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Abstract: Austenitic 316L stainless steel has been the most widely acceptable biomaterial for producing
implants. The downside of this material includes the leaching of nickel ions from the matrix that limits
its’ usage in implant manufacturing. In this research, production of stainless steel alloy modified
with boron and titanium is investigated. The sintering of the alloy systems is carried out in nitrogen
atmosphere for a dwell time of 8 h. The X-Ray diffraction (XRD) analysis reveals that dwell time and
alloy composition leads to the formation of strong nitrides and borides. The X-Ray Photoelectron
Spectroscopy (XPS) results show the presence of nitrogen on to the surface of sintered specimens.
The nitride layer on the surface of the specimens is helpful in the retention of nickel ions in the
stainless steel matrix, as indicated in the weight loss measurements. The cytotoxicity assessment
indicates that the developed alloys are biocompatible and can be used as implant materials.
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1. Introduction

Among the commercially available biomaterials, stainless steel (SS) has been the material of choice
since the 1930s, when the first hip replacement was carried out for orthopedic patient using a stainless
steel material [1,2]. Since then, this material has gained an incredible attention due to its cheaper cost,
adequate mechanical properties, and biocompatibility [3,4]. In 1926, Strauss discovered 316L type
stainless steel, which became used in surgical procedures [5]. It contains chromium and nickel (18 wt.%
and 8–12 wt.% respectively) along with molybdenum and a very low amount of carbon. The presence
of at least 12 wt.% of chromium in the stainless steel matrix makes it resistant to rust and hence gives it
the quality of being stainless. The chromium also combines with oxygen in the atmosphere to develop
a thin passive layer of chromium oxide. The oxide layer along with other elements present in the
matrix enhances corrosion resistance of this type of steel and makes it a better choice among other
biomaterials. The implants manufactured from 316L SS possess an adequate strength and ease of
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fabrication at a very low cost as compared to titanium, cobalt chromium, and other materials of this
class [6–8].

In 316L stainless steel, the nickel has been added to promote the austenitic structure of this
material [9]. However, it has been reported that this material is subjected to localized corrosion when
used as an implant material [10,11]. The implant gets corroded in the human body and releases
nickel, iron, and chromium ions [12]. The pervasiveness of sensitivity to metals and their ions in
humans is around 10% to 15%. Among various materials, nickel sensitivity has the most pervasiveness,
with approximately 14% [13,14]. Among the released ions, nickel has been reported to be the cause of
mutagenic and genotoxic activities in human tissues [15]. Nickel has also been reported to be the main
cause of contact allergy when it is in contact with the skin of patients [15,16]. The allergic reaction in
patients was firstly reported in 1966 when an orthopedic implant was noticed with eczematous rash
and dermatitis [17,18]. Similar observations with allergic reactions have been reported in patients
owing mostly to skin diseases, swelling of that particular area, discomfort, and erythema [19–21].
The release of nickel and other metal ions from implants is emphatically associated with poor corrosion
resistance in human physiological conditions [22–24]. This leaching of ions and poor corrosion
resistance necessitates the need for modifying the 316L stainless steel matrix by alloying with additives
and improving the surface of the implants [25,26]. In this framework, adding boron and titanium in
a stainless steel matrix has been introduced to enhance the corrosion resistance of the resulting stainless
steel alloy, along with controlling the leaching of ions from the stainless steel matrix by optimizing the
sintering parameters. The elemental boron can improve the sinter ability of the alloy system as it is
an active sintering additive for stainless steel and increasing the overall densification process [27,28].
Boron also possesses a good tendency of forming borides with iron and nickel that can decrease the
leaching of nickel ions from the stainless steel matrix [29]. Pure titanium has attracted much attention
as a potential biomaterial owing to its exceptional corrosion resistance and mechanical properties
among the available biomaterials [30,31]. However, like any other material used in physiological
conditions of the human body, it is subjected to biological factors that can harm the survival of implant,
leading to early failures [32,33]. In this regard, pure titanium has been alloyed with other elements
to develop alloys that can fulfil the clinical demands for the manufacturing of implants [34]. Both of
these alloying elements can address the highlighted issues related to use of stainless steel alloy as an
implant material. Nitrogen is an effective stabilizer of austenitic structure and increased corrosion
resistance [16]. Nitrogen containing stainless steels have high work-hardening rates in addition to
increased strength as compared to conventional steel [35,36]. The sintering of stainless steel alloy
in nitrogen has been proven to improve the densification process along with improved mechanical
properties [37].

In this study, sintering of the alloys is carried out in nitrogen atmosphere. The dwell time of 8 h
has been selected for maximum diffusion of nitrogen into the matrix. The formation of institutional
and substitutional elements like chromium nitride, iron nitride and carbon nitride may contribute to
the strengthening of the alloy systems [38]. The sintering parameters are likely to develop a nitride
layer on the surface of the alloy, thereby forming a passive layer to minimize the leaching of nickel and
other ions from the matrix.

2. Materials and Methods

2.1. Specimen Preparation

The pure 316L stainless steel powder was used as the matrix to prepare the specimens. The chemical
composition of the 316L SS powder is shown in Table 1. In this study, five different formulations have
been developed, as shown in Table 2. The first formulation is pure 316L stainless steel whereas the
other four have been modified with boron and titanium. The amount of boron used is 0.25 wt.% for
titanium containing samples, whereas the amount of titanium addition is varied from 0.5 to 2 wt.%.
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Table 1. Chemical composition of 316L SS powder.

Element C Si O Mn Ni Cr Mo Fe

wt.% 0.028 0.9 0.068 1.5 12.01 17.04 2.4 Balance

Table 2. Composition of the alloy systems produced.

S.No Alloy Composition

1 S1 Pure 316L SS
2 S2 316L SS + 0.25 B + 0.5 Ti
3 S3 316L SS + 0.25 B + 1 Ti
4 S4 316L SS + 0.25 B + 1.5 Ti
5 S5 316L SS + 0.25 B + 2 Ti

The morphology of the powders used in this study was carried out using Scanning Electron
Microscope (Phenom-Pro X, Dillenburgstraat 9T, The Netherlands) and XRD analysis was carried
out using X-ray diffraction (X′Pert3 powder and Empyrean, PANalytical B.V, Lelyweg, Almelo,
The Netherlands). The SEM images and XRD graph of all the powders used in the study have been
shown in Figures 1 and 2 respectively. The powder mixtures were blended in turbula mixer for 8 h to
get a uniformly dispersed powder combinations. The specimens from each powder combination were
prepared by uniaxial cold compaction process. The specimens were made in the form of a disc with
a 30 mm diameter and 4 mm thickness at a pressure of 800 MPa. The compacted samples were then
sintered in a tube furnace at a temperature of 1200 ◦C under nitrogen atmosphere. The dwell time for
all the samples was 8 h for a maximum diffusion of nitrogen into the samples.
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2.2. Green and Sintered Density Measurement

The green and sintered densities of all specimens were measured using geometric method and
Archimedes’ principle respectively. For the geometric method, the diameter and thickness of compacted
specimens was measured and green density calculated via dividing mass by volume of the measured
specimens. The sintered density of all the specimens was calculated using water displacement method
using Archimedes’ principle.

2.3. Microstructure and Micro Hardness Measurement

The microstructures of all sintered specimens were observed through Optical microscope (Leica
DM LM, Germany). The specimens were firstly grinded using silicon carbide grinding papers (600,
800, 1000, 1200 and 1500) followed by polishing using 3 µm, 1 µm and 0.1 µm diamond paste
respectively. The samples were then etched using Carpenters stainless steel etchant before examining
in the microscope. The elemental mapping of different elements present in the matrix was carried
out using a Field Emission Scanning Electron microscope (FESEM, Model: VPFESEM, Zeiss Supra55
VP, Oberkochen, Germany). The microhardness of sintered specimens was calculated using Vickers
hardness tester (Leco LM 247AT, Lakeview Ave, St. Joseph, MI, USA). The testing is carried out by
applying 200 gf and 15 s dwell time. At least five readings were taken for each specimen and the
average micro hardness value was calculated.

2.4. Characterization of Sintered Specimens

The XRD analyses of all sintered specimens were done using X-ray diffractometer for the occurrence
of compounds present in the matrix using scan range of 10–90◦ using X-ray diffractometer (X′Pert3
powder and Empyrean, PANalytical, B.V, Lelyweg, Almelo, The Netherlands). The XPS analyses was
carried out using X-Ray photoelectron spectrometer (Thermo scientific, K-alpha, East Grinstead, UK)
for investigation of elemental mass percentages of each element present on the sample surface.

2.5. Immersion Testing

The corrosion resistance of specimens was carried out through a weight loss method. The specimens
were immersed for 28 days in artificial saliva solution to investigate the weight loss incurred.
The artificial saliva solution was prepared as prescribed in the literature and had a composition
of Urea (1.0 g/L), KCl (0.4 g/L), NaCl (0.4 g/L), Na2S.9H2O (0.005 g/L), NaH2PO4.H2O (0.69 g/L) and
CaCl2.2H2O (0.795 g/L) to adjust it to natural saliva composition [39,40]. The pH of prepared solution
was observed to be 5.5 and in correspondence to pH of natural saliva. The weight of all the specimens
was measured before and after immersion. After 28 days, each specimen was weighed again after
cleaning to analyze the weight loss that incurred during the immersion period. The artificial saliva
solution from each immersed specimen was analyzed for possible ions released using atomic absorption
spectroscopy (Model: GTA120 Graphite Tube Atomizer supplied by Agilent, Stevens Creek Blvd,
Santa Clara, CA, USA).

2.6. Cytotoxicity Assessment

The cytotoxicity assessment of all the specimens was conducted through cell cultures by
using fibroblast cell line (NIH/3T3 ATCC® CRL-1658™) supplied by ATCC, Manassas, VA, USA.
Using Dulbecco′s Modified Eagle′s Medium (DMEM), NIH/3T3 cells were expanded in the media that
involved 100 µg /mL of Pen/strep and 10 percent Fetal bovine serum (FBS) was augmented. The cells
were expanded and grown to 90% confluency in an incubator at a temperature of 37 ◦C. The cells were
then separated using trypsin–EDTA for seeding. The cells were counted with the help of microscope
and hematocytometer on the seeding day. Around fifty thousand cells were sowed on each test
specimen to check the compatibility of the NIH/3T3 cells with the specimens. The samples were diluted
with the addition of 100 µL of the sample DMEM media into 1 mL before seeding. The cells were
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cultured on tissue culture plastic plates deprived of specimens that were to be used as control. It was
done to compare the values of DES specimens with the cultured cells. The sterilization of the specimens
was performed using an ethanol solution. The sterilization was carried out for one hour, followed by
rinsing with Phosphate buffer saline (PBS) for 15 min before seeding of the cells. The cells that were
cultured without specimens were adopted as the controls (ISO 10993-5:2009). For the quantification
of cell attachment and viability, fluorescent measurements of Alamar Blue were captured after three
days. The PBS solution was used for rinsing of the cell seeded specimens. The specimens were later
kept for incubation. Using a fluorescence plate reader, 3–4 h absorbance was calculated at 570 nm.
The metabolic activity of cells took place and integrated an oxidation-reduction indicator. The indicator
fluoresces as well as changes color. The fluorescence and change in color from blue (oxidized) to red
(reduced) on the REDOX indicator is in response to the chemical reduction that takes place due to
cell growth.

3. Results

3.1. Green and Sintered Density Measurements

The respective green and sintered densities of all specimens has been presented in Table 3.
The green density of 316L SS specimens was 6.5 g/cm3 and its value keep on decreasing with increase
of titanium addition. The decrease in green density is due to the diffusion of boron and titanium
particles in the stainless steel matrix. Moreover, the density of titanium is also less than stainless steel
and it reduced the green density. The sintering environment and dwell time resulted in improved
densification. A densification of 95.88% is observed for 316L SS specimens, whereas a rate of 87.32%
was observed for the 2 wt.% titanium added specimens. The table shows that the sintered density
for all other specimens is low. This is due to the fact that the density of titanium is almost half of the
316L SS alloy. The boron addition had a major role in improving the densification process. Its addition
maintained the sintered density of specimens nearby to the sintered density of pure 316L stainless
steel specimens.

Table 3. Densities of all the specimens.

S.No Alloy Green Density Sintered Density Densification

1 S1 6.500 g/cm3 7.575 g/cm3 95.88%
2 S2 6.385 g/cm3 7.387 g/cm3 93.50%
3 S3 6.212 g/cm3 7.139 g/cm3 90.36%
4 S4 6.116 g/cm3 7.008 g/cm3 88.70%
5 S5 6.002 g/cm3 6.899 g/cm3 87.32%

3.2. Microstructure of Sintered Specimens

The microstructure of all the specimens was observed through optical microscope. The micrographs
of the sintered specimens as viewed from optical microscope have been depicted in Figure 3.
The elemental mapping of different elements present in the matrix for pure 316L stainless steel
specimens and 2 wt.% titanium added specimens has been shown in the Figures 4 and 5, respectively.
The maps confirmed the presence of nitrogen for pure and boron and titanium added 316L stainless
steel specimens. This indicate that the sintering parameters helped in nitrogen diffusion into the matrix
of stainless steel. It can be observed that the sintering environment and temperature had a notable
effect on the microstructure of the specimens. The specimens were sintered properly with low porosity.
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3.3. Micro Hardness of Specimens

The micro hardness of sintered specimens has been presented in Figure 6. The micro hardness of
316L stainless steel specimens was 235 HV. From Figure 6, it can be pointed out that micro hardness
increases with an increasing titanium content. An enhancement in micro hardness was observed for all
the specimens and a micro hardness of 366.6 HV was observed for specimens with 2 wt.% titanium
addition. The increase in micro hardness value also is owed to the boron in the matrix that helped in
increasing the micro hardness of the specimens produced.
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3.4. XRD Analysis of Sintered Specimens

The XRD analysis was performed to investigate the occurrence of compounds present in the
sintered alloy systems. The XRD patterns of all specimens have been shown in Figure 7. The results
show the existence of austenitic structure (γ Fe) in all the specimens. The nitrogen has been diffused in
all the samples, resulting in the formation of strong nitrides with carbon, iron, boron and titanium.
The XRD pattern for pure 316 L SS specimen shows the formation of Ni(Cr2O4) at d spacing of 2.49354Å,
C3N4 at d spacing of 2.51960 Å, Cr2O3 at d spacing of 2.66348 Å and FeN0.324 at d spacing of 2.07500 Å.
For the samples having 0.5 wt.% titanium, presence of NiTi at d spacing of 2.1191 Å, BN at d spacing of
3.33000 Å, Cr2O3 at d spacing of 2.66602 Å, FeN0.0499 at d spacing of 43.469 Å and C3N2 at d spacing of
2.54500 Å was observed. The XRD results for 1 wt.% titanium added samples indicated the presence
of (Cr0.88Ti0.12)O3 at d spacing of 2.67259 Å, (Fe2.5Ti0.5)1.04O4 at d spacing of 2.54060 Å, Fe2O3 at d
spacing of 1.68000 Å and FeN0.0499 at d spacing of 2.08019 Å. In 1.5 wt.% titanium added samples,
the following compounds were distinguished: TiN0.90 at d spacing of 2.11900 Å, (Cr0.88Ti0.12)O3 at d
spacing of 2.67259 Å and FeN0.0560 at d spacing of 2.08366 Å. The identified compounds for 2 wt.%
titanium added stainless steel samples were Cr2O3 at d spacing of 2.66602 Å, FeNi at d spacing of
2.07615 Å and BN at d spacing of 3.33000 Å.
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3.5. XPS Analysis of Sintered Specimens

The X-Ray Photoelectron Spectroscopy (XPS) analysis was carried out to determine the different
elements present on surface of the sintered specimens. The XPS spectra for all specimens have been
shown in Figure 8. The analysis reveal the greatest percentage of oxygen present on the surface
followed by iron and chromium. The oxygen reacted with chromium to form chromium oxide and with
iron to form iron oxide. These oxide layers covered the outer surface of all specimens with a passive
film of iron and chromium oxide. The formation of a nitride layer is confirmed through the presence of
nitrogen onto the surface of sintered specimens. The amount of nitrogen for pure 316L stainless steel
specimens was 2.82% and was found to be the maximum among all the sintered specimens. The lowest
value of 1.93% was observed for 0.5 wt.% titanium added specimens.
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3.6. Immersion Testing in Artificial Saliva Solution

The immersion testing of sintered specimens was carried out to calculate the weight loss
measurements. The specimens were immersed for 28 days in artificial saliva solution to study their
corrosion behavior. The weight of the specimens before and after immersion was measured and
weight loss calculated. The weight loss measurements for all specimens have been shown in Table 4.
The results indicate that nearly all the specimens show good corrosion resistance towards the solution
and minimal weight loss is observed for all the specimens. The maximum weight loss of 0.004 g was
found for pure 316L SS specimens. The addition of boron and titanium increased corrosion resistance.
The maximum corrosion resistance was shown by 2 wt.% titanium added specimens. The passive
chromium oxide layer and nitride layer formed on surface of the specimens during sintering resisted in
leaching of ions from the solution. This resulted in negligible weight loss during the immersion testing.

Table 4. Weight loss measurements for all samples in artificial saliva solution.

S.No Alloy Weight before Immersion Weight after Immersion ∆m (g)

1 S1 17.310 g 17.306 g 0.004 g
2 S2 18.220 g 18.217 g 0.003 g
3 S3 18.250 g 18.248 g 0.002 g
4 S4 17.240 g 18.237 g 0.003 g
5 S5 18.300 g 18.299 g 0.001 g

The ions released from the sintered specimens were analyzed for their possible concentrations
using atomic absorption spectroscopy. A normal human being weighing approximately 70 kg contains
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10 mg of nickel in their body, corresponding to concentration of 0.1 ppm and 30 ppm is the critical limit
for the cytotoxicity to respond [41]. In this research, the amount of metal ions released are less than the
amount of metals in the body. The Table 5 shows the overall results of Fe, Cr and Ni ions released
from the sintered specimens. The results indicate that the alloy S1 and S5 released the minimum metal
ions, whereas the alloy system S2 and S3 released Ni ions near the critical limit of Ni present in the
human body.

Table 5. Concentration of ions released in an artificial saliva solution.

S.No Alloy Elements Concentration (ppm)

Fe Cr Ni

1 S1 0.001 0.000 0.050
2 S2 0.003 0.001 0.090
3 S3 0.009 0.001 0.080
4 S4 0.010 0.003 0.040
5 S5 0.000 0.000 0.050

3.7. In Vitro Cytotoxicity Assessment of Sintered Specimens

In vitro cytotoxicity assessment was calculated by culturing the fibroblast cell line, NIH3T3 on
the discs. The cell proliferation was seen on day 3 by using Alamar Blue Assay. The cell viability of
the liquid chemicals was assessed using microplate reader absorbance graph. The experiment was
performed for 3 days by co-culturing with liquids and the results were then compared with control.
The Figure 9 shows the comparison of the results of control for 3 days with the results of deep eutectic
solvents for 3 days respectively. The cell proliferation increased with time for deep eutectic solvents
and also in contrast to the control. All the specimens indicated increased absorbance as compared to
the control.

With five readings from each of the experimental samples, all the analysis was conducted at least
twice to get the precise data. Followed by Tukey’s post hoc test, a one-way (ANOVA) was performed
to check the statistical significant difference between any of the samples. The results having a p-value
less than α i.e., < 0.05 were considered to be statistically significant. GraphPad Prism 5.0 software
(provided by GraphPad software, San Diego, CA, USA) was used to analyze all the data. All the
specimens have their P-value greater than α i.e., > 0.05, so the difference between the means of the
specimens is non-significant, except for S5 which has its P-values being less than α i.e., < 0.05, so the
difference between the means of the metal discs is significant as compared to the control. S5 shows
the highest significant difference with P-value of 0.0056 as compared to the control and the standard
error of difference is 0.1319. This indicates highest cell proliferation with more antibacterial properties
among all the specimens.

The SEM images of the specimens after cytotoxicity assessment have been presented in Figure 10,
which clearly show the adhesion of cells to the specimens.



Metals 2019, 9, 755 11 of 14

Metals 2019, 9, x FOR PEER REVIEW 10 of 14 

 

are less than the amount of metals in the body. The Table 5 shows the overall results of Fe, Cr and Ni 
ions released from the sintered specimens. The results indicate that the alloy S1 and S5 released the 
minimum metal ions, whereas the alloy system S2 and S3 released Ni ions near the critical limit of Ni 
present in the human body. 

Table 5. Concentration of ions released in an artificial saliva solution. 

S.No Alloy 
Elements Concentration (ppm) 

Fe Cr Ni 
1 S1 0.001 0.000 0.050 
2 S2 0.003 0.001 0.090 
3 S3 0.009 0.001 0.080 
4 S4 0.010 0.003 0.040 
5 S5 0.000 0.000 0.050 

3.7. In Vitro Cytotoxicity Assessment of Sintered Specimens 

In vitro cytotoxicity assessment was calculated by culturing the fibroblast cell line, NIH3T3 on 
the discs. The cell proliferation was seen on day 3 by using Alamar Blue Assay. The cell viability of 
the liquid chemicals was assessed using microplate reader absorbance graph. The experiment was 
performed for 3 days by co-culturing with liquids and the results were then compared with control. 
The Figure 9 shows the comparison of the results of control for 3 days with the results of deep eutectic 
solvents for 3 days respectively. The cell proliferation increased with time for deep eutectic solvents 
and also in contrast to the control. All the specimens indicated increased absorbance as compared to 
the control. 

With five readings from each of the experimental samples, all the analysis was conducted at least 
twice to get the precise data. Followed by Tukey’s post hoc test, a one-way (ANOVA) was performed 
to check the statistical significant difference between any of the samples. The results having a p-value 
less than α i.e., < 0.05 were considered to be statistically significant. GraphPad Prism 5.0 software 
(provided by GraphPad software, San Diego, CA, USA) was used to analyze all the data. All the 
specimens have their P-value greater than α i.e., > 0.05, so the difference between the means of the 
specimens is non-significant, except for S5 which has its P-values being less than α i.e., < 0.05, so the 
difference between the means of the metal discs is significant as compared to the control. S5 shows 
the highest significant difference with P-value of 0.0056 as compared to the control and the standard 
error of difference is 0.1319. This indicates highest cell proliferation with more antibacterial properties 
among all the specimens. 

The SEM images of the specimens after cytotoxicity assessment have been presented in Figure 
10, which clearly show the adhesion of cells to the specimens. 

 
Figure 9. Cytotoxicity assessment of all the specimens. Figure 9. Cytotoxicity assessment of all the specimens.Metals 2019, 9, x FOR PEER REVIEW 11 of 14 

 

 
Figure 10. SEM images of specimens after cytotoxicity assessment (a) S1 (b) S3 and (c) S5. 

4. Discussion 

The 316L stainless steel alloy modified with boron and titanium additions show a notable effect 
on the performance of the resulting alloy systems. The study demonstrates that a sintering 
environment and parameters allow better sintering results. These findings open the possibility of 
producing alloys with tailored physical and mechanical properties. The increase in dwell time up to 
8 h favored the nitrogen diffusion into the matrix and formed strong nitrides with iron, boron, 
titanium and carbon present in the matrix. The XRD and FESEM mapping indicates the presence of 
nitrogen in the matrix, which helps in increasing the overall performance of the alloy systems. The 
dwell time of 8 h also supported in development of strong nitride layer on the specimen surface, as 
indicated by the XPS results. The nitride layer proved to be supportive in retaining nickel and other 
ions during the immersion testing. It resulted in minimal weight loss of specimens, even after 28 days. 
The results of atomic absorption spectroscopy revealed that the nickel and other ions were highly 
reduced. They were within the range of the metal ions present in the human body. These results 
support the statement that nitride layer has an adequate strength to retain itself and did not allow 
the chemicals present in the artificial saliva solution to diffuse into the matrix. 

The alloying of boron and titanium had a notable effect on the resulting alloy systems. The boron 
and titanium addition increased the overall strength and corrosion resistance. The micro hardness of 
the stainless steel alloy system increased up to 366.6 HV for 2 wt.% titanium added specimens. The 
corrosion resistance was also improved, and minimal weight loss has been observed for 2 wt.% 
titanium added specimens. The addition of titanium upto 2 wt.% has been found to be suitable in 
retaining the austenitic structure of the resulting alloy system as indicated by the micro graphs and 
XRD analysis. The addition also favored the increased compatibility to the living tissues and the 
results are far better than the pure 316L stainless steel specimens. The SEM results of the specimens 
clearly indicate the adhesion of cells on the sample surface, confirming their suitability to be used as 
implant materials. The addition of titanium although increased the overall performance of the 316L 
stainless steel but a decrease in the densification behavior has been observed. The densification 
decreased by increasing the titanium contents and the lowest densification behavior is exhibited by 
2 wt.% titanium added specimens. 

5. Conclusions 

The key conclusion of this research work can be summarized as: 

1. 316L stainless steel sintered in nitrogen atmosphere with increased dwell time can help in 
diffusion of nitrogen into the matrix, thereby forming its respective nitrides as discussed in the 
XRD and FESEM mapping analysis. 

2. The sintering parameters helped in formation of a strong nitride layer onto the surface of the 
samples, as discussed in the XPS analysis. This layer proved to be helpful in the retention of 
metal ions during weight loss measurements. 

3. The addition of 2 wt.% titanium addition retained the austenitic structure of the resultant alloy 
systems, which is important in implant manufacturing. Better results were shown by S5 for 
nearly all the tests, except for density. 

Figure 10. SEM images of specimens after cytotoxicity assessment (a) S1 (b) S3 and (c) S5.

4. Discussion

The 316L stainless steel alloy modified with boron and titanium additions show a notable effect on
the performance of the resulting alloy systems. The study demonstrates that a sintering environment
and parameters allow better sintering results. These findings open the possibility of producing alloys
with tailored physical and mechanical properties. The increase in dwell time up to 8 h favored the
nitrogen diffusion into the matrix and formed strong nitrides with iron, boron, titanium and carbon
present in the matrix. The XRD and FESEM mapping indicates the presence of nitrogen in the matrix,
which helps in increasing the overall performance of the alloy systems. The dwell time of 8 h also
supported in development of strong nitride layer on the specimen surface, as indicated by the XPS
results. The nitride layer proved to be supportive in retaining nickel and other ions during the
immersion testing. It resulted in minimal weight loss of specimens, even after 28 days. The results of
atomic absorption spectroscopy revealed that the nickel and other ions were highly reduced. They were
within the range of the metal ions present in the human body. These results support the statement that
nitride layer has an adequate strength to retain itself and did not allow the chemicals present in the
artificial saliva solution to diffuse into the matrix.

The alloying of boron and titanium had a notable effect on the resulting alloy systems. The boron
and titanium addition increased the overall strength and corrosion resistance. The micro hardness
of the stainless steel alloy system increased up to 366.6 HV for 2 wt.% titanium added specimens.
The corrosion resistance was also improved, and minimal weight loss has been observed for 2 wt.%
titanium added specimens. The addition of titanium upto 2 wt.% has been found to be suitable in
retaining the austenitic structure of the resulting alloy system as indicated by the micro graphs and
XRD analysis. The addition also favored the increased compatibility to the living tissues and the results
are far better than the pure 316L stainless steel specimens. The SEM results of the specimens clearly
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indicate the adhesion of cells on the sample surface, confirming their suitability to be used as implant
materials. The addition of titanium although increased the overall performance of the 316L stainless
steel but a decrease in the densification behavior has been observed. The densification decreased by
increasing the titanium contents and the lowest densification behavior is exhibited by 2 wt.% titanium
added specimens.

5. Conclusions

The key conclusion of this research work can be summarized as:

1. 316L stainless steel sintered in nitrogen atmosphere with increased dwell time can help in diffusion
of nitrogen into the matrix, thereby forming its respective nitrides as discussed in the XRD and
FESEM mapping analysis.

2. The sintering parameters helped in formation of a strong nitride layer onto the surface of the
samples, as discussed in the XPS analysis. This layer proved to be helpful in the retention of
metal ions during weight loss measurements.

3. The addition of 2 wt.% titanium addition retained the austenitic structure of the resultant alloy
systems, which is important in implant manufacturing. Better results were shown by S5 for nearly
all the tests, except for density.

4. The corrosion resistance of the alloy systems in artificial saliva solution revealed minimal weight
loss with a negligible release of metal ions. This was attributed to the nitrogen which diffused
into the matrix and also prepared a strong nitride layer. Both of these results helped in improved
corrosion resistance of the alloy systems.

5. The cytotoxicity assessment by MTT assay using fibroblast cells indicated that all the alloy systems
studied in this research are non-cytotoxic. The SEM images indicate the cell adhesion to the
specimen surface, indicating that cells continue their growth. Specimen S5 with 2 wt.% titanium
addition exhibited better results than the others, showing more antibacterial properties and
indicating the highest cell proliferation.
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