0, 0.311 g., 1.0M-HCL, 39 ml., CaCl,, 0.292 g.,
Na,SO,, 0.072 g., Tris, 6.118 g., 1.0M-HCL, 0-5 ml [34]. Both the non-welded and laser beam welded
samples were immersed in the SBF solution at 37 °C for 1, 3, 7, 14, 21 and 28 days, respectively.
During the experiment period, SBF was changed once in every 2 days and the originality of its ion
concentration was preserved. In every soaking period, samples were removed from the SBF, washed
with pure water, and dried at room temperature, after which their weight changes were measured with
a precision scale. Then, in order to remove the corrosion products on the surface of the laser beam
welded and non-welded samples, 100 milliliters of nitric acid (HNO3) was prepared from the chemical
cleaning solutions given in ASTM G1, the samples were then kept for 20 minutes in the bath at 60 °C,
washed with pure water and dried in the oven at 50 °C in an incubator. The samples were evaluated
after they were weighed with the precision scale. Corrosion rate of the laser welded and non-welded
samples was calculated by using the weight loss values on the basis of the formula below:

Corrosion Rate (mm/y) = (KxW) /(A X T x D),

where: K = a constant, T = time of exposure in hours, A = area in cm?, W = mass loss in grams,
and D = density in g/cm®

3. RESULTS AND DISCUSSION

3.1. Weight gain

Fig. 1 shows the weight gain of base material (A) and laser beam welded samples (Al, A2, A3)
with 1, 3, 7, 14, 21 and 28 days immersion time.
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Figure 1. Weight gain rates of the base material (A) and laser beam welded Al, A2 and A3 samples
immersed in the SBF for 1-28 days.

Weight gain rises with the increase of the holding time of laser welded and non-welded
samples in the SBF (Fig. 1), this is an expected situation. It can be said from the results that the
welding thermal cycle directly affects nucleation and growth of apatite on the weld seam surface of the
laser welded samples depending on various laser welding speed parameters or various heat inputs.
Upon considering the weight gain results of the samples immersed in the SBF for 28 days, it can be
clearly concluded from the results that a weight gain occurred due to heat input in the rates of weight
gain of the laser beam welded samples. However, when we have a look at the apatite increase rates
between the base material and laser beam welded samples, it can be said that the more apatitic calcium
was deposited on the surface of the base material. In spite of the base material and samples which were
joined by three different laser weld speed parameters immersed in the SBF for the same period, the
fact that there are more apatitic calcium deposition on base material shows that a better nucleation and
growth of apatite occurred on the surface of the base material than the weld seam surface of welded
samples. Either less apatitic formation occurred on the weld seams or apatitic calcium displayed less
detachment force (bioadhesive strength) compared to the base material due to being affected by the
welding thermal cycle of the laser welded samples which were deposited with apatitic calcium. From
these results, we can conclude that bioactivity properties are lower for the weld seam of laser beam
welded samples than the surface of the base material.

3.2. Surface morphology

Generally, the apatitic calcium-forming ability of biomaterials can be measured in SBF
solutions [20,35].
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Figure 2. SEM images of the apatite morphology on the weld seam of the laser beam welded Al
sample which was immersed in the SBF for 1 to 28 days.

An implant material’s capacity to nucleate and grow apatite on the surface is correlated to the
capability of bioactive properties of that material. Materials with apatite formation on their surfaces
can also form apatite on the living bone tissue, bone bonding and bone growth can occur on the apatite
layer [15]. The apatite-forming ability in the SBF is a measure of in vivo bioactivity [33,36-38].
Bioactivity is described as the capability of the implant material to develop a direct, adherent, and
strong bond with the bone tissue [9,15,16,36]. Upon looking at the SEM analysis inspections carried
out on the weld seam of the laser welded samples which were coated with apatite, it was determined
that the apatite formation generally started on the first day and daily and coated the entire surface of
the laser welded and non-welded samples (Fig. 2).

LS

3
RecV SpotMagn™ Det WD 4—== 1 Fjm . AGoN. SpotMagn  Det WORb—2 < | 2 um il #
15 v & £

0KV 30, 10000x SE 10.05GYTE (M 5 . - 150KV 58, 10000x SE 51 GYIE

Figure 3. SEM images of the apatite morphology on the A (base material) and weld seam of the laser
beam welded A2 and A3 samples on the surface which was immersed in the SBF for 28 days.
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Since weld metal and HAZ width in relation to the welding process of the AISI 316L stainless
steel samples had different welding parameters and there were different heat inputs, the nucleation and
growth of apatite did not show a homogenous distribution on the surfaces. Homogenous distributions
on the surfaces were determined by means of the SEM images to have occurred with nano-pore scale
apatite morphology. (Fig. 2 and Fig. 3).
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Figure 4. EDS analysis of the apatite formation occurring on the weld seam of the laser beam welded
Al, A2 and A3 numbered samples on the surface of the A: base material which was soaked in
the SBF for 28 days.

Upon determining that the surfaces of the all samples are fully and more densely covered with
apatite minerals by means of SEM images at the end of the 28th day (Fig. 2 and Fig. 3), EDS
inspection was carried out on any area of the non-welded samples and the weld seam of the laser
welded samples which were immersed in the SBF for 28 days (Fig. 4).

As a result of the EDS inspections it was determined that Ca, P, O and Na elements were
formed (Fig. 4). These are the main elements of hydroxyapatite, which is a bone-like apatite formation
on the weld seam surface of the laser welded and non-welded samples. On the surface of the AISI
316L stainless steel base material, the Ca/P ratio as a result of 28 days of soaking in the SBF was
calculated as being approximately 1.16; while Ca/P ratio of the weld seam of laser welded sample Al
was 1.04, and the Ca/P ratio of the weld seam sample A2 was 1.14 and Ca/P ratio of the weld seam
sample A3 was 1.06 (weight %). After being immersed in SBF for 28 days, the apatite structure that
particularly formed on weld seams was characterized with EDS and the value of the bioactive Ca and P
ion ratios (Ca/P) was determined to be lower than 1.67, the stoichiometric Ca/P value, while the Ca/P
ratios of the samples were determined to have proximal values.

Stoichiometric Ca/P ratio of hydroxyapatite is 1.67. When the deposited apatite layer Ca/P
ratios are below 1.67 on the surfaces of the non-welded samples and on the weld seam of the laser
beam welded AISI 316L stainless steel samples which are soaked in the SBF, this structure is referred
to as carbonate-containing calcium-deficient hydroxyapatite with low crystallinity formation [9,39-41].
There are many kinds of HA and they are classified on the basis of Ca/P ratio [39]. Several chemical
formulas have been proposed for calcium-deficient HA [3,39]. An example to the proposed formulas is
Calo.X(PO4)5.2X(HPO4)2X(OH)2, O0<x<?2 [3,39,42]

It is very important for base material and weld seam surface of laser welded sample to form
adequate Ca and P deposition for positive development of the interaction between the implant surface
and living bone tissue, and for bone tissue to be bonded to the implant surface. Also, coating of
stainless steels with biocompatible minerals such as HA is an easy way of preventing corrosion of
implants and enabling the long-time use of the metallic implants [43-45]. Austenitic stainless steel
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AISI 316L stainless steel is one of the most popular and economical choices in despite of the potential
risks related to release of toxic metallic ions in physiological environment [11] even though they are
small in size and release of metallic ions can cause problems for people who are allergic to nickel or
metal ions [11,40,46]. It is important for the implants are covered with hydroxyapatite in order to
minimize the problems of people who are sensitive to metals [47].

3.3. Weight loss and corrosion resistance

Weight loss results of the laser beam welded and non-welded samples which were immersed in
the SBF respectively for 1, 3, 7, 14, 21 and 28 days is presented in Fig. 5. It can be seen that the
sample belonging to AISI 316L stainless steel base material had lower weight loss than samples joined
at different laser welding travel speeds. This, in reality, is an expected outcome (Fig. 5).
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Figure 5. Weight loss rates of the base material and laser beam welded Al, A2 and A3 samples
immersed in the SBF for 1-28 days.

It can be clearly seen from the results that weight loss occurs in proportion to the increase of
the soaking period of the base material and laser welded samples in the SBF (Fig. 5). Although the
AISI 316L stainless steel samples were joined through the laser beam welding method with low heat
input, it is clear that the samples were, at least to small extent, affected from the welding thermal cycle
and a sensitivity occurred in weld metal or HAZ in comparison to base material and that this sensitivity
caused weight losses in the welded joints. However, it should be mentioned that the weight losses in
question are in very small amounts. It can be seen that the heat input is the general factor that causes
weight losses during the soaking period of the laser welded AISI 316L austenitic stainless steel
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samples in the SBF. It was detected that the sample A3 which was joined with the lowest heat input
(with 0.077 kJ/mm) had the minimum amount of weight loss and the sample A1 which was joined with
the highest heat input (with 0.233 kJ/mm) had the maximum amount of weight loss. Protective thin
oxide layer forming on the surface of the laser welded or non-welded samples enabled the samples to
be stable against the weight loss in the SBF. Stainless steel formed a passive film layer (Fe, Ni)O(Fe,
Cr),03 on the surface with the passivation process due to its chromium content. Molybdenum,
however, increases the stability of the passive oxide layer and, therefore, the ability of the stainless
steel to resist the corrosion environments, particularly in environments containing chloride ions
[48,49].

Stainless steels have in common a good corrosion resistance in physiological environment,
basically due to the formation of a thin passive oxide layer [27]. This oxide layer reduces the corrosion
rate by blocking the migration of metal ions, enables the slowing down of corrosion rates and promotes
the biocompatibility of metallic implants [25,50,51]. It has been understood from the weight loss
results that both laser welded and non-welded samples of AISI 316L stainless steel samples displayed
the required resistance with the chemical compositions, internal structures and surface properties they
had while they were immersed in the SBF.

Body fluids may cause corrosion attacks on metallic implants due to their dense saline content
[52]. SBF causes weight loss in the metallic materials as it can be seen from Fig. 5. Corrosion rates of
the laser beam welded and non-welded samples which in the SBF, which are calculated based on their
weight losses are presented in Fig. 6.
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Figure 6. Corrosion rates of the base material and laser beam welded Al, A2 and A3 samples
immersed in the SBF for 28 days.

It can be clearly seen from Fig. 6 that the corrosion rates of laser welded and base materials are
at very low levels. It is thought that HA layer deposited on the surfaces of the samples causes the
decrease in the corrosion rates, depending on the increase of the number of days during which laser
welded and non-welded samples were kept soaking in the SBF.
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Biocompatible HA coating can lead to delay in corrosion and wear [53,54]. HA coating
provides shielding on stainless steel to prevent corrosion by acting as a barrier against the release of
metal ions into corrosive and biological environment [55,56].

Figure 7. SEM images of the HAZ and weld metal areas of the laser beam welded Al, A2 and A3
samples immersed in the SBF for 28 days.

With the increase of soaking time in the SBF, the increase of the apatite layers deposited on the
surface of the samples prevented the release of metallic ions and weight losses from the samples in the
SBF environment, as well as decreasing the corrosion rates. Also, in the SEM images which show the
apatite formation clearly on the samples (Fig. 2 and Fig. 3) it has been seen that the apatite layer did
not fully cover the surfaces of the samples especially in the first days and weeks and this situation
caused changes in corrosion rates of the samples in certain soaking periods. Since surfaces of the
samples which were not fully covered with apatite were subjected to chloride ion attacks and became
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sensitive, and the chromium oxide layer formed on the subject was locally disrupted, weight losses and
accordingly, a small increase in the corrosion rates occurred [49]. In physiological systems, chloride is
the most aggressive species by far [57]. At the same time, the cause for AISI 316L austenitic stainless
steel laser welded or non-welded samples showing different corrosion resistances in the SBF is
considered to occur from the chromium, nickel and molybdenum ratio differences in the chromium
oxide layer and the difference of repassivation forming times.

SEM inspections have been carried out in the nitric acid (HNO3) solution which was prepared
for the removal of corrosion products that might have formed on the surfaces of the laser beam welded
and non-welded AISI 316L stainless steel samples which were kept in the SBF for 28 days. As it can
be understood from the SEM images, there were no formations indicating corrosion mechanisms (such
as pits, cracks) in the areas of HAZ and weld metal of the laser beam welded Al, A2 and A3 samples
(Fig. 7). SEM images supported the weight loss ratio and corrosion rate results.

Elements (weight %)

Sample | point point point

code | number| Cr Ni | Mo | number | Cr Ni Mo | number | Cr Ni | Mo
+1 +2 +3

Al Base | 1e18]929]1.31| HAZ |16.05|1001|1.36| WO | 162 | 988 1.37
metal metal

A2 Base | 151 |964]1.33| HAZ |15.62] 923 | 1.1 | Weld | 1601|078 136
metal metal

A3 Base | 1e05]002]1.39| HAZ |15.96| 8.97 | 1.36| WelO | 1544|892 1.22
metal metal

Figure 8. EDS analysis of the base metal, HAZ and weld metal area of the laser beam welded Al, A2
and A3 samples soaked in the SBF for 28 days.

If the oxide film layer covering the surface of a metallic implant materials is disrupted due to
interaction with body fluids inside the body, the corrosion advances, and due to release of metallic
ions, causes allergic reactions [53,55]. Release of chromium, nickel and molybdenum into the body
from the stainless steel implant material may trigger local immune responses and inflammatory
reactions [53,58]. Moreover, biocompatibility and osseointegration of the metallic implants suffering
from corrosion are weakened and cause the implant to be mechanically damaged [51,53,59-61]. Thus,
a biomaterial is required to have a low ion release rate in biomedical environments [60,62]. When the
EDS analysis results of the laser welded samples which are immersed for 28 days in the SBF are
inspected, it can be seen that no excessive element losses were experienced on the base material, HAZ
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and weld metal area (Fig. 8). The elements of the samples which are immersed in the SBF stayed
strongly stable and made the samples more resistant to corrosion.

A biomaterial should remain intact for a long period in a human body and should not fail until
the death of the person in question [53]. A minimum service period of 15 to 20 years for older patients
and more than 20 years for younger patients [53]. It has been concluded that the corrosion rates of
AISI 316L base material and A1, A2 and A3 laser welded samples, which are joined with different
weld speeds, to be used as implants in the human body are much lower values than tolerable corrosion
rates. According to these results the view is that CO, laser beam welded AISI 316L austenitic stainless
steel could be used in human body for short-term implants.

4. CONCLUSIONS

AISI 316L austenitic stainless steel have been used as prosthetics and implants in the
biomedical industry due to their advanced mechanical strength, high corrosion resistance and
biocompatibility [63-65]. Bioactivity properties and corrosion resistance of the CO; laser beam welded
and non-welded AISI 316L austenitic stainless steel have been researched in this study and the
conclusions are presented below:

o It was determined that weld seam surfaces of laser beam welded samples and non-
welded samples which were soaked in the SBF started to be covered with apatite from day 1, and
apatite formation was better on the surface of the base material than weld seam surface of laser beam
welded samples. This situation could be explained by surface of the base material having better
bioactive properties than weld seam surface of laser beam welded samples. Bioactivity properties, in
particular, might have been affected by the welding thermal cycle and chromium oxide film
characteristics.

o Based on the EDS analysis results taken from the apatite covered base material surface
and the weld seam of laser beam welded samples, it was determined that the Ca/P ratio is lower than
the stoichiometric ratio of bones, which is 1.67. Surface of the samples were covered with apatite
minerals which are referred to as carbonate-containing calcium-deficient hydroxyapatite with low
crystallinity formations. Apatitic calcium layer formation on the surface of non-welded and laser beam
welded samples increased as periods of immersion were extended; the calculations displayed similar
Ca/P ion concentrations on surfaces of all samples.

o The apatite increase amount, weight loss and corrosion rate were mainly affected by the
heat input. Laser beam welded and non-welded AISI 316L austenitic stainless steel samples which
were immersed in the SBF for 1 to 28 days were determined to have lower weight loss, and due to that,
their corrosion rate was found to be very low. This situation indicates that laser beam welded samples
would present enough corrosion resistance when used as implants in the human body. Especially after
the soaking period of laser beam welded samples Al, A2 and A3 for 28 days in the SBF, SEM images
taken from the main material, HAZ and weld seam, and EDS analysis supported this view as well.
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or

o Laser beam welded AISI 316L austenitic stainless steel may be proposed for short term
long term in vitro cell culture clinical studies and in vivo applications.
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