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1. Introduction

Titanium and its alloys have become very popular in biomaterial production with their
superior properties. Ti-6Al-4V alloy has been a very common titanium alloy as an implant
material [1-6]. The high preference for Ti-6Al-4V alloy as a biomaterial is due to high
corrosion and abrasion resistance, low density, biocompatibility, high tensile strength and
hardness properties. Its high corrosion resistance and biocompatibility are thanks to the
thin oxide (TiO2) layer formed on the outer surface of the metal due to titanium contact
with oxygen [7-13]. These TiOz, and TiOs layers formed on the surface may lose their
properties by being affected by some environmental factors. The most important of these
factors are temperature, pH and concentrations of fluoride, sodium and chlorine in the
environment. Cl- or Na- ions can penetrate the surface and form an unstable layer, making
re-passivation more difficult [14]. In addition, the difference that occurs between the
titanium phases also makes a difference in the homogeneity of the oxide layer growth.
Titanium and its alloys can corrode due to physical (stress, abrasion, forces, etc.) and
chemical (acidic food and beverages, toothpaste, etc.) variable effects during their use in
the body environment. Apart from these, heat treatments and applications also affect the
corrosion properties of the metal because of the microstructure changes [15-20]. For this
reason, it is critical for engineering and health applications to examine the effects of
temperature and pH external factors on the welded parts of the Ti-6Al-4V alloys. It is
desired that the metallic biomaterials to be used in the body or mouth be biocompatible
and should not be corroded. As a result, titanium alloys with good corrosion resistance and
biocompatibility are used to make implants. Titanium and its alloys are generally used in
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acidic environments, especially in the mouth, drinking water and pool pipes, industrial
coating boilers, etc. They can corrode in environments containing chloride ions. In such
environments with high chloride ion concentrations, corrosion attacks occur more and
cause alloy corrosion. Although the Ti-6Al-4V alloy is normally corrosion resistant, it can
erode fast in hostile situations that dissolve the protective oxide layer. Titanium, on the
other hand, can only be protected against corrosion assaults if a stable and continuous
surface layer is formed on the Ti-6Al-4V alloy [21, 22]. Various surface treatments are
carried out to increase the osseointegration properties and corrosion resistance of the
implants. These methods include coating, laser surface roughening, electrochemical
treatment, and thermal spraying.

Titanium alloys have a highly reactive chemical structure and their high melting points
make it difficult to weld them. When the temperature exceeds 400 °C during welding,
various gases such as oxygen, hydrogen and nitrogen can be easily absorbed on the surface,
causing metallurgical defects to appear in the welding region. The ductility of titanium
alloys decreases as they absorb intermediate elements such as oxygen, nitrogen and
hydrogen onto their surfaces. Moreover, oxygen and nitrogen are powerful stabilizers in
Ti-6Al-4V alloys and promote martensitic' development, resulting in brittle damage in the
weld zone or surface. The creation of an oxygen-enriched outer layer known as the -case
as a result of oxygen diffusion is difficult to manage. In order to weld titanium alloys,
several fusion welding processes such as gas tungsten arc welding, gas metal arc welding,
plasma arc welding, electron beam welding, and laser beam welding are employed [23-
26]. However, the most effective joining method known is the fiber laser welding method.
Fiber laser welding is a joining method that increases the production of metal materials.
Although the fiber laser welding method increases the mechanical strength of metals, it
can reduce their corrosion resistance. The fiber laser welding method creates a narrow
welding seam due to its low energy density and adjustable heat input properties. For this
reason, errors such as thermal stresses and micro-cracks in the welding zone and the heat-
affected zone occur at very low rates [27-30]. Since the welding speed is faster than other
welding methods in laser welding applications, the heat input occurring in the metal during
the welding process is lower. Low heat input increases the cooling rate in the fusion zone,
which causes the microstructure formed in the fusion zone to differ from the
microstructure of the base metal. Changes in the microstructure of the metal after welding
cause the behavior of the metal to change against corrosive effects [31-35]. Although Ti-
6Al-4V can be successfully welded by the fiber laser method, a decrease in corrosion
resistance may occur due to the following reasons; large dislocations, Fe element migration
near grain boundaries and grains becoming coarser, 8 phase separation, increase in the
number of anion vacancies, alpha exponent(o/) in the fusion region [36]. Ti-6Al-4V alloy
corrosion resistance and high-temperature application are primarily determined by its
microstructure, phase distribution, and finishing heat treatment parameters. There are
three types of phase-dependent microstructures: (1) natural grainy layered structure
(where o + B — [ transformation occurs) that occurs after a gradual cooling or heat
treatment above the B-trans temperature, i.e. Tf; (2) fine coaxial (spherical) structure
formed following deformation in the binary phase of the a + {3 field (below T3) where the
a-phase is propagates in the B-matrix, and (3) bimodal microstructure comprised of
primary a- in 3 grains phase and thin-layered a + 3 colonies [37].

Various corrosion tests have already been carried out on implant materials and titanium
alloys in the literature, using methods such as open circuit potential (OCP),
potentiodynamic and potentiostatic tests, and electrochemical impedance spectroscopy
(EIS) [38-40]. Again, in these studies, corrosion behavior was investigated by using 0.9 wt
wt% NaCl, Kroll or Hank solutions [41-44]. However, there are currently no studies carried
out by creating a naturally corrosive environment after fiber laser welding of Ti-6Al-4V
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(Gr5) alloys in rod form. The corrosion properties of implants that are used in the mouth
and that have been treated with fiber laser welding are very important. The changes in the
surface of the source area of the acidic environments they are exposed to during eating and
drinking are a situation that needs to be examined. For this reason, the joint ability of this
Gr 5 alloy by fiber laser welding method and the corrosion properties of the fusion zones
was investigated. In addition to the heat treatment that the metal alloy is exposed to due
to the welding process, the pH values and temperature of the solution environment to
which the alloy is exposed also affect the corrosion behavior. [45-49]. It is known that
metals exposed to acidic environments and high temperatures have an increased tendency
to corrode [50-54]. The fiber laser welded Ti-6Al-4V alloy rods corrosion characteristics
have been interpreted by examining 0.9 wt% NaCl solution at pH3 and 5 values and at 25
and 50 °C temperatures. Base metal, heat-affected zone and fusion zone microstructures
and weight changes after the corrosion test of welded alloys were studied. This study sheds
light on the development of fiber laser welding applications of Ti-6Al-4V alloy and reveals
the corrosion behavior after welding.

2. Experimental Procedures

Ti-6Al-4V (grade 5) rods with a diameter of 5 mm were used in fiber laser welding
applications. The chemical compound of Ti-6Al-4V samples specified in the technical data
sheets (TDS) is given in Table 1. Fiber laser welding of the samples was carried out using
300 W LWI V Mobile Flexx II machine using the parameters shown in Table 2 and carried
out by a welder in an industrial company. Before the corrosion test, tensile test and Vickers
hardness tests were carried out to observe the effect of fiber laser welding on the
mechanical properties of the titanium alloy. All samples were used according to ASTM
E8M-89b standards to determine the tensile properties. A parallel gauge tensile specimen
having a 5 mm diameter and a 25 mm gauge length was prepared with the weld joint at the
center of the gauge length. The tensile test performed using universal testing equipment
(Model 5982, Instron (100 kN), a screw-driven machine operating at room temperature at
a crosshead speed of 2 mm min-!, with a starting strain rate of 0.55 x 10-3 s-1.

Table 1. Chemical composition of Ti-6Al-4V

Element Weight (%)

Ti Remaining main part
Al 5.5-6.5

\' 3.5-4.5

Fe 0.25

C 0.08

N 0.05

H 0.012

0 0.13

Vickers hardness test was carried outin a TMTECK Micro-hardness tester HV- 1000B using
0.49 kg load (HV0.5) and a dwell time of 15 s. Hardness values were obtained with a total
of 9 indentations that recessed at 0.5 mm intervals along the entire specimen surface from
the outer surface of the rod specimens as the fusion zone (FZ), towards the center of the
specimen the heat affected zone (HAZ), and the base metal zone (BM). After the tensile test,
the corrosion test was performed on the cracked surfaces in the welded area. The
microstructural and chemical characterization of fractured surfaces after the test was
examined with an 80mm? X-MAX detector on a JEOL 7001F Field Emission (FE) Scanning
Electron Microscope with an EDS attachment. Energy dispersive spectroscopy (EDS) was



Yontar and Cevik / Research on Engineering Structures & Materials x(x) (xxxx) xx-xx

used to do a semi-quantitative chemical examination on materials. The process flow chart
and schematic representation of laser welding application and corrosion testing are shown
in Fig. 1 and 2. In total, 3 groups of samples were prepared and these are the unwelded
reference sample and the welded A and B samples, respectively.

Table 2. Fiber laser welding parameters

Parameters A sample B sample
Laser Power 73V 675V
Impact Energy 25.4] 11.9]
Beam Diameter 900u 900u
Pulse Frequency 10 Hz 20Hz
Laser Pulse Width 8.5ms 4.8m

After the fiber laser welding application, the samples were prepared using the
metallography method for the microstructural investigations of the welded zones. The
preparation process first started by cutting the welded bar samples into small pieces by
cutting them in half vertically from the welding areas. The cut sample parts were first
molded with the cold bakelite molding method. The molded samples were sanded with
abrasives of 180, 320, 600, 800 and 1200, respectively, and then polished with a 1-micron
diamond suspension to remove scratches from cutting and sanding and to create a surface
that is flawless. After the polishing process, the surfaces were etched and made ready for
microscopic examinations. The samples were etched with Kroll's reagent (85 mL H20 + 10
mL HNO3 + 5 mL HF) in ASTM E407 solution by keeping them in a magnetic stirrer at 65°C
for 3 minutes. Since Gr 5 Titanium alloys are used as implants in dentistry, the corrosion
test environment was prepared based on the changing pH and temperature parameters in
the oral environment caused by eating and drinking. It is a well-known phenomenon that
acidic and hot beverages corrode tooth enamel and metallic implants than cold ones [55-
58]. In addition to temperature and pH changes, it is necessary to examine the effects of
internal body environments on these alloys, which are exposed to high heat input due to
the welding process.

Previous studies have reported that osteoblasts can be severely damaged by a thermal
impulse of 42 °C. It has been determined that intraoral temperatures reach 67-77 °C during
use and hot water/liquid consumption. However, the maximum temperature that living
tissue can withstand has been determined as 50 °C. In line with similar studies and
information, the temperatures chosen to simulate both hot and cool oral environments
were 25 and 50 °C [59, 60]. To simulate acidic beverage environments, 0.9 wt% NaCl
solutions at pH 3 and 5 were prepared using lemon juice.

Table 3. Corrosion test parameters and sample names

Parameters Samples
pH3 and 25°C R1, Al and B1
pHS5 and 25°C R2, A2 and B2

pH3 and 50° R3, A3 and B3
pH5 and 50°C R4, A4 and B4

In this way, both more natural ingredients and the most realistic eating and drinking
exposure environment were created. The corrosion test was carried out by keeping each
sample placed in 50 mL 0.9 wt% NaCl serum at pH3 and 5 and temperatures and 25 and
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50 °C in a shaking incubator for 24 hours with stirring. Names and groups of reference and
welded samples prepared for corrosion tests are given in Table 3. R samples are control
samples without fiber laser weld jointing. A1, B1, A2, B2, A3, B4, A4 and B4 samples were
obtained after the tensile tests of A and B samples welded with the parameters in Table 2.
4 samples were prepared for corrosion testing for both samples A and B.

Fiber Laser Welding of Ti6Al4V Rods

VA

Tensile Tests of Welded Samples

NV

Vickers Hardness Tests of Welded Samples

v

Microstructural Analysis of Fracture Surfaces

Weight Measurements of Samples Before Corrosion Tests

V4

Preparation of %0.9 NaCl Solutions

N
Corrosion Test In Shaking Incubator Corrosion Test In Shaking Incubator
AtpH=5 AtpH=3
Temperature= 25 and 50°C Temperature= 25 and 50°C
Treatment Time= 24 Hours Treatment Time= 24 Hours

Final Weight Measurements After Corrosion Tests

V4

Microstructural and Elemental Analysis After
Corrosion Tests

Fig. 1. Process flow chart of the study (Image shows the samples in NaCl solution and
shaking incubator assembly)

The first weights were measured before the samples were placed in the solution. The 0.9
wt% NaCl solution was prepared at pH 3 and 5 and all samples were placed by suspending
in the erlenmeyer and shaking incubator as shown in Fig.1. All samples placed in the
solution were kept in the shaking incubator according to pH groups for 24 hours at 25° C
and 50° C, respectively. After the samples were kept in a shaking incubator for 24 hours,
they were removed from erlenmeyer and dried at 27° C in the oven. Finally, after the
corrosion test, the final weights of the samples were measured and the test was
terminated.
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":,“ 4 Shaking and keeping in the
< incubator at 25 and 50 °C

Ti6Al4V Rods
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) | —

Fiber Laser Welding

%10.9 NaCl Solutions
with pH3 and 5

Fig. 2. Schematic representation of laser welding application and corrosion testing

3. Results and Discussion
3.1. Tensile Tests and Vickers Hardness

The images of the samples subjected to the tensile test before and after the test are given
in Fig. 3. Since titanium is a highly ductile and durable metal, the non-welded R sample
showed a ductile fracture behavior as expected. The fracture surface of the R sample used
as a control has a conical structure as shown in Fig. 3. It was observed that the tensile
strength of the R sample (957 MPa) matched the values given in the literature [61, 62].
After the tensile test, the A and B specimens were brittlely fractured from their welded
parts to be parallel and straight to the rod specimen sections. The heat input used in the
welding process of the A sample, which is two times more than that of the B sample, caused
the weld depth of the A sample to be greater and the weld seems to be wider. Since the
metal has a faster melting and cooling time with high heat input, the weld seam narrows
as the heat input increases. While the weld seam thickness of sample A was 9 mm, sample
B was 6mm. Insufficient weld depths of the A and B samples caused the joint strength and
tensile strength to decrease 9 times compared to the R sample. In addition, the brittle
structure resulting from martensitic transformations in the weld area also reduced the
tensile strength of the joint areas. This decrease in the tensile strength of the welded parts
is an expected situation. Studies [63-65] have shown that this decrease and rupture occurs
with a brittle fracture behavior.

As shown in Fig.3, the edges of the outer surfaces of the rods are fusion zones (completely
melted) and as it moves inwards from the surface area of the metal, first the HAZ is reached
and then the base metal. Fig. 4(b) shows the microhardness distributions in the cross-
section of the fusion zone, HAZ and BM zones of the samples. Fig.4(c-d) SEM images show
that martensitic o' (dendritic) formations occur in the fusion region. This phase, which is
caused by high heat input and rapid cooling in the FZ, increased the hardness of the FZs for
A and B samples by 4-23% and 16-31%, respectively, compared to the BM. Higher welding
speeds, or less heating input, cause the coarser a’ martensite microstructure to develop
within the finer $ grains, which increases the hardness values of the B sample in the
welding alloy [66]. While the highest hardness value of the fusion zone for sample A was
438 HVO0.5, it was calculated as 501 HVO0.5 for sample B. The hardness values of the BM
were measured as 338 and 341 HV0.5. These values can be considered as standard for Ti-
6Al-4V alloy. Omoniyi et al. [62] joined Ti-6Al-4V sheets with 2.6-2.8 KW power values
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using laser welding. Vickers hardness measurements showed that the BM was 343 + 12
HVO0.5 and the weld zones were 426 + 17 HVO0.5. Chen et al. [61] showed the BM hardness
values of the titanium sheets joined by laser welding using a power of 2.2 kW in the range
of 280-300 HVO0.5, and the values of the FZ as 372 HVO0.5.
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Fig. 3. (a) Non-welded R and fiber laser welded A and B sample images before and
after tensile tests, (b) Tensile test result graphs and (c) Vickers Hardness test result

graph of reference and fiber laser welded A and B specimens

When the test results are considered, the tensile strengths are decreased and Vickers
hardness are increased due to the increase of the laser beam impact energy. This is
because, it can be shown that the microstructure of the weld zones of samples as can be
seen from Fig.5(c-d), together with the high temperature and rapid cooling used during the
welding process, makes the metal structure brittle and hard due to the presence of o’-
martensite [67, 68, 68].



Yontar and Cevik / Research on Engineering Structures & Materials x(x) (xxxx) xx-xx

3.2. Weight Changes with Temperature and pH

Acicular o' martensites in the columnar B grains formed in the fusion regions of samples A
and B, which were exposed to high heat input during welding, changed the microstructure.
As a result of this change, the changes in the fracture fusion surfaces that occurred after
the tensile test were observed in the saltwater environment. In this way, the effect of the
welding process on the corrosion behavior of the titanium alloy was investigated. Fig.4
shows the weight changes of the reference sample and the welded samples after the
corrosion test comparatively. Weight changes at each pH and temperature values are
shown in separate graphs. The results show that the weight changes of the fiber laser
welded samples differ from each other in varying temperature and pH environments.

As can be clearly seen from Fig.5, the fusion zones of the Ti-6Al-4V alloy had a two-phase
a/ and a microstructure. The alloy's tendency to corrosion changed due to this
microstructural alteration during laser welding. In the post-weld cooling process, the
previous f3 phase shifts into a stable a phase. The a phase nucleates homogeneously in the
previous f3 phase columnar grains and expands spontaneously up to the grain boundaries.
The rates of a-phase nucleation are heavily dependent on the initial laser power
temperature and the post-process cooling rates. It is established that the a plate's
thickness diminishes with increasing cooling rate. The a phase degradation is an important
factor in changing the corrosion properties of Ti-6Al-4V alloys. In addition, the
homogeneous allocation of both a and 8 phases obtained from alloying elements in the
structure also plays an important role in corrosion behavior [37]. As presented in Eq. (1),
(2), (3), (4), the detailed mechanism of removing the passive layer occurs after immersion
in NaCl solution with the formation of novel passive film as a result of the protons' decrease
produced during the oxidation of titanium. This mechanism indicates the possible
formation of a TiO2 layer that may have formed on the surface of the samples. The
mechanism introduces further metal disintegration and oxide production, with a
completely decreased hydrogen state promoting the formation of hydrides in the solution
interface layer [69].

Ti - Ti3+ +3e— (1)
Ti + 2H20 - TiO2 + 4H + + 4e — (2)
H+ +e——> H (3)
Ti3+ + H20 - TiO2+ +2H + +e — (4)

The dissolution of the passive oxide layer after processing the fiber laser welded fractured
surfaces in aqueous NaCl solution has been characterized by use of EDS and weight loss
analyses. Based on the elemental combination of the EDS results in Table 4, a high variation
is seen in the samples' nominal substance after NaCl treatment. Some surface passive
layers, such as oxides or carbides, may be the cause of the discrepancy. After 24h of
treatment with an aqueous 0.9 wt. % NaCl solution, the highest weight loss observed was
0.0025 g for B4 sample. In the NaCl environment with high temperature and lower
hydrogen density, the amount of dissolution on the metal surface increased. The low pH(3)
environment caused metal dissolution on the surface of the R1 sample. Some of the
dissolved Ti elements accumulated as TiOz as seen in Fig.6. It is observed that weight
increase occurred in reference samples at 50°C and pH 5 environments.

This increase is due to the thickening of the oxide layer on the surface with the decrease in
the amount of hydrogen, and in addition, the dissolution of more metal and the formation
of various oxides and carbides on the surface. Since titanium is a metal with low thermal
conductivity, the cooling rate after laser welding is also significantly lower. As the cooling
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rate decreases, the transformation rate from the  phase to the a martensite phase
decreases and the grain size becomes thicker. It is known that as the phase and grain sizes
increase, the corrosion resistance decreases [37]. For this reason, the weight losses on the
laser-welded surfaces were discovered to be greater than the reference samples. Similarly,
it has been determined that an increase in temperature to 50°C causes an increase in
weightloss. The fact that the weight loss is less than that of the B4 sample may be the large
size NaCl crystallization seen on the surface of the A3 sample in Fig. 6.

Weight Changes With 3pH at 25°C Weight Changes With 3pH at 50°C
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= ,
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Fig. 4. Weight changes after corrosion tests at different pH and temperature conditions

Table 4. The highest weight differentiated samples EDS element compositions before and
after NaCl treatment

Atomic% Ti-6Al-4V

Sample Element Before NaCl After NaCl .
Treatment Treatment ' €ight Change

Ti 89,7 77,9
Al 6 5.6

R1 s 4 31 -0,0004
9 0 6.2
Ti 82,8 515
Al 5,5 3

o v 3,4 22 -0,0025
0 0 4,1
Ti 81,3 66
Al 49 44

A3 v 3 28 -0,0005
9 0 57
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It was also seen that the oxygen (0) ratios in Table 4 were in the order of R1>A3>B4 and
the weight losses had the reverse order. The increase in the amount of oxygen on the
surfaces indicates the amount of the oxide layer formed. Since the oxide layers act as a
protector, the weight loss that occurs on the surfaces where the presence of oxide is higher
is lower. It has been revealed that the durability to corrosion of the samples exposed to the
fiber laser welding process after NaCl interaction decreases and this resistance decreases
with the increase in temperature and the pH value of the environment.

3.3. Microstructural Analysis

Before the corrosion test, microstructural characterization of the FZ, HAZ and BM was
performed from the metallographic prepared. The microstructure of the BM Ti-6Al-4V
consists mainly of white coaxial intergranular 3-phase and gray coaxial spherical a-phase,
as shown in Fig.5(a) at low and high magnification of SEM image. The intergranular f3-
phase in the BM is scattered throughout the matrix of the spherical a-phase with various
grain sizes. Kroll's reagent's strong oxidizing capability can etch the a phase, so It looks
like darker in comparison to the § phase. Therefore, the 3 phase appears brighter in SEM
images [70]. The fiber laser welding process is divided into two stages: heating and cooling,
and the microstructure of the Ti-6Al-4V alloy is affected by the cooling rate. During the
heating phase, the volume fraction of the 3-phase increases and completely converts into
the B-phase at 975 °C, and the B-phase remains stable up to 1605 °C. Depending on the
cooling rate, the phase transformation ensures that the welded joint takes place from o to
B in the heating phase and from f to a/a" in the cooling phase in the ITAB and fusion zone.
When the heat input is low, the cooling rate is faster; when the heat input is large, the
cooling rate is slower. When a large amount of heat is applied, the temperature of the
fusion zone and the BM rises, and the thermal gradient difference between the fusion zone
and the one next to BM reduces, triggering the formation of the transition zone HAZ [21,
63]. The HAZ microstructure seen in Fig.5(b) consisted predominantly of o contains a little
quantity of primary a near the weld metal.

g T i
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Fig. 5. SEM images of (a) base metals, (b) heat affected zones, (c) A3 sample fusion
zone, (d) B4 sample fusion zone and EDS results of (e) base metals, (f) fusion zones
before NaCl treatment

As shown in Fig.5(c-d), the microstructure features of the FZ are mostly composed of gray
acicular o' martensite, a supersaturated, unstable a phase generated by diffusionless
transition of the  phase. The acicular a' martensite microstructure of the fusion region of
sample A3 is larger and more homogeneous than the colonies in the microstructure of
sample B4. Microstructure investigations showed that the phases in FZ have a coarse
martensite microstructure when energy input is increased, as shown in Fig.5(c-d). In
addition, it was determined that microcavities due to insufficient melting occurred in the
fusion region of the B4 sample, which was welded with lower energy. Fig.5(e-f) EDS
mapping results show that the elemental distribution in the fusion region, unlike the BM
region, contains 82.9% Ti, 5.5% Al, 5.5% 0O, 3.4% V and other different elements.

While the ratios of titanium, aluminum and vanadium decreased, the amount of oxygen on
the surface increased significantly. This is due to the oxygen absorbed to the surface with
temperature and melting during the titanium welding process, which is sensitive to
oxygen. The presence of oxygen may also have caused the creation of a passive protective
TiOx layer on the titanium alloy surface. Apart from this, it was observed that different
elements from the environment and solder metal penetrated the surface at very low rates.

The SEM images given in Fig.6 show that the fractured surface occurs as a typical ductile
fracture after the tensile test. The fracture surface is similar to the fracture surface images
shown in the literature [71-73] and shows a typical ductile material behavior, consisting
of coaxial pits alongside fluctuations and micro-voids, implying that there has been
localized plastic deformation that occurred before fracture. After the corrosion test, SEM
and EDS analyses were performed on the fractured surfaces of the samples with the
highest weight change. Factors such as microstructural and elemental changes and NaCl
crystallization that may have caused weight changes were investigated. The elements
detected by SEM and EDS spectrum analyses of the R1 fractured surface after NaCl

11
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treatment shown in Fig.5 mainly contain 31% Ti, 28.1% O, 3.8% Al, 1.4% V, 1.7% Na and
0.5% Cl by weight. This high oxygen content implies that corrosion products or an oxide
layer are present on the surface. This was verified by the lower than initial % Ti and Al %
in the alloy. It can be said that oxides such as Al203 and TiO2 are therefore formed on the
surface of the R1 sample [74]. Cui et.al. [75] and Qin et.al. [76] proved that TiOz, Ti203 and
TiO are the main components of passive films formed by titanium and its alloys. When the
oxide coating is forming on the surface of the Ti alloy, TiO and Ti203 are formed first, and
this reaction continues and partially turns up to the greatest valence oxide levels (TiO2).
Because the highly concentrated NaCl environment causes an increase in the halide ion (Cl-
) and this ion has an advantageous impact on the corrosion process. This way, it advances
the reactions between the metal and the electrolyte. The change in oxide film thickness
with NaCl medium can be attributed to the high CI- concentration accelerating the
conversion from Ti203 and TiO to TiO2. Therefore, a thicker and less corrosion-resistant
oxide film is formed in NaCl solutions. These reactions can be further accelerated by an
increase in temperature or a low-pH environment. It can be said that the TiOz oxides
formed on the surface of the R1 sample occur with the low pH environment and the
presence of Cl- ions. Similarly, Saha et.al. [77] showed that the anti-corrosion ability of the
titanium surface due to Cl- ion attack increased after the production of the nanoporous
oxide layer. In addition, they stated that the annealed Ti6Al4V sample showed a slightly
higher Icorr value than the anodized Ti6Al4V sample, and the corrosion inhibition ability
decreased slightly after annealing. It is known that the microstructure obtained by melting
at high temperature and then cooling to room temperature reduces the resistance against
corrosion and the fiber laser welding process also created this effect. As shown in Fig.6, the
decrease in the main alloy element ratios on the surfaces of the laser welded A3 and B4
samples is higher than that of the R1 sample, and the formation of corrosion products such
as oxides and salt crystals on the surfaces is due to the reasons mentioned above.

Fig.7 EDS mapping and spectral analyses showed that after NaCl treatment, high levels of
C and O elements appeared in the BM and FZ, and similarly Na and CI elements were
present on the surfaces. It is thought that C, O, Fe, Ca, Mg and Si elements, which exist on
the surfaces apart from the main alloying elements, adhere to the surface from the external
environment during the welding process. The presence of especially high levels of oxygen
and carbon indicates that various oxides and carbides may have formed on the surface. C
and O are more present at the boundaries connecting the HAZ region to the fusion region,
as seen in Fig. 7 EDS-line results.
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Fig. 6SEM images of (a) R1, (b) B4 and (c) A3 fracture surfaces after corrosion test

Since these regions are more protruding and porous, it was expected that oxygen and
corrosion products adhere to the surface more. It is assumed that while some of the Na and
Cl elements accumulated on the surface dissolve as salt crystals, the other part forms
various nanostructures on the surface. Various studies have proven that Na* and CI- ions
serve a significant influence in the formation of nanostructures and oxides. Yang et.al. [78]
were produced hematite (a-Fe203) nanoplates with using NaCl, which is an N-type
semiconductor. Due to the positive charge of the (a-Fez03) nanoplates, Due to hydrogen
bonding between the positive and negative charge, they were coated with a layer of Cl-ions
when redistributed in a NaCl solution. The accumulation of Na* ions resulted in the
formation of NaCl crystals and thus the self-assembly of the nanoplates. Because of its
outstanding resistance to corrosion and diverse commercial and industrial uses in
domains such as catalysts, magnetic devices, pigments, gas sensors, and rechargeables, it
is a stable and valuable material. They are used in lithium-ion batteries in addition to other
biological and medicinal disciplines. Shi et al. [79] synthesize monolayer WS2 crystals on
Si02/Si substrate which is one typical example of the semiconducting transition-metal
dichalcogenides (TMDCs) materials in one semi-sealed quartz tube, by utilizing NaCl as a
growth stimulant. They also stated that the WS2 crystals' quantity and size have increased
astoundingly throughout the time NaCl is introduced. Liu et al. (2014) [80] investigated in
the selective photocatalytic destruction of CIP, a novel surface molecular imprinted
NaCl/TiOz photocatalyst was developed. Chlorine was utilized in the solid-state approach
to dope TiO2. Among the chlorides, NaCl/TiO2 nanomaterials had the highest
photocatalytic activity of K*, Na*, Mgz*, NH4*, Zn* and Baz*. Shu et.al. (2020) [81] used a
NaCl-based solid-solution technique to create porous metal oxides containing finely
distributed noble metal NPs in a one-pot process. The well-dispersion of metal chlorides
on Na(l, i.e. the mechanochemical production of MCIx-NaCl solid solution, was discovered
to be a critical step in controlling the porosity of metal oxides and the dispersion of noble
metal species. In this approach, a number of porous metal oxides and related catalysts
(FexOy, Cr203, Co30s, Pd-FexOy, Pt-Cr203, and Rh-Co0304) have been developed and
successfully be prepared. In summary, Na* and Cl- ions positively affect the synthesis and
production of metallic nanoparticles, oxides and catalysts. Studies have also shown that CI
ions attack metal ions and create new structures. The 0.9 wt% NaCl solution was the cause
of the reduction of the main metal alloy elements seen on the surfaces after the corrosion
test and the formation of oxides of oxygen, carbon and other elements on the surface. These
formations were triggered more by increasing temperature and decreasing pH. The
increase in NaCl crystals and oxide layer formation also increases the resistance of the
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metal against corrosion. It was determined that the weight change results given in Fig.4
were directly proportional to the SEM and EDS results. Because the weight losses in the A3
and R1 samples, where the salt crystals and TiO:z oxides are more, were much lower than
in the B4 sample. This proves that corrosion-induced wear on the metal surface or ion
distribution is less. SEM and EDS mapping and spectrum results of the BM and FZ of sample
A3 presented in Fig.6 show that high rates of salt crystals are formed on the surfaces. Na
and Cl elements, present at the rates of 1.1% and 0.5% in the BM, increased to 16.5% and
11.5% in the fusion region. The reason for this can be shown that the martensite structure
in the fusion region has a lower resistance to corrosion and that Cl- ions and oxygen are
more absorbed into the surface. The EDS-line results given in Fig.6(c) also clearly showed
that the presence of Na and Cl elements increased sharply from the BM to the fusion zone.
In the B4 sample, on the other hand, it was determined from the EDS-line analysis that the
NaCl ratios in the BM and FZ were very low and at the same ratios. NaCl salts crystallized
in the A3 fusion region are {1 0 0} and {1 1 1} hopper-shaped forms. In Ref. [50, 82, 83]
studies, they claimed that hopper cubes and tiny vicinal faces of the octahedron are
created. The top (1 1 1) face of a NaCl crystal nucleated with a triad axis nearly parallel to
the glass substrate will also develop approximately hopper-shaped.
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Fig. 7. EDS distribution of the elements on (a) R sample, (b) fusion zone of A3, (c) base
metal of A3, and (d) fusion zone of B4, (e) base metal of B4

It was determined that the salt crystals and TiO2 on the surface of the fiber laser welded
A3 sample, together with the combination of low pH and NaCl environment, allowed it to
grow critically more than the B4 sample. Apart from this, according to the Vickers hardness
values in Fig.3(b), the martensitic transformations of the FZ region of the A3 sample
combined with higher welding energy, causing higher hardness than BM, are more
sensitive to corrosion products than the other welded samples. created. The sizes of these
formed crystals were calculated using the Image ] program on SEM images. The crystal
sizes range from 2-10 pm and they average 8 pum in size.
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5. Conclusions

Ti-6Al-4V alloy rods, which are of great importance in biomedical and industrial
applications, were joined by fiber laser welding technology. Tensile and microhardness
mechanical tests were carried out after the welding process. Among the welded samples,
the highest strength was obtained in sample A with 134 MPa. The hardness tests
performed on the surfaces after the welding process showed that the a' martensitic phase
transformation in the fusion zone increased the hardness values on average 1.5 times. For
the purpose of determining the corrosion behavior of the fiber laser welded Ti-6Al-4V
(Gr5) rod alloys fractured surfaces after the tensile test by creating a naturally corrosive
and hot environment. The samples were exposed to pH3-5, 25-50°C temperatures and 0.9
wt% NaCl environment for 24 hours in a shaking incubator. According to the weight
change measurements made before and after the corrosion test, the highest weight loss
occurred in the B4 sample with 0.0025 g. The microstructure changes and formations on
the fractured surfaces before and after NaCl treatment were compared with SEM and EDS
analyses. The formation of gray acicular a' martensitic phases was observed in the fusion
and heat-affected zones. It has been shown that the fusion zones tend to react with more
oxygen than the BM, leading to TiO: oxide formations and NaCl crystallizations. It was
determined that the FZ regions, whose hardness values increased after welding, had a
higher tendency to undergo corrosion. NaCl crystals and oxide layer, which formed on the
A3 sample have significant and larger sizes compared to the B4 sample. These layers
increased the corrosion resistance of this sample and provided a very low weight loss of
0.0005. The damaged area in Ti-Al-4V implants was simulated with the fractured surface
created by the tensile test after joining with fiber laser welding. It was understood that due
to the martensitic microstructure changes and the rough structure that occurred after the
tensile test, the fusion regions were more prone to corrosion in high-temperature and low-
pH environments. Apart from these, it has been proven that NaCl crystallization conditions
are met and that small-size (8um) crystals can be obtained. In this way, a method was
introduced to obtain hopper-shaped NaCl that can be used to synthesize various catalysts,
oxides and nanostructures.
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