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a b s t r a c t

The research investigated the effect of Zr, Nb and Ti additions on mechanical, electro-

chemical properties and biocompatibility of injection molded 316L stainless steel. Addition

of elemental powder is promoted to get high performance of sintered 316L stainless steels.

The amount of additive powder plays a role in determining the sintered microstructure

and all properties. In this study, 316L stainless steel powders used with the elemental Zr,

Nb and Ti powders. A feedstock containing 62.5 wt% powders loading was molded at

different injection molded temperature. The binders were completely removed from

molded components by solvent and thermal debinding at different temperatures. The

debinded samples were sintered at 1350 1C for 60 min. Mechanical, electrochemical

property and biocompatibility of the sintered samples were performed mechanical,

electrochemical, SBF immersion tests and cell culture experiments. Results of study

showed that sintered 316L and 316L with additives samples exhibited high corrosion

properties and biocompatibility in a physiological environment.

& 2015 Elsevier Ltd. All rights reserved.
1. Introduction

Over the years, material research has led to development of

numerous metals and alloys use in biomedical applications

(Breme et al., 2007; Zhao et al., 2015; Auzene et al., 2014). Besides

stainless steel plays an important role, due to its corrosion

resistance and excellent mechanical properties. 316L has wide-

spread, especially in medical and food industries (Bayraktaroglu
rved.

1322; fax: þ90 216 337898
r (H.O. Gulsoy).
et al., 2012). Its scope of application ranges from clinical devices

such as stents and artificial joints to surgical tools. Some major

tasks for biomaterial research are the functionalization of the

material surface, ingredients, corrosion to improve the biocom-

patibility according to specific applications. However, the corre-

lation between material properties and the reaction of a

biological system is usually very complex (Elter et al., 2009;

Wang et al., 2015). One the first events that takes place when a
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foreign material comes into contact with a living body is
biocompatibility. This depends on corrosion of material, mate-
rial surface properties, ingredients and topography (Li et al.,
2014).

Powder injection molding (PIM) is a manufacturing tech-
nology for the net-shape production of small, intricate, and
precise metallic and ceramic parts and components. The PIM
process includes mixing of powders with a binder to produce
a feedstock; injection molding to form a green part with the
desired shape by making the feedstock flow into and fill a
mold under pressure; debinding to form a brown part by
removing the binder components, and finally sintering to
near full density. The process overcomes the shape limitation
Table 1 – Powder characteristic of 316L, Zr, Nb and Ti powder.

Item 316L

Vendor Osprey Metals
Shape Spherical
Theoretical density, g/cm3 7.96
Particle size

D10 4.41
D50 12.01
D90 27.70

Purity, % –

Fig. 1 – Scanning electron micrograph of 316L p

Table 2 – Ion concentrations of the SBF and human blood plas

Sample Naþ Kþ Ca2þ Mg

Blood plasma 142.0 5.0 2.5 1.5
SBF 142.0 5.0 2.5 1.5
of traditional powder compaction, the cost of machining, the
productivity limits of isostatic pressing and slip casting, and
the defect and tolerance limitations of conventional casting
(German and Bose, 1997; Gulsoy et al., 2007; Gulsoy, 2005;
Zhao et al., 2015).

In recent years, the interest in PIM for stainless steel alloys
such as 316L, 17-4PH and 430 and their alloy parts for general use
(household, automotive, dental, biomedical, military and aero-
space) has dramatically increased (Gulsoy, 2005), as evidenced by
the number of scientific papers and successful use-oriented
developments. Stainless steel alloys have been investigated due
to their attractive properties, such as specific strength with good
ductility, excellent surface properties, corrosion resistance and
Zr Nb Ti

Alfa Aesar Alfa Aesar Alfa Aesar
Irregular Irregular Irregular
6.51 8.57 4.50

1.95 3.01 2.35
6.97 8.21 7.81
26.72 25.62 30.2
99.9 99.9 99.9

owder and particle size distribution curve.

ma (mmol/L).

2þ HCO3
� Cl� HPO4

2� SO4
2�

27.0 103.0 1.0 0.5
4.2 147.8 1.0 0.5
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average density compared to other materials (German and Bose,
1997). 316L alloys in stainless steel family have an average density,
relatively high strength and excellent corrosion resistance in
many media and are known to be biocompatible (Bayraktaroglu
et al., 2012). These materials can be easily produced by conven-
tional powder metallurgy processing, but a major problem to be
overcome in the conventional powder processing is the oxide film
and residual radical elements such as C, O and N (Bayraktaroglu
et al., 2012; Gulsoy, 2005; Nakamura et al., 2011; Hong et al., 2005;
Suri et al., 2005). Oxides, nitrides and sulfur on surfaces of powder
prevents to high densification at sintering stages. These problems
form a large barrier for sintering behaviors and the final properties
of 316L alloys. In general, 316L powder can be sintered by solid-
state sintering technique. Some elemental additives such as Zr,
Nb and Ti in starting 316L powder can trap oxides on powder
surfaces (Parsapour et al., 2013). As a result of this, it may be
possible high corrosion properties and biocompatibility for final
sintered parts.

The present research investigates the effect of Zr, Nb and Ti
additions on mechanical electrochemical properties and bio-
compatibility of injection molded 316L stainless steels. Metallo-
graphic and mechanical test techniques were employed for the
Fig. 2 – Optical micrographs of 316L and 316L additions samples si

Table 3 – Mechanical properties of sintered 316L stainless stee

Samples 316L 316L 0.7

Density, g/cm3 7.2 7.4
Tensile strength, MPa 370 403
Hardness, HRA 43 53
sintered samples to investigate the microstructural develop-
ment and mechanical properties. The sintered samples were
characterized for their corrosion resistance in two different
environments an acid solution (0.5 M H2SO4) and SBF using
potentiodynamic polarization. Bioactivity of the all samples in a
SBF was investigated. Surface of samples after SBF treatment
and proliferation of cells were analyzed under scanning electron
microscope (SEM). Cell viability tests were carried out by MTT
assay, ROS assay and Trypan Blue-Dye exclusion analysis.
2. Experimental procedures

2.1. Test materials and fabrication method

In this research, gas atomized 316L stainless steel powders
(Fe–17Cr–12Ni–2.5Mo–1Si–2Mn–0.03C–0.045P–0.003S) provided by
Osprey Metals Ldt. was used to prepare the samples. The Ti, Nb
and Zr powder was obtained from Alfa Aesar. Particle size
distributions of all powder were determined on Malvern Mas-
tersizer equipment and given in Table 1. Morphology of the 316L
powder was examined using scanning electron microscopy and
ntered at 1350 1C: (a) 316L, (b) 0.75 Zr, (c) 0.75 Nb and (d) 0.75 Ti.

ls with and without additions.

5 Zr 316L 0.75 Nb 316L 0.75 Ti

7.4 7.2
463 475
51 53
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given in Fig. 1. The gas atomized 316L stainless steel powder is
spherical in shape and additive powder is irregular in shape.

The amount of additives was given 0.75 wt% in starting
mixture and each mixture was blended in a Turbula mixer for
five hours. A multiple-component binder system consisting
of paraffin wax (69 wt%), polypropylene (10 wt%), carnauba
wax (20 wt%), and stearic acid (1 wt%) was employed. Feed-
stock was prepared at 175 1C with the binder melted first and
then powder blend added incrementally. The powder loading
in this mixture was 62.5 vol% (Gulsoy et al., 2007). After
cooling, the feedstock was pelletised by hand. These feed-
stocks were injected using a 12.5 MPa tailor-designed injec-
tion-molding machine to produce test samples. Debinding
was performed in a two-step solvent/thermal operation.
Green parts were solvent debound at 60 1C for 5 h in heptanes
(Gulsoy et al., 2007; Gulsoy, 2008), followed by thermal
debinding step at slow heating rate in high purity hydrogen
atmosphere. Sintering of all samples was performed in an
atmosphere-controlled high temperature furnace. The sinter-
ing cycle was as follows: samples were heated to sintering
temperatures of 1350 1C at a rate of 5 1C/min and they were
held at sintering temperature for 60 min in high purity
hydrogen atmosphere.
2.2. Physical and mechanical tests

The densities of the sintered samples were measured by
means of the Archimedes water-immersion method. For
metallographic examination, the samples were cut from the
tensile bars, polished to a 0.3 μm surface finishing using
Fig. 3 – SEM fractographs of with and without additive at 1350 1

0.75 wt% Ti.
standard metallographic procedures. Polished samples were
etched for optical metallography.

All tensile tests were performed using Zwick 2010
mechanical tester at a constant crosshead speed of 1 mm/
min (25 mm gauge length). The hardness tests were per-
formed using an Instron-Wolpert Dia Testor 7551 at HRB
scale. The fracture surfaces were examined using a scanning
electron microscope (Jeol-JSM 6335F). Five samples were
tested under the same conditions to guarantee the reliability
of the results. At least three samples were tested under the
same conditions for the reliability of the results.
2.3. Electrochemical tests

For electrochemical evaluation, the cylindrical samples were
polished to mirror finish in alcohol. The potentiodynamic
scans were conducted using a flat cell, supplied by Gamry
Instruments at room temperature. A standard three-electrode
(reference, counter and working) technique was used for the
measurement. The reference electrode used for the present
experiment was saturated calomel electrode and the sintered
alloy was chosen as the working electrode. The exposed area
of the sintered sample to the solution was 8.03 mm2. The
electrochemical experiments were performed using a PC
controlled Gamry Echem Analyst system software. Prior to
the polarization test, each sample was stabilized for about
the solution to get a stable open circuit potential (OCP). The
potentiodynamic polarization tests were conducted mini-
mum of three times at a constant scan rate of 1 mV s�1 in
freely aerated 0.5 M H2SO4 and SBF. The potentiodynamic
C for 60 min, (a) 316L, (b) 0.75 wt% Zr, (c) 0.75 wt% Nb and (d)
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scan of sample was given in graphical form (voltage versus
current density). The Tafel slopes were established from the
active region of the corresponding anodic and cathodic
curves. The critical parameters like corrosion potential
(Ecorr), corrosion current (Icorr) and corrosion rate were
evaluated from the polarization curves.

2.4. In vitro and cell culture tests

The sintered samples with a size of ∅15�5mm2 were prepared
for SBF and cell culture tests. The samples as prepared were
polished by rough sand paper and rinsed ultrasonically in
acetone, absolute alcohol and deionized water in turn for five
times. Finally, they were dried in an oven at 70 1C for 24 h. The
samples were obtained for investigation in SBF. The special
preparation process of SBF was as follows. The solution
was prepared by dissolving reagent grade sodium chloride
(NaCl), potassium chloride (KCl), calcium chloride dihydrate
(CaCl2 � 2H2O), magnesium chloride hexahydrate (MgCl2 � 6H2O),
sodium hydrogen carbonate (NaHCO3), dipotassium hydrogen
phosphate trihydrate (K2HPO4 � 3H2O), sodium sulfate (Na2SO4)
in deionized water. Then the solution was buffered to physio-
logical pH 7.4 at 37.5 1C by both hydrochloric acid (HCl) and tris
(hydroxymethyl)-aminomethane ((CH2OH)3CNH2) (Xin et al.,
Fig. 4 – Tafel curves for the 316L and 316L-additions samp
2009). The ion concentration of the SBF is shown in Table 2.
The sintered samples were immersed in sealed test tubes
containing 20ml of SBF for 3, 7, 15 and 30 days. The experiment
was performed in a laboratory water bath that was maintained
at a constant temperature of 37.5 1C and subjected to a
continuous vibrating motion to help maintain uniform ion
concentration. After immersion in SBF for various periods, the
sintered samples were retrieved, gently rinsed with distilled
water, and dried at 45 1C for 1 day. After drying the samples
were sputter coated with Au for SEM observation. The surface
of the samples was finally examined by SEM.

For cell culture tests, 3T3 mouse embryonic fibroblast cell
line was provided by American Type Culture Collection
(Rockville, MD, USA) and was grown in monolayer culture in
Dulbecco's Modified Eagle's Medium (Gibco, Milan, Italy)
supplemented with 10% heat-inactivated fetal bovine serum
(Gibco, Milan, Italy), and 1% penicilin–streptomycine antibio-
tic mixture (Gibco, Milan, Italy) at 37 1C with 5% CO2 and 95%
humidity. Trypsin/EDTA 0.25% solution was used to remove
cells from the culture flask. Cells were reseeded at a density
of 1�105 cells into the 25 T flasks. Culture medium change
took place every 3 days. For SEM analysis, alloy samples and
glass coverslip (negative control) were placed in to the 6-wells
culture plates containing of 5 ml complete DMEM medium
les sintered at 1350 1C: (a) 0.5 M H2SO4, (b) SBF media.
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and then 3T3 cells were seeded with the concentration of
5�104 cells/well for 96 h. After treatment medium was
removed, samples were washed with 0.15 M PBS buffer and
fixed with 2.5% gluteraldehyte (4 1C). Samples were treated
with 1% osmium tetroxide as secondary fixation, dehydrated
with aceton series and incubated in amyl acetate. The glass
coverslip and samples were critical-point dried and mounted
on appropriate stubs with carbon tape and sputter-coated
Immersio
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Fig. 5 – SEM morphologies of the surfaces of sintered 316L and 3
with gold. Images were collected using a SEM. All samples
were analyzed for twice.

Trypan blue-dye exclusion test was used to determine cell
viability. Cell viability is calculated as the number of viable
cells divided by the total number of cells within the grids on
the cell counter (BioRad TC10) which counted the number of
blue staining cells and the number of total cells. Cell viability
should be at least 95% for healthy log-phase cultures (Elter
n Time 

30 days

16L-additions samples for 3 and 30 days immersion in SBF.
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et al., 2009). For MTT (3-(4.5-dimethylthiazol-2-yl)-2,5-diphe-
nyltetrazolium bromide) assay, cells were cultivated in 6-well
flask within 5 ml DMEM and incubated in the same condi-
tions as stated above. The MTT substrate is prepared in a
physiologically balanced solution, added to cells in culture at
a final concentration of 0.5 mg/ml, incubated for 4 h and then
acid-isopropanol was added for solubilize to formazan crys-
tals. The detection of cell vitality is based on the reduction of
a yellow colored dye MTT to the blue-violet formazan. The
quantity of formazan (presumably directly proportional to the
number of viable cells) is measured by recording changes in
absorbance at 570 nm using a plate reading spectrophot-
ometer (Epoch, Biotek, USA). Reactive oxygen species (ROS)
were determined by staining the cells with DFCDA (20,70-
Dichlorodihydrofluorescein diacetate, Sigma) dye which
shows fluorescence feature when reacts with reactive oxygen
species. Cell were grown for 96 h, ROS solution added on cells
in 6-well plate flasks and incubated for 1 h. and observations
were made under a fluorescence microscope (Olympus BX51)
using an image analysis system (Kameram, Micro System Ltd.
Turkey). Fluorescence signal indicates ROS generation by
cells (Elter et al., 2009). All of the results were analyzed using
One Way Anova.
3. Results and discussion

3.1. Microstructure and mechanical properties

Fig. 2 shows the optical micrographs of 316L samples with
and without additions sintered for 60 min at 1350 1C. From
Fig. 6 – SEM micrographs cell morphology after 96 h of culture on
Fig. 2 it is evident that 316L stainless steels sintered for
13501C have significantly lower porosity. Sintering results in
improved sintered density in all straight 316L as well as 316L-
additions samples. Ti added samples present lower density
than that of 316L stainless steel at all sintering temperatures,
for two reasons. The first reason is the lower density of the
additions that reduces the density of the sintered samples.
The second reason is that added particles impede the sinter-
ing process. Result of density shows that at sintering tem-
perature 1350 1C and sintering time 60 min, 316L samples
attained a maximum density of 7.2 g/cm3. In 0.75 wt% Nb, Zr
and Ti added samples at sintering temperature 1350 1C and
sintering time 60 min, attained a maximum density of 7.4, 7.4
and 7.2 g/cm3, respectively. The densities of all samples were
increased Nb, Zr and Ti additions. However, Ti additions
caused a decrease in the density of samples. This result
shows that the two types of additions improve the density of
samples. On the other hand, microstructure of Nb and Ti
added samples exhibited coarse compare to 316L and Zr
added samples. Additions led to lower grain growth but the
amount of porosity is significantly reduced. Especially,
amount of pores in grain decreased and pores recovered on
grain boundary for Nb and Ti added samples. The diffusion
rate and amount of additions are important for microstruc-
tural evolution and final properties (German, 1996; Nakamura
et al., 2011). In Ti added samples, more and larger pores are
present at the grain boundaries. As a result, size grain was
increased very little and sintered density was decreased for Ti
added samples (Shaw, 1989; Dehoff et al., 1966).

The effect of three type additions on the mechanical
properties of 316L stainless steel is shown in Table 3. 316L
sample surfaces: (a) 316L, (b) 0.75 Zr, (c) 0.75 Nb and (d) 0.75 Ti.
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stainless steel presents good mechanical properties, espe-
cially tensile strength lower than that of added samples. The
ultimate tensile strength was increased with additions. Thus,
pores are closed and densities increased at high sintering
temperatures. In added samples, ultimate tensile strength
was increased compared to base samples, but in more
additions samples (Zr 0.75%), ultimate tensile strength was
decreased. In Ti added samples, density values increased
slightly despite tensile strength and hardness values was
increased. Ti element can easily create intermetallics and
ceramics as like TiNi, TiC and TiN. Although the amounts of
these phases are low level and their high hardness, tensile
Fig. 7 – Phase-contrast micrographs of fibroblasts (black arrows)
(c) 316LþNb (d) 316LþTi and (e) negative control (without mater
strength of samples can be increased (Gulsoy, 2008; Velasco
et al., 2002). The effect of additions on the hardness of 316L
stainless steel is shown in Table 3. The 316L with Nb, Zr and
Ti addition also shows an increase in hardness. This can be
rationalized in terms of the enhanced hardness in 316L
additions alloys. The change in hardness can be explained
by the presence of nano-size hard phases (ZrC, TiC, TiNi, NbC)
in microstructures (Nakamura et al., 2011; Park et al., 2014).

Fig. 3 shows the fracture surfaces of the samples. For all
samples, main fracture mode is the separation of particles
and necking areas where bonding between particles took
place during sintering. From Fig. 3, they are evident that
cultured for 96 h on biomaterials: (a) 316L, (b) 316LþZr,
ial).
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straight 316L samples show dimpled morphology, which is
indicative of ductile fracture. In added samples, fracture
mode from dimpled to intergranular mode.
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Fig. 8 – Effect of different additions of 316L on cell viability by
Trypan blue assay in 96 h.
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3.2. Electrochemical properties

Fig. 4 shows the extrapolation of the Tafel curves the corro-
sion potential, Ecorr (measured relative to SCE), Tafel slopes
in the anodic and cathodic region and corrosion current
density (icorr) were determined. Irrespective of the additive
is a significant improvement in the corrosion resistance for
the sintered samples. This can be attributed to the enhanced
densification achieved by the 1350 1C sintered samples. In
additions, Zr, Nb and Ti additives improved the corrosion
resistance. The addition of 0.75 wt% Ti to 316L stainless steels
more improves the corrosion resistance in both sintered
samples. According to Tafel curves in SBF, corrosion rate of
316L with Zr, Nb and Ti is less than 316L sample. The
environment constituted by the acid solution is more aggres-
sive for stainless steel than the SBF solution. 316L with
additives samples show low corrosion rate in each environ-
ment. Considering that using stainless steel in acid and SBF
environment, these results are suitable for acid environments
and bio-applications.
50
Control Ti Nb Zr 316L

Fig. 9 – Effect of different additions of 316L on cell viability by
MTT assay in 96 h.
3.3. SBF immersion and cell culture tests

SEM morphologies of the sample surfaces after immersion in
the SBF for various times are shown in Fig. 5. It can be seen that
after 3 days immersion, many globular apatite particles have
grown on the surface of the samples. The nucleation of the
apatite prefers to occur in pores or scratch, where the size of the
apatite particles is obviously much larger than that on the
smooth part of the surface. With the increase of immersion
time, the quantity and size of the apatite particles increase
gradually. After 30 days immersion, the surface of the samples
can be more covered with apatite (Tang et al., 2006; Faghihi
et al., 2012; Liu and Zheng, 2011). In the initial immersion in SBF,
Ca and P ions on the biocomposite surfaces are dissolved into
SBF; however, the supersaturation of Ca and P ions is low.
Therefore, the apatite layer is nucleated where the local ion
concentrations are high comparatively and few crystal nuclei
are formed. The crystal nuclei adsorb the ions from their own
surrounding environment and develop in their growth process
(Liu and Zheng, 2011).

Fig. 6 shows the morphologies of the cells on samples after
96 h of culture. Cells were flattened and well spread across
the 316L and 316L-additions sample surfaces after 96 h, as
shown in Fig. 6a and b. On both of sample surfaces, cells were
seen to adhere to surface (e.g. filopodia), and were connected
to the substrate in addition to neighboring cells. Moreover, on
the 316L sample, as shown in Fig. 6a, cells were observed to
grow on surface. In contrast, on the 316L with additions
samples surface cell growth was less pronounced, with
limited establishment of cell spreading being seen after 96 h
days of culture. On the 316L sample cell numbers were
increased, and the entire sample's surface was covered with
cells having numerous filopodia extensions attached to the
surface.
Fig. 7 shows the phase contrast microscopic examination
revealed not significant differences in the cell growth beha-
vior for 96 h near the surfaces of 316L, 316LþZr, 316LþNb and
316LþTi, respectively. Black areas at the corners of the
photographs are the borders and shadows of the test sam-
ples. As shown in Fig. 7 for the 316L surface, the fibroblasts
near the sample with the shape of shuttle and/or elongated
polygon, which are the normal individual form of the 3T3
mouse fibroblast cells (Cui and Chen, 2008). Cells morpholo-
gies near the 316L additives were similar to those near the
316L, but the number of attached cells was slightly higher
than that on 316L with Zr.

Fig. 8 shows the Trypan blue results of cell represented at
the end of 96 h in all experimental groups. When compared
test results, 316L with Ti is the best biocompatible alloy and
all groups were very close to Ti and each other. Our cell
culture data indicated that 316L with Ti, 316L with Nb and
316L with Zr stainless steels are biocompatible as 316L. Fig. 9
shows the MTT results of cell represented at the end of 96 h
in all experimental groups. When compared to cell prolifera-
tion in metal containing groups, the 316L with Nb was slightly
higher than other injected groups and also all groups are
similar to each other and control groups.
4. Conclusions

The present study investigates the effect of Zr, Nb and Ti
addition on the sintered density, mechanical, corrosion
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properties and biocompatibility of injection molded 316L
stainless steel. The overall mechanical and corrosion perfor-
mance of injection molded 316L stainless steel and 316L with
Zr, Nb and Ti additions correspondingly improves with
increase in the sintering temperature. Mechanical, corrosion
and SBF immersion tests and results show that the Ca-
deficient apatite is bone-like apatite with excellent bioactivity.
The 316L stainless steel with Zr, Nb and Ti addition materials
are high strength and good bioactive materials and possess
promising applications as biomedical materials. The results of
cell culture show that 316L and 316L additives are well
tolerated by the 3T3 mouse fibroblasts, which showed normal
morphology and attached onto the samples over the incuba-
tion times. When the all properties of 316L and added samples
compared, added samples have higher mechanical, corrosion
and biocompatible properties. Considering all properties, Ti
added 316L samples have much better properties.
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