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Abstract: In this work, the surface treatment of stainless steel 304 was conducted using nitrogen
an ion implantation route performing at 90 KeV and 100 pA with a dose variation of 0.7x10'7,
1x10Y7, 1.3x10'"7, and 1.6x10'7 atoms/cm?. The stainless steel used was a thin plate with a
thickness of 2 mm and a diameter of 14 mm. The data analysis showed the sample density
increased with the increase of nitrogen ions. The samples had hardness value up to 143.32 HVN
at an optimum dose of 1x10'7 ions/cm?. Such an increase is predicted due to the formation of a
new nitride layer on the surface. Furthermore, the corrosion properties showed that the best
corrosion resistance was of 0.71 mm/year. The microscope electron investigation presented the
addition of nitrogen ions.

Keywords: Stainless steel 304, nitrogen ion implantation, density, hardness, nitride layer.

1. Introduction

The increasing number of medical needs from time to time for bone graft has encouraged the researchers
to try to conduct a biomaterial development with various material engineering methods [1]. Based on
the literature, the increase in the number of grafting surgery is estimated to reach 607% between 2005
and 2030 [2]. Therefore, the material development is vital to sustain. The development is expected to be
able to produce more durable biomaterials and has excellent hardness properties, biocompatible, wear
resistance, and corrosion resistance.

Metal is one of the biomaterials used in diverse medical applications due to its outstanding
mechanical properties, wear resistance, hardness, and high strength [3,4]. Metal biomaterials typically
used for medical application among them are stainless steel, CoCr alloy (cobalt-chromium) and
chromium, and 1.2% carbon [5]. The utilization of stainless steel has been employed for various medical
applications such as orthopedics, cardiovascular, craniofacial surgery, otorhinolaryngology
applications, hip implant stems, coronary stents, and spinal disc replacements [3,6]. The commonly used
stainless steel for medical applications is stainless steel 316L.. However, the high cost of stainless steel
316L becomes an issue in the medical world and eventually becomes the consideration of replacing it
with stainless steel type 304 [7].
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Stainless steel 304 is a type of stainless steel austenitic which has a structure of FCC (Face Center
Cubic) and paramagnetic properties. Stainless steel 304 has a higher corrosion resistance than ordinary
steel. This steel contains 0.0025% sulphur , 0.0075% phosphor, 0.4 % silicon, 1.24 % manganese, 0.06
% carbon, 8.8 % nickel and 18,5 % chromium [8]. Stainless steel 304 is also often used in the medical
application because of its high tenacity, corrosion resistance, and a strong mechanical property [8,9].
However, for a very acidic environment, stainless steel corrosion resistance decreases, whereas the very
acidic human body environment can lead to corrosion and protein adsorption. Besides, the main
weakness of this material is its low hardness, which results in poor tribology property [10]. Therefore,
the treatment surface effort needs to be performed to increase the mechanical property from this material.
Numerous methods can be used to increase the austenitic steel’s mechanical characteristic. One of them
is by ion implantation [11-14], saddle field fast atom beam source [15—17], sputtering [18—20], and
active screen plasma nitriding [21-23]. In this research, we utilize an ion implantation method due to its
advantages among them are not altering dimension [24]. Insertion (depth) can be controlled by adjusting
the voltage, and the neutralization process is clean because it is done in a vacuum space [25]. Another
advantage is not involving the heat substance thus the possibility of thermal stress incidence which can
cause a dimension alteration can be avoided.

Ion implantation is a method of adding or penetrating ion into the material which functions as a tool
to modify a biomaterial surface [26]. Ion implants are also generally used for doping of semiconductor
devices that to modify the surface of materials. In the ion implantation process, energy ions penetrate to
the surface of the materials and interact with the substrate of materials. In general, the changes in
composition tend to produce new phases and surface hardening [24]. Based on the previous research,
nitrogen ion implantation is proven to affect the increase in wear resistance of prostatic components
such as knee and hip grafting [27]. lon implantation is affected by ionic dose and energy. The ion dose
will affect the number of ions fired into the material. Meanwhile, ionic energy will affect the depth of
the ion passing through the material. In such process, the nitrogen atom is ionized and then accelerated
thus it can penetrate the surface layer that will be implanted.

Several studies showed that nitrogen ion implantation could increase material tribology properties
such as hardness, wear resistance, and corrosion resistance [26—29]. Some elements such as N, Ti, and
Cr increase the occurrence of phase formation and microstructure alteration, as well as the chemical and
mechanical properties. However, among those ions, the ion that is very appropriate for biomedical
application is nitrogen ion [26]. Nitrogen element is an interstitial solute which can contribute to the
formation of the austenitic phase [30]. Some researchers also state that the addition of nitrogen ions can
lead to the formation of iron nitride phases on the surface, which will cause a significant increase in
abrasive wear, wear fatigue, and erosion when they experience conditions of increased hardness on the
surface [31].

Another group conducted a study of nitrogen ion implantation on stainless steel, obtained the best
corrosion resistance at a dose of 5 x 10'® ion/cm? with a corrosion current density of 81.4 pAcm [5].
Padhi ef al. [32] have reported nitrogen ion implantation on 304 stainless steel having the best corrosion
resistance at a dose of 2.5 x 10'7 jons/cm?. The results of nitrogen ion implantation on 304 stainless steel
successfully inhibited direct contact between corrosive ions and the sample surface, so that the corrosion
resistance increased. However, based on our knowledge, the use of 304 stainless steel for the medical
field is rarely studied. So far 304 stainless steel applications have only been applied to the industrial
sector because the corrosion rate of stainless steel is still relatively high to be applied in the medical
application. Therefore, in this study, we examined the potential of 304 stainless steel for medical
applications using the nitrogen ion implantation method. The purpose of this study was to determine the
effect of variations in nitrogen ion dosage on the characteristics of 304 stainless steel as a candidate for
medical material.
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2. Methods
The materials used in his study were stainless steel 304, gas nitrogen, autosol, water, alcohol 96% and
SBF solution (Simulation Body Fluid). The first process was sample preparation where stainless steel
was cut into disk shapes with a thickness of 2 mm and a diameter of 14 mm. The sample was refined
using a polishing machine and diamond paste. After polishing, the sample was cleaned with an ultrasonic
machine in alcohol and then dried. Then, stainless steel 304 was implanted with nitrogen ions performed
at 90 KeV energy Proses. The projected depth (Rp) was 995 A with the standard deviation of the ion
distribution projection (¢Rp) valued until 499 A (calculated with STRIM program).

The dosage variation in this research is shown in Table 1. Ion dosage is defined by Equation 1 [33],
where D is ion dosage, [ is current (uA), e is electron charge (1.6x10!° C), ¢ is implantation time
(second), and 4 is the area (cm?).

oot
eA
The sample characterization used was density testing using an Archimedes’ principle adjusted with
the standard of ASTM A378-88 testing [34]. The potentiostatic polarization method was used for
corrosion testing; measurements were made with working electrodes from -2500 mV to +1000 mV with
a scan level of 20 mV per second in the medium of the SBF solution (Simulation Body Fluids). The
composition of the SBF solution is presented in Table 2. The hardness testing was investigated using
Vickers micro testing which employed the force of 3 gf. This case aimed to make the indenter right on
target on the area where ion implantation occurred. The microstructure and the element composition
was conducted with SEM — EDX testing.

(1

Table 1. The variation of nitrogen ion dosages in the implantation process

Ion Dose (ions/cm?) Current (nA) Time (minutes)
Raw material - -
0.7x10"7 100 25
1.0x10" 100 35
1.3x10"7 100 45
1.6x10" 100 55

Table 2. The chemical composition of simulated body fluid (SBF)

Reagent Amount (g.L1)
NacCl 8
CsH1206.H20 2
MgS0s.7H,0 0.20
NaHCO; 0.35
KH;P0O4.3H,0O 0.06
CaCl;.2H;0 0.14
Na,HPO,4.2H,O 0.06

KCl 0.40
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3. Results and Discussion

The density testing was carried out to determine the particle density in the space after nitrogen ion
implantation. The value of material density from the data analysis is shown in Table 3. The calculation
of material density value used Equation 2 [34].

m..
_ air
Parchimedes — pliquid (2)
liquid

where 0, yimeges 1S implanted material density (g/cm?), mg; is the sample mass in the air (gram), myiguis

is the sample mass in the liquid substance (g) and Piiquia 18 the water density at the pressure of 1 atm

and the temperature of 288.15 K (g/cm?). The analysis of density testing showed that the addition of
mass due to nitrogen dopant ions diffuses on the surface of the sample. Mass increase per unit volume
will increase the value of material density. The graph of the relationship of density with ion doses is
presented in Figure 1.

From the graphic of the relationship between dosage and density, there was a density increase with
the increase in ion dosage given. When ion production increases, the ion flux density will also increase
on the surface of the substrate, facilitating the rapid penetration of nitrogen atoms into the material. In
the ion implantation process, the ions entering the target will lose energy and occupy the target atom's
empty space so that the material density increases, and this will increase the material's durability [35].

Table 3. The results of density from unimplanted and implanted nitrogen ion

Ion Dose (ions/cm? Density (gram/cm?)
Raw Material 7.9022 £ 0.0024
0.7x1017 8.1063 = 0.0009
1.0x1017 8.1265 £ 0.0008
1.3=10%7 8.1324 = 0.0004
1.6x10!7 8.1409 + 0.0005

The increase in density on the unimplanted material with the implanted material was deemed very
significantly. This is because, in the implanted sample, the ion diffused between the target atoms
(stainless steel 304) and the mass increased. The sample mass with a fixed volume increased due to the
diffusion of ions into the empty space of the material. However, the increase in density between doses
of 0.7x10'7 ions/cm? to a dose of 1.7x10!7 ions/cm? was not too high, because the different amount of
penetrating ion was only 0.3x10!7 nitrogen ion per 1 cm? from the sample area in each of the dosage
variations.

The hardness from the material was investigated using Vickers hardness testing, the pounder used
was a diamond pyramid with the comparison of its square base and the diagonal length was 1:1. The
Vickers testing was used to find out the effect of dosage variation on the material hardness. The
calculation of Vickers hardness used Equation 3 [36].

HVN :1.854% 3)

where VHN is the material hardness value, P is applied weight load (gram force), and L is the average
diagonal length (um).
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Figure 1. The graphic of the relationship between ion dosage variation and material density

The results of the calculation of the hardness value based on the Vickers test are presented in Table 4.
Compared to the unimplanted material, the implanted material experiences increased hardness.
According to the literature, an increase in nitrogen content qualitatively leads to an increase in the
hardness of the modified surface layer [11]. The increased surface hardness in the ion implantation
process occurs because of the increase in atomic density in the target material. The combination of
energy and ionic doses during the implantation process can shift and release atomic bonds in the
material. Thus, there is a defect in the form of a vacancy which is then penetrated by the implanted
nitrogen ion. From this phenomenon, the new arrangement of an atom is more dense and free from
vacancy defect. The perfect atom position will be able to defend the outer penetration; thus the hardness
value of the material increases [35]. Another literature also explained that the sample hardness increases
because of the formation of a new nitride layer on the material surface due to the ion implantation [26].
The presence of interstitial nitrogen ions into the target material enables nitrogen ions to interact and
bind strongly to the Fe atom on the surface of the substrate to produce a layer of iron nitride (Fe-N)
which has harder properties on the material surface. Based on calculations, hardness, a surface layer of
material increased up to 35% from 92.4 HVN of pure material to 143.32 HVN.

Table 4. The results of Vickers hardness from unimplanted and nitrogen ion implanted

Ion Dose (ions/cm? Vickers Hardness (HVN)
Raw material 92.40 £6.43
0.7x1017 118.06 +2.41
1.0x1017 143.32 =535
1.3x10%7 108.30 £ 6.52
1.6x10%7 100.58 £2.76

The graphic of material hardness due to ion implantation is shown in Figure 2. From this graph, it
can be observed that the optimum hardness of SS 304 material planted occurred at an ion dose of
1.0x10!'7 ions/cm?. The addition of ion doses between 1.3x10!7 - 1.6x10'” atoms/cm? caused the hardness
of the material to decrease. The excessive ion dose is not advantageous in the nature of violence due to
the nitride phase that has been formed can be broken to form an amorphous phase [31]. From the graphic,



IC2MAM 2018 IOP Publishing
IOP Conf. Series: Materials Science and Engineering 515 (2019) 012018 doi:10.1088/1757-899X/515/1/012018

it can be observed that the optimum hardness from the implanted SS 304 material occurred at the ion
dosage of 1.0x10'7 ions/cm?. The addition of ion dosage between 1.3x10'7 — 1.6x10'7 atoms/cm? caused
a decrease in hardness on the material. The perfect atomic position is when exposed to ionic fire as an
ion implantation process will cause atoms to detach from the bond while there is no more free space in
the material. So that the released atoms will bounce and a new void appears. Finally, the metal surface
becomes imperfect and is less able to withstand penetration from the outside. The decrease in the
hardness can also be caused by the material experiencing saturation due to the spread of the layer to the
side of the surface so that the surface is no longer an element of the nitride iron compound but only the
nitrogen ion elements.

Vickers Hardness (HVN)
N
o
1
T

™~

T T T
0 0.7 1 1.3 16
lon Dose (x10" ions/cm?)

Figure 2. The graphic of the relationship between ion dosage variations on material hardnes

Potentiodynamic corrosion testing was performed to investigate the samples. Figure 3 showed the
polarization resistance (Rp) austenitic SS 304 implanted with different nitrogen dosage (0.7x10'7;
1.0x10'7; 1.3x10'7 and 1.6x10'7 ions/cm?). The unimplanted materials were also tested for comparative
purposes. An increase in the value of Rp in the implanted sample indicates an increase in the nitrogen
[37]. Therefore, an increase in its properties was achieved. However, there is an unclear relationship in
this experiment. The higher the dose of implantation, the decrease in polarization resistance value after
the value of Rp reached the optimum peak. Other literature also found the same behavior, where the
tendency with implantation doses could not be determined [30]. The decrease in Rp value also correlated
with the decrease in hardness value. On the Rp optimum value occurred at the dosage 1.0x10'7 ions/cm?,
the value of material hardness also experienced an optimum increase. When the ion dose was raised
1.3x10'7 — 1.7x10'7 ions/cm?, the Rp and hardness values encountered a decrease instead. This case
signifies that the increase in material properties reached the optimum dosage and the next dosage
addition would damage the previously formed nitride phase.

The Potentiodynamic anodic polarization curve from the unimplanted and implanted samples with
nitrogen ion in the medium of SBF solution (Simulation Body Fluids) is presented in Figure 4. Based
on the plot of the curve, it is shown that the corrosion potential (E.,-) of unimplanted and implanted
samples is almost the same. On unimplanted material, the Potentiodynamic curve shows a passive
region, but the main implant material at a dose of 1.0x10'7 ions/cm? of the sample had a more positive
corrosion potential value. This case shows a better increase in corrosion resistance in implanted samples.
The higher the Ecorr value of a material indicates the higher the corrosion resistance [38]. The higher
corrosion resistance is considered originating from the implanted nitrogen ion [10].
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Figure 3. The resistance polarization of un-implanted and nitrogen implanted 304 SS

From the point of view of corrosion current density (/co-), all implanted samples presented a superior
corrosion resistance compared to the unimplanted ones. The measured /.. value shows a lot or at least
metal ions dissolved in the electrolyte solution. If the current density is large, the soluble metal ion into
the electrolyte solution is also large, indicating that there has been a greater corrosion rate and low
corrosion resistance [22]. Based on the plot of the anodic polarization curve in Figure 4, it can be
observed that the samples treated with /... values were smaller than those without treatment. Therefore,
it can be claimed that the nitride layer formed on stainless steel 304 can significantly increase corrosion
resistance by inhibiting the occurrence of direct contact between corrosive ions and the surface of the
sample. Literature studies also explain that the formation of nitride layers can also reduce the porosity
between the constituent particles of the coating which leads to a smaller amount of moisture defects on
the surface of the material so that the corrosion resistance of the material increases [37,38]. The value
of corrosion current density and the corrosion rate is presented in Table 5.

5.0x1024| @ Raw Material
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0o0dl = 10x 10" atoms/cm?
: s 1.3 x 10" atoms/cm®
" 1.7 x 10" atoms/cm?
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Figure 4. The Potentiodynamic polarization plots for un-implanted and nitrogen implanted 304 SS
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Table 5. Corrosion current and corrosion rate of the sample

Ion Dose Corrosion Current Corrosion Rate
(ions/cm?) (nA/cm?) (mm/years)
Raw Material 136.20 1.55
0.7x10"7 114.54 1.31
1.0x10"7 62.76 0.72
1.3x10"7 74.94 0.85
1.6x10"7 88.64 1.01

The calculation of corrosion rate used Equation 4 [31]. Where CR is corrosion rate (mm/year), a is
atom mass (gram), n is valence electron, / is corrosion current (uA/cm?), and D is material density
(g/scm?). The lower the corrosion rate of the material shows the greater its corrosion resistance is.

CR=0.1292" 4)
nD

Based on the calculation of corrosion rate as tabulated in Table 5, it can be observed at Figure 5 that
the corrosion rate of the implanted sample is lower than the unimplanted sample. This case indicates
that the nitride phase formed in the modified layer plays a very important role in increasing the corrosion
resistance of the planted sample. The nitrogen ion implanted in the sample changes the surface
topography by inducing defects in the sample to increase the corrosion resistance of the material [26].
The increased optimum corrosion resistance occurs at a dose of 1.0x10!7 ions/cm? reaching 0.72 mm /
year. This case happens because nitrogen ions which are implanted in the target material lead to the
arrangement of the atomic surface of a denser material. The dense arrangement of atoms makes the
strength of the protective layer increase so that the corrosion rate decreases. However, if the implantation
process is continuously carried out with the addition of a dose exceeding the requirement, there will be
a deposit of nitrogen ions on the surface to form a thin amorphous layer [25]. The continuous addition
of dosage will cause the ionic ion accumulated on the surface forming an amorphous layer thus the
corrosion rate will increase.

:/

Corrosion (mm/year)
S~
1

\
\

0.6 T T T T
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Figure 5. Corrosion result for un-implanted and implanted nitrogen 304 SS
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Ol
Figure 6. SEM surface morphology nitrogen implanted 304L SS (a) Raw material (b) 1.0x10!7
ions/cm?

The SEM image on the unimplanted and implanted samples is presented in Figure 6. The results of
SEM-EDX testing were used as a support of the results of density testing, hardness testing, and corrosion
rate testing. Based on these images, the changes in surface morphology were caused by ion implantation.
Non-implantation samples were also tested for comparative purposes. The surface roughness of the
implanted specimen appears to be larger than the implanted specimen. The effect of dispersing ions on
the sample is considered to reduce surface roughness [41]. This happens because, in the sample that has
not been implanted, the vacuum space in the sample has not been filled by the ion dopant. Meanwhile,
the empty space in the sample undergoing the ion implantation process has been filled with nitrogen
ions. Therefore, the density increased, and made the surface morphology look smoother. The penetration
of ion tent to become interlatitudinal defect which as suspected to form a new balanced phase and will
create a harder property and corrosion resistant on the material surface [26].

Regarding the composition of the sample element with EDX as illustrated in Table 6, it can be
observed that there is an addition of nitrogen content from 3.4% on pure 304 SS becomes 5.2% on the
implanted 304 SS. Based on the literature, the addition of nitrogen content must lead to the properties
of hardness and corrosion of the material [11]. This case is possible because there was a phase change
of Fe-N and Cr-, considering the composition of stainless steel 304 is dominated by Fe and Cr atoms.
Literature studies also state the same thing that iron implanted with nitrogen at a certain percentage will
form the nitride phase (Fe-N) [26]. This Fe-N phase has hardness properties. Meanwhile, the Cr-N phase
will tend to resist corrosion because the implanted nitrogen ion inhibit Cr to react with easily oxidized
Oxygen (Cr-O) [42].

Table 6. EDX from the nitrogen implanted 304L SS

Weight percentage Weight percentage Certainty

Composition (Raw material) Certainty (x10'7 ions/cm?)
Fe 68.9 % 0.99 66.5 % 0.99
Cr 16.5% 0.99 15.1% 0.99
Ni 7.8 % 0.96 7.8 % 0.96
N 3.4% 0.94 52% 0.95
C 1.6 % 0.85 4.2 % 0.93
Mn 1.4% 0.90 1.0% 0.89
Si 0.4% 0.85 0.2 % 0.77




IC2MAM 2018 IOP Publishing
IOP Conf. Series: Materials Science and Engineering 515 (2019) 012018 doi:10.1088/1757-899X/515/1/012018

4. Conclusion

The technic of nitrogen ion implantation has successfully increased the mechanical property of stainless
steel 304. The SS 304 hardness has improved to 35% at the optimum dosage of 1.0x10!7 ions/cm? from
the implant sample. The material density increased with the increase in implanted nitrogen ion. The
corrosion rate also increased at the optimum dosage of 1.0x10!7 ions/cm?. Interestingly, the decrease in
corrosion rate reached 0.72 mm/year. The increase in hardness and the decrease in corrosion rate was
caused by the formation of a new nitride layer on the sample surface due to the implantation process.
This is shown in the results of SEM-EDX, the hardness of the ion implemented sample is smaller than
the unimplanted one. This case is because the vacuum in the sample has been filled with implanted
nitrogen ion. The addition of nitrogen ion in the results of EDX can increase the material density; thus
the material can be harder and corrosion resistant.
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