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MATERIAL PRODUCTION AND THE EFFECT OF THE SYSTEM ON BIOCOMPATIBILITY
IN THE MODIFIED METAL INJECTION METHOD

In this study, the bio state of the alloy produced in the modified metal injection system was monitored after sintering. A new
system operating with high gas pressure, far from the traditional injection model, has been established for material production. In
this system, 316L stainless steel powders were molded using a PEG/PMMA/SA polymer recipe. During molding, approximately
60% 316L and 40% binder by volume were used. The samples obtained were sintered at different temperatures (1100-1300°C)
after de-binding. Density measurement (Archimedes) and hardness tests (HV1) of the samples were measured as 6.74 g/cm? and
~285 HV,, respectively. A potentiodynamic corrosion test was applied to monitor the effect of the amount of oxide in the structure
of the 316L stainless steel produced. Corrosion tests were carried out in artificial body solutions. The corrosion rate was measured
at the level of 17.08x107> mm/y. In terms of biocompatibility, a cytotoxicity test was applied to the samples and the life course of
the bacteria was monitored. For the 316L alloys produced, the % vitality reached approximately 103%.
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1. Introduction

It is an accepted production method to turn particles into
materials with the basic logic of powder metallurgy (PM) [1].
Particulate metals with different chemical content become metal-
lic by molding with different methods [2]. At this stage, molding
and sintering process are the most important variables. Particle
structures with different alloys are mixed by many methods.
Then, sintering is done at a specified temperature and atmos-
phere. The most important positive aspect of the PM production
method is the geometric structure of complex materials, easier
to produce [1,3,4].

Metal injection molding (MIM) method derived from PM
method gives similar results in practice and industry [5,6]. In this
method, a polymer structure is helped to make the particulate
structures fluid. High volumetric particulate metals added to
a particular polymer gel structure are transferred to a mold by
different methods. The materials are transformed into metallic
structure with a sintering process that needs to be controlled
afterwards. Magnesium, stainless steel, Co-Cr-Mo and alu-
minum alloys are produced with this method (MIM) in recent
years [7,8].

Metals have been preferred as implant materials for many
years [9]. Developing material science has achieved important
results for implant materials. At this stage, the functions and
toxic effects of metallic structures added to the body for any
reason should be known [10,11]. It is a current approach that
discusses the effects of elements on the body. Cr and Ni alloys
are used because of their high corrosion resistance [12,13]. El-
ements such as Mg and Zn are used as biodegradable [14,15].
In addition, the elements used are non-toxic structures [14-19].
The most common materials used as implants in the bio-material
are stainless steel, Ti, Co-Cr-Mo and Mg alloys [20,21]. In ad-
dition, it is known that the bone structure is too complex to be
produced by any metal processing method. Therefore, the pro-
duction method of this type of orthopedic implants also requires
special processes [20,22,23]. PM and its derivatives are the main
production methods for orthopedic implants. Thus, materials that
do not cause toxic effects and have complex geometric structures
produced [22].

Formability is important in implant materials produced
with PM. Therefore, MIM-like methods have been devel-
oped. With the high fluidity obtained from a polymer mixture,
metal powders transferred to complex molds. At this stage, the
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components of the polymer structure and the geometric forms of
the powder metals are important. A successful MIM production
made by controlling these parameters [1,5,6]. However, there
are polymer-based C and O residues remaining in the structure
during the sintering phase. These unwanted elements in the
structure eliminated with some steps in the sintering process.
As a result, implant materials are produced from alloys that
will not cause toxic effects [3,4,24]. Due to the complex shape
of the bone outer surface and internal structure, orthopedic im-
plants generally become the final product with the MIM method
[25,26]. Therefore, it is an important process to see the effect of
residual oxide amount in the material produced in the system on
biocompatibility. Already a bio-alloy, 316L stainless steel was
used to study the full effect of the amount of oxide.

In this study, 316L particles, a stainless-steel alloy, and
Polyethylene glycol 4000 (PEG) + Poly methyl methacrylate
(PMMA) polymers were used. A newly designed MIM system
was prepared at the stage of production method. As in our
previous studies, MIM was performed with the help of high
(Ar / 40 bar) gas pressure instead of hydraulic or screw type
pressure [27,28]. The produced MIM parts are sintered (in Ar
flow atmosphere) at different temperatures (1100 to 1300°C).
The effect of polymer components on the obtained microstruc-
tures (with Scanning Electron Microscope-SEM) was followed.
Potentiodynamic (Gamry 1010E) corrosion test was applied
in artificial body, saliva, and NaCl solutions in samples with a
metallic structure. In addition, a cytotoxicity test was applied to
metallic structures. Thus, the biocontrol of the material produced
in a newly developed method and the use of the system in the
field of biomaterials are interpreted.

2. Materials and methods
2.1. Feedstock preparing

In the MIM production method, 316L quality stainless steel
particles (Dgy-18 um) (Nanografi Co. Ltd in Turkey) are used
to produce the feedstock (FS) structure. An FS structure was
obtained with polymer binders for 316L whose chemical content
is given in TABLE 1. PEGyy (wt. 60%) and PMMA (wt. 35%)
were used as the polymer structure (Polivin Chemistry and
Petkim in Turkey). Stearic acid (SA) (wt. 5%) was added to the
polymer recipe as a lubricant and plasticizer [29] (Sigma Aldrich
in US). PEG (C,,H4,7,0,+1): it was used as the main polymer
in the structure as a filler. PMMA ((CsO,Hg) ), on the other
hand, served as the secondary polymer and skeletal structure
[27,30,31]. The FS structure contains approximately 60% 316L
and 40% polymer binders by volume. This ratio corresponds to
approximately 92% and 8% by weight, respectively. SEM images
of the raw materials used are given in Fig. 1.

Within the particle/polymer ratio given in TABLE 2, an
FS structure has been prepared according to the basic principles
in Fig. 2.

316L particles were dissolved physically in ethanol and
then dried on hydrophobic paper (70°C/24 h). Later, the par-
ticles added into the liquid polymer structure (185°C) were
homogenized in the sigma-blade mixing unit (170°C/0.5 h).
Finally, it has been pelleted in irregular geometric structures
with a diameter of approximately 10 mm. Thermal gravimet-
ric analysis (TGA) was applied for FS and polymer ratio was
monitored.

TABLE 1
316L chemical composition
Element C Cr Ni Mn Mo Si P S N Fe
wt. % 0.065 18.687 10.935 0.625 2.407 0.917 0.038 0.031 0.109 Balance

Mag= 2.00KX
EHT =10.00 kV

al A= SE2
WD = 48 mm

Date :13 Jan 2021
KBU MARGEM

Fig. 1. SEM images; (a) 316L, (b) PEG, (c) PMMA, and (d) SA



TABLE 2
MIM parts components

316L Powder Liquid Polymers

Metal Injection Molding (MIM) Parts
Compo. | Binders (ave. dens. 1.17 gr/cm’) vol. ~% 40 | vol. ~% 60
nenl; 60% (wt) 35% (wt) 5% (wt)
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Fig. 2. Feedstock preparing process

2.2. Modified MIM, molding, and sintering

In the system prepared based on the idea of MIM, the
mechanism shown in Fig. 3 has been established. Based on the
results of our previous studies, a molding process was carried
out with high Ar (99.9% pure) gas pressure (40 bar) [26,27]. In
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this molding process, the FS structure was brought into a gel
form (180°C) in a melting chamber. Then, the gel structure
passing through a nozzle (¥4 mm) was transferred to the mold.
The mechanism works fully automatic and programmable. Gas
controls, hydraulic die holder, solenoid valves and resistances
are controlled by an auto-program. The materials (Greenpart-
GP) are molded in dimensions of @35 x5 mm. Afterwards, GP
products were de-binding with solvent (in heptane solution) at
50°C for 3 h [27,32].

After molding and solvent de-binding, the materials were
sintered under Ar gas flow in an atmosphere-controlled furnace.
During the heat treatment, thermal de-binding (375°C/90 min)
and sinter process (120 min) were applied to the products at once.
The graphic describing the sinter process is given in Fig. 4. The
heating rate was applied as 5°K/min until the thermal de-binding
temperature. Up to sinter all temperatures, the heating rate is
8°K/min. [33]. At a constant temperature of 1050°C (30 min)
for the development of the sintering process [34].

2.3. Characterization and in-vitro bio-corrosion process

Classical metallographic preparations have been made for
the post-sinter materials applied according to Fig. 4. SEM im-
ages were taken from the surfaces after polishing and etching
(immersion x3 HNO; and x1 HCI) [35]. SEM-EDX examinations
were made on the images. Microstructures formed at different
temperatures have been compiled. In addition, the surface image
of the samples without post-sintering treatment and the fracture
surface image formed under a press were also taken. Finally,
density was measured according to Archimedes’ principle and
Vickers (HV) hardness values (average of five measurements)
were taken [36]. In-vitro bio-corrosion analysis was carried out
on the surfaces obtained in the biocompatibility stage of this
study, in the artificial body solutions (hank’s [37], saliva [38],
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Fig. 3. Modified metal injection molding system
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Fig. 4. Temperature and time diagram for sinter process

and 0.6M NaCl) given in TABLE 3. In the tests applied on the
potentiostat and reference electrode cell, corrosion was applied
in an area of 1 cm?. Pt mesh electrode and Ag/AgCI reference
electrode were used in the experiment. A salt bridge consisting of
3 M NaCl solution was employed for the corrosion experiments
(for reference electrode). Anodic potential was observed in the
scanning range of 1000 mV/-1500 mV. Corrosion rate (mm/y),
E o and I, values were recorded in the tests performed at
room temperature [39-42].

TABLE 3
Chemical analyses for artificial body fluids and NaCl

g/L Hank’s Saliva* 0.6M NaCl
NaCl 8 0.4 35
KCl 0.4 0.4 —
CaCl, 0.14 0.795 —
Na,HPO,-7H,0 0.09 — —
MgS0,4-7H,0 0.2 — —
NaHCO, 0.35 — —
KH,PO, 0.06 — —
CeH 5,04 1 — —
Na,S-9H,0 — 0.005 —
Na,H,PO, — 0.69 —
KSCN — 0.3 —
Urea — 1 —

Distilled water Balance Balance Balance

* To achieve pH (6.5), KOH, 0.1M HCI, and distilled water were added

Cytotoxicity biocompatibility test was applied to metallic
samples after sintering. Firstly, extraction was made according
to ISO 10993-12 standard [43]. L929 subcutaneous connective
tissue cell (fibroblast) and American Type Collection (ATCC)
were used as the cell line. In the culture mixture, Fetal Bovine
Serum/Penicillin/Streptomycin was added on DMEM (1g/L
glucose) + L-Glutamine + pyruvate. Samples are weighed ac-
cording to the standard. Afterwards, it was kept in a water bath
at 24 h/37°C/50 rpm parameters in a serum-free cell culture.
Afterwards, the extraction was terminated, and the liquid was
used within 24 h. In this experiment, cell culture medium was
used as blank control, polyethylene as negative control and
natural rubber as positive control.

In qualitative analysis, the cell cultures were planted
in 96-well plates and expected to become confluent. Later,
in an oven at 37°C and 5% CO,, it was exposed to negative,
positive control and sample extracts for 24 h. After the incuba-
tion, the cells were microscopically examined and evaluated
according to the EN ISO 10993-5 standard [44,45].

In quantitative analysis, inoculation was performed in
96-well plates counting 10,000/well. After that, it was incubated
for 24 h to provide 80% confluent. Then the cells; It was left in
dilutions of the sample extract 1/1 to 1/64 (0.01 to 1) for 24 h.
At the end of the process, the solution prepared as 1 mg/mL
was added to the wells and the plates were kept in the oven for
3 h/37°C/5%CO,. The experiment was terminated by adding
isopropyl alcohol to the wells. The color change on the plates
was measured in a spectrophotometer (570-650 nm) and the
% viability values were calculated. The sample averages were
proportioned to the negative control mean optical density values
and expressed as % viability.

3. Results and discussion
3.1. Feedstock analyses

The graphic obtained because of the TGA applied to the
FS structure is given in Fig. 5. 8% polymer (weight) content
according to TGA plot showed approximate expected values.
The previously detected single step weight change indicator of
the PEG/PMMA prescription was repeated [27]. In this way, it
is a known result that the polymer structure is removed without
losing shape [27,30,31]. In this study, based on this, the thermal
de-binding temperature was determined as 375°C.

3.2. Molding Specimens (Green part)

The flat and fracture surface images obtained from the prod-
ucts molded in the MIM system are given in Fig. 6. According
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Fig. 5. TGA graph for feedstock
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Fig. 6. Molded surface (a) and fracture surface (b)

to Fig. 6, polymer and particle distribution is homogeneous on
both flat and fracture surfaces. It is observed that the polymer
structure completely envelops the particles. In this structure,
PMMA acts as a bone structure. PEG, on the other hand, fills
the voids remaining in the filling structure. Distributions and
images are like the literature [7,30,31].

3.3. Characterization for sinter parts

The microstructures of the materials with 2 h sinter applied
at different temperatures are given in Fig. 7.

According to the study, as the sinter temperature increases,
the microstructural morphology differs. At 1100°C, which is
selected as the low temperature, shells were formed outside the
particles. At an upper temperature (1200°C) the shells were dis-
persed, and the porosities increased. At the highest temperature
(1300°C), the grains were completely formed. It is known that
particle sizes increase due to the effect of sinter temperature and
sinter time [32,46]. The development of the grains depends on the

same variables [3,4,32,47]. In this study, when the microstruc-
ture (Fig. 7) details are examined, it is observed that the grain
sizes tend to increase. According to the morphological changes
of the microstructures, it is thought that the shell layers seen at
low temperatures may be C and O, which are polymer wastes.
Oxides are formed with the high affinity of oxygen and many
elements [34,48,49]. Arifin et al according to his report, additions
used during injection molding are known to leave oxide behind
[50]. It is seen that oxide layers from polymer wastes leave the
structure with the increase in temperature. EDX peaks and ele-
ment ratios seen in Fig. 7 confirm this situation.

The surface and fracture surface obtained after sintering
for the 316L-3 sample are shown in Fig. 8. On the sintered
material surface (a) grain boundaries and gas outlet holes are
clearly monitored. On the fracture surface (b), it is seen that the
spherical dust grains course and turn into more angular structures.
After the metallographic sample preparation, the same angular
structures are like the picture in Fig. 7(c). It is known in the
literature that spherical powders show diagonal structures after
sintering [11,24,34,51].
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Fig. 8. Sintered part (1300°C) (a) surface and (b) sintered part fracture surface

The density values obtained from the injection stage to the
sinter part are given in Fig. 9. Densities measured in air and water
according to Archimedes’ principle met the theoretical density
values. During the solvent de-binding phase, PEG was removed
from the structure and the density increased. As the sinter tem-
perature increased, an increase in the density of the material was
observed. As the amount of porosity in the structure decreases
with the increase of the sinter temperature, the density has gained
value positively [3,4,33]. Nykiel et al when examining the work
done by the density; it was formed at 6.80 g/cm? levels as a result
of sintering conditions of 1300°C/120 min [33]. In this study,
density was measured as 6.74 g/cm? at the same sinter parameters.
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Fig. 9. Density values from start to finish

According to the hardness graph given in Fig. 10, as the sin-
ter temperature increased, the hardness of the metallic structure
increased. At low temperatures, impregnation and excess poros-
ity had adverse effects on hardness. However, with the increase
in temperature, the formation of the metallic structure increased
the hardness value. Sintered results for PM 316L stainless steel
are close to the literature values [9,20].

3.4. In-vitro bio-corrosion results

Metallic structures obtained because of sintering with a
different production of 316L particles have been tested for cor-
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Fig. 10. Hardness results

rosion in artificial body solutions. Tafel curves were obtained
from potentiodynamic tests performed on Hank’s and saliva
solutions. Additionally, comparative experiments were carried
out in 0.6 M NaCl solution The Tafel curves obtained after the
corrosion test are given in Fig. 11.

Bio-corrosion experiments were carried out on samples
that reached a metallic structure by sintering with temperature
differences. The sample of 316L-3 (1300°C) showed low I,
and low E,, in all solutions. The fact that these variables are
lower than other samples indicates that the corrosion resistance
of the sinter part (316L-3) is high [52-54]. Especially the cor-
rosion rate (obtained from the Gamry device) value and other
data calculated over Tafel curves are given in TABLE 4. Based
on the table and Tafel curves, it is observed that the resistance
of the 316L-3 sample against bio-corrosion is high. Hou et al
in the study by, I, values for 316L were found in the range of
0.271-4.669 pA [52]. In this study, the I, value was observed
in the range of 0.0748-2.28 pA in the 316L-3 sample where
the highest results were obtained. Thus, similar data with the
literature were obtained because of bio-corrosion. In all calcula-
tions and solutions, the corrosion resistance of 316L-3 part was
determined as the highest. The amount of porosity and oxide
structures in sinter parts (316L-1 and 316L-2) made at values
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TABLE 4
Potentiodynamic polarization curves data
L E Corrosion Rate
. corr corr
Solution Samples mA mV (mm/y)
Gamry device
316L-1 0.0986 —287 15.60
Hank’s 316L-2 0.00859 —496 1.402
316L-3 | 0.0000748 -290 0.01708
316L-1 0.364 -362 5323
Saliva 316L-2 0.0236 —541 0.3449
316L-3 | 0.000989 -596 0.02259
316L-1 0.157 -569 2.56
0.6 M
316L-2 0.0157 -375 0.2568
NaCl
316L-3 0.00228 —225 0.05198

lower than optimum temperature is high. With the effect of these
parameters, it turns out that their corrosion resistance is low.

The % cell viability graph obtained according to the cyto-
toxicity results, which is a basic experiment on biocompatibility,
is given in Fig. 12.

According to Fig. 12, as the concentration increased, the
cell survival rate increased. As in other experiments, the most
suitable sample at this stage was 316L-3 material. It is already
known in practice and in the literature that 316L stainless steel
series materials are biocompatible, in addition to many of their
properties [10,55-58]. Afonso et al. the cell survival rate for 316L
stainless steel (bulk material) was observed to be approximately

N
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Fig. 12. Cell viability (%) rates for extract concentrations

150% (50 to 125) in the study conducted by [55]. In this study,
this ratio was approximately 103% (100 to 203) for 316L stain-
less steel (particle material). According to the relevant standard
[43,44], the % vitality value should be at least 70%. With this
comparison, the result is successful.

The images taken over the glass to monitor the cell survival
rate are given in Fig. 13. Pictures were taken before and after
the sample extracts were added. Cell proliferation is clearly ob-
served in the pictures. When the % viability values and Fig. 13
are examined, it is seen that the materials are not toxic.
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4. Conclusions

Investigations for 316L alloy molded with a redesigned MIM

method are compiled in this study. It has been seen that the oxygen
level in the post-polymer structure, which is the main purpose
of this study, does not affect the biocompatibility. The only and
main result of this study is the use of the system in the production
of biomaterials. Thus, a biocompatible stainless-steel alloy was
produced within the framework of the following basic results.

1-—

Metallic samples were produced in accordance with general
MIM rules in the sinter part obtained with PEG/PMMA/SA
polymer recipe.

According to the microstructure results, the best metallic
structure was obtained after 1300°C temperature and 2 h
sintering.

Density and hardness values measured after sintering show
that a material complying with the general rules of powder
metallurgy has been produced. For 316L grade stainless
steel, 6.74 g/cm3 and ~285 Hv, values were achieved,
respectively.

After the applied potentiodynamic corrosion, the data con-
firmed the biocompatibility of the stainless-steel alloy ob-
tained. Corrosion resistance in the sintered sample (1300°C)
reached 17.08¢~> mm/y values in artificial solutions.
After the cytotoxicity test applied in the name of biocom-
patibility, it was observed that the rate of bacteria survival
increased (vitality % 103) in the material sintered at high
temperature (1300°C). With this result, biocompatibility
has been confirmed.
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