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Traumatic, osteoarthritic, tumoral, and
congenital bone issues impact human lives
and health. The next generation of bone
implants is made from biodegradable materi-
als, including Fe-based materials with supe-
rior mechanical properties and high biocom-
patibility. However, efforts to inhibit the risk
of inflammation and bacterial infection due to
the biological response and corrosion prop-
erties of metals are a significant challenge.
This study aims to develop biomaterials based
on Fe-Cr-Mn alloys to obtain superior physi-
cal and mechanical properties through plas-
ma nitriding. Each sample was plasma-ni-
tridated in a vacuum chamber at various
temperatures of 250—450 °C for 3 hours at a
pressure of 1.8 kPa. Several main tests were
performed to investigate the effects of plas-
ma nitriding, such as the chemical composi-
tions of raw material, surface nitrogen con-
tents, phase changes, thickness, hardness,
and corrosion. Those parameters were then
used to evaluate plasma nitriding’s effective-
ness, including observing the change in phe-
nomena at each temperature treatment. The
results indicated that forming the S phase
on the surface of Fe-13.8Cr-8.9Mn alloy is a
saturated solution of nitrogen in y-Fe, where
the nitrogen content on the surface increas-
es with increasing nitriding temperature. The
layer’s surface hardness is uniform across its
whole thickness, which reduces as the grade
of raw material passes through the nitride
layer. The highest hardness at a nitriding
temperature of 450 °C reached 625.3 VHN.
The findings showed that the corrosion rate
decreased significantly, reaching the lowest
value, 0.0018 mm/year, at a plasma nitriding
temperature of 450 °C. Plasma nitriding could
enhance the physical and mechanical proper-
ties of Fe-Cr-Mn alloy
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1. Introduction

The biomaterials field is an exciting issue since artificial
bone implants can improve living standards and prolong
human life [1]. To date, bone implant procedures have sig-
nificantly improved the quality of life. Artificial bone can be
a supporting structure to sustain mechanical loads, support
fractures, or replace all permanently fractured bones [2].
Synthetic implants with strong biocompatibility and out-
standing mechanical properties have become preferred.
However, most artificial implants still do not successfully
heal damaged bone, mainly when those injuries are caused
by tumors, inflammation, or bacterial infections [3—6]. In
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order to enhance bone healing and beneficial therapeutic
effects, improving the practical properties of biomaterials
is crucial.

Many studies have shown that functionalizing biomate-
rials is one of the most efficient to address these issues and
enhance bone healing and treatment effectiveness [7-14].
Because of their inexpensive cost, nearly unlimited avail-
ability, and excellent mechanical behavior, Fe and its alloys
are among the most desirable materials. However, the high
rate of adverse side effects, such as corrosiveness, poor
biocompatibility, and tissue irritation, results in few appli-
cations despite its good manufacturability [15]. The Fe is a
crucial trace element for living and is involved in the produc-




tion of hemoglobin, DNA synthesis, and many other phys-
iological processes like oxygen transfer [16, 17]. Moreover,
preliminary research on using Fe as biodegradable implant
materials in vivo shows no apparent indications of toxicity
or an inflammatory response [18].

The biological compatibility system with the human or-
ganism is fundamental in developing biomaterials. Orthope-
dic and prosthetic implant devices are frequently constructed
using austenitic stainless steel, AIST 316L. This material is
economically viable and exhibits durable mechanical proper-
ties. Compared to other materials, the fabrication process for
this material is relatively simple [19]. Therefore, research to
improve mechanical properties and excellent corrosion resis-
tance becomes relevant because it aims to create biomaterials
that are adaptive to body tissues and non-toxic.

2. Literature review and problem statement

Biomaterial implants have been widely applied in many
parts of the human body, aiming at structural repair. The
implant material is expected to meet the application require-
ments, including corrosion resistance, high ductility and
toughness, and good bone and surrounding tissue adapta-
tion. Therefore, metal implant biomaterials are more durable
and applicable than conventional ceramic and polymer bio-
materials [20]. Ceramic-based bioactive materials are com-
bined oxides (SiO,, CaO, MgO, P,0s, etc.) that stimulate
bone composition. Generally, the main elements consist of
Caand P, and the Ca/P ratio must be controlled (bone Ca/P
ratio is 1.67). This bioactive material has obstacles in medi-
cal applications, especially load-bearing implants, where this
material is brittle and weak [21]. The fracture toughness of
this material is very low, namely below 1 Mpa.m!/2) while
that of cortical bone reaches 2-10 Mpa.m'/?) [22]. A signifi-
cant weakness of ceramic biomaterials is that they are brittle
and tend to be damaged by tensile or cyclic loads so that the
bone’s function is to bear the load. In general, the essential
mechanical properties of ceramics include:

1) weak resistance to tensile loads;

2) high hardness;

3) low plasticity, and very low fracture toughness in con-
trast to metal alloys having ductile behavior [23].

The KIC coefficient indicates the stress value for pre-ex-
isting cracks in standard specimens so they can propagate
quickly when the specimen receives tension. The KIC value
of ceramics is relatively low, in the range of 2-4 MPam!/?,
smaller than that of metals [24]. The resistance of ceramics
to tensile loads is much smaller than their resistance to
compressive loads. Polymer implants have poor tribological
properties thereby reducing durability. Polymer implants
also face problems because they easily absorb water and pro-
tein [2]. Thus, ceramics and polymers are unsuitable as bone
tissue implants when receiving tensile and repetitive loads.
However, polymers and ceramics still have excellent abilities
to implant parts of the human body that do not receive ten-
sile or repetitive loads, including the ear bones.

The main obstacles to metal implant biomaterials are the
metal surface releasing ions, the high elastic modulus, and
the metal surface reacting chemically with bodily acids and
enzymes. These conditions can result in toxicity, oxidative
stress shielding, or bone resorption, resulting in implant fail-
ure. Consequently, vascularization of the surrounding body
tissue can cause infection and implant failure [25].

Stainless steel (SS) implants are most commonly used
as medical devices due to their low cost and relatively easy
fabrication. Nickel-SS shows excellent mechanical prop-
erties and an easy hardening process. Compared to other
conventional stainless steels, stainless steel in the annealed
condition has higher strength in implant fabrication. It is
expected to provide fabrication opportunities that produce
more applicable and resilient implant materials tailored to
the needs of specific patients [26].

Currently, austenitic stainless steel, AISI 316L, is the
choice and is widely implemented as a synthetic material as
a biomaterial for orthopedic and prosthetic implants.

Various studies show that this material has superior me-
chanical capabilities, fabrication is simpler than others and is
cheaper than bio-based materials. Compared to other stain-
less steels, CrNx-coated 316L stainless steel under 4 A fila-
ment current has lower interfacial contact resistance (ICR)
values in the measured compaction force range [19]. After
the surface of the 316L SS sample was modified through
the magnetically electropolished (MEP) process, the results
showed a decreased corrosion rate. Magnetoelectropolishing
techniques to modify the composition of metal surface films
can improve the 316L SS biomaterials [27]. Over the course
of 13 months, the in vivo degrading performance of two Fe-
based alloys (Fe—10Mn-1Pd and Fe-21Mn-0.7C—1Pd)
and pure Fe was examined in a live mouse model. Results
showed no local toxicity postoperatively, and no clinical
abnormalities were tested [28].

However, some problems arise, namely a higher modulus
of elasticity than that, which impacts the shielding effect
stress, which can slow down bone healing. Another problem
is that stainless steel is less resilient in a wet body envi-
ronment, causing higher corrosive potential and wear and
releasing toxic substances in the human body.

A study showed that Ni-free high nitrogen austenitic SS
with higher strength and ductility, combined with nitrogen
to increase corrosion resistance, is an acceptable alter-
native [29]. According to the Schaeffler diagram, several
elements, such as N, Mn, and Co, could replace Ni. Nick-
el-free stainless steel with a high nitrogen content is a viable
alternative to conventional medical stainless steel [26]. Car-
bon+nitrogen in the alloy can increase the metallic character
of the bonds between atoms, resulting in a bulk modulus
comparable to the modulus of pure iron [30]. Controlling
the relative proportion of carbon (C/N) in C+N-added alloys
can provide an outstanding combination of mechanical char-
acteristics and corrosion resistance [31].

The alloy containing carbon and nitrogen has two effects
when combined:

1) the free electrons concentration increases;

2) the critical interstitial content shifts towards higher
values [30].

Deformation twinning emerged as the predominant plas-
tic deformation method as the C fraction rose, suppressing
the strain-induced y—€ martensitic transition [31]. Adding
carbon increases the local corrosion resistance in chloride
environments, which is affected by increasing the passive
film stability [32].

Massive research has been performed to improve the ca-
pabilities of traditional CrNi stainless steel as a biomaterial.
Various studies show that new stainless steels have great-
er muscle strength [26], ductility, and impact toughness
[30, 33], as well as more extended fatigue [34]. Chromium
and manganese additions to steel simultaneously strengthen



and stabilize the austenitic phase by increasing its solubility
in nitrogen [30, 35].

Metal biomaterials used in implant devices include stain-
less steel, commercially pure titanium, cobalt-chromium
alloy, and their alloys. Stainless steel low cost compared to
other metals has led to its widespread application as a bioma-
terial. In addition, stainless steel has high mechanical qual-
ities and corrosion resistance [36]. On the other hand, those
materials may cause side effects, such as less biocompatibili-
ty, lack of affinity for cells and tissues, corrosion fatigue, and
fractures. Some fractures are generally caused by various
types of corrosion, such as fissures, intergranular, pits, and
frets [37]. Furthermore, fretting debris and corrosion by
products are toxic to living tissue. The toxicity problem, in
particular, has a role in other issues, such as allergy symp-
toms and inflammation [38, 39]. These problems are asso-
ciated with the nickel contents of austenitic stainless steel.

Plasma nitriding has more advantages besides making
high cycle fatigue ranges stronger at lower cyclic loads.
Extended fatigue life in certain types of steel is caused by
plasma nitriding’s internal compressive stresses [40]. A re-
cent study found that plasma nitriding improves stainless
steel’s resistance to wear and corrosion [41], but only if the
highest treatment temperature, as determined by electron
probe microanalysis (EPMA), is lower than 475 °C [42]. Ni-
trogen plays a crucial role in forming austenite and has been
effectively used to substitute nickel, substantially enhancing
steel’s mechanical characteristics and corrosion resistance.

It has also been found that adding nitrogen increases the
hardness. Nitrogen enhances the solid solution hardening
and dislocation processes, which together cause austenitic
stainless steels to become harder [43]. Low-temperature ni-
triding increases austenitic stainless steel’s surface hardness
and corrosion resistance through surface engineering. Cre-
ating a supersaturated solid nitrogen solution, also known as
the S phase, in the deformed and enlarged austenite lattice
is usually considered an improvement [44]. The processing
temperature should be kept below 450 °C to prevent the de-
velopment of chromium nitride. However, a study noted that
the alloy composition and nitriding conditions significantly
impact the properties of the changed surface layer [45].

Plasma nitriding provides numerous benefits for steel,
including increased resistance to pitting corrosion. In this
situation, the plasma-nitrided material’s resistivity has in-
creased considerably. Increased resistance to pitting corro-
sion is primarily attributable to nitriding at a high nitrogen
partial pressure [41]. Plasma nitriding could produce new
phases with improved mechanical and technical qualities.
This layer has five times the microhardness of the untreated
material, and even at higher loads, wear is significantly re-
duced. The friction coefficient of plasma-nitrided austenitic
steel is lower than that of untreated steel and ferritic and
austenitic steel.

The plasma nitriding procedure in the study implants the
N element onto the surface of the Fe-Cr-Mn alloy rather than
adding it during the alloying phase of smelting. The plasma
nitriding technique is commonly used to improve surface
qualities like hardness, wear, and corrosion resistance [45].
Further research, a plasma nitriding is carried out on the
Fe-13.8Cr-8.9Mn alloy to develop Ni-free steel biomaterials.
In applying Ni-free biomaterials, N elements are generally
added to steel materials as a substitute for Ni when smelting
into Fe-Cr-N steel alloys. In this study, Ni is replaced by
Mn, which is relatively cheaper and abundant. Meanwhile,

surface diffusion of N is used in plasma nitriding to boost the
Fe-Cr-Mn alloy’s hardness quality and corrosion resistance.

The references mentioned above show that new bioma-
terials based on nickel-free stainless steel are an option to
avoid the negative impact of AIST 316L stainless steel on hu-
man body tissue. The newly designed biomaterial compound
is expected to have high mechanical capability and high
corrosion resistance compared to pure metal.

3. The aim and objectives of the study

The aim of the study is to develop an Fe-13.8Cr-8.9Mn
alloy as a biomaterial bone implant with plasma nitriding treat-
ment at various temperature variations between 250 to 450 °C.

To achieve this aim, the following objectives are accom-
plished:

— investigation of the microstructure on the surface of
the Fe-13.8Cr-8.9Mn alloy;

— investigation of the hardness of Fe-13.8Cr-8.9Mn alloy;

— investigation of the physical properties of corrosion
resistance.

4. Materials and Experimental Part

4. 1. Object and hypothesis of the study

The object of this research is to obtain artificial implants
with excellent mechanical properties and biocompatibility.
Hardness testing determines the mechanical properties of
the implant material, while biocompatibility testing is car-
ried out, one of which is corrosion testing on the implant
material. After receiving a biomaterial implant, body tissue
will be free from toxins if the implant material has excellent
corrosion resistance properties and is even corrosion-free.
Meanwhile, the hypothesis of this research is that increasing
the plasma nitriding temperature can increase the hardness
and corrosion resistance of the Fe-13.8Cr-8.9Mn steel alloy.
In this work, several tests, including corrosion, surface hard-
ness, and microstructure, have been conducted to assess the
surface properties of the Fe-13.8Cr—8.9Mn alloy following
plasma nitriding.

4. 2. Materials

This study used the raw material of Fe-13.8Cr-8.9Mn
alloy, with chemical composition as presented in Table 1. The
ASTM E2209 standard test method was utilized to conduct
the tests on this composition using a Baird FSQ Foundry
Spectrovac Spectrometer. The illustration of the specimen
before-and-after plasma nitriding is given in Fig. 1.

Table 1
The chemical composition of Fe-13.8Cr-8.9Mn alloy

Elements Fe Cr |[Mn| C | P S | Si | Mo | Ni
% weight 13.79(8.90(0.12]0.53{0.01(0.38]0.10 | 0.48

Balance

The chemical compositions of the Cr and Mn alloy ele-
ments are consistent with the ratios applied to these speci-
mens. In addition, the following elements were detected as
C, P, S, Si Mo, and Ni in relatively small amounts overall,
reaching 1.52 %. In this work, adding Nitrogen during the
plasma nitriding process to the Fe-13.8Cr-8.9Mn alloy
produces austenitic stainless steel with increased hardness,



strength, and corrosion resistance. Manganese (Mn) ele-
ments play a role in increasing the solubility of Nitrogen
and function to stabilize the austenitic microstructure.
Mn is an essential human body element and, therefore,
biocompatible.

a

Fig. 1. Specimens: @ — raw material; b — after plasma
nitriding at 450 °C

Stainless steels containing more than 12 % Cr and low
or even Ni-free Ni elements provide excellent corrosion
resistance and high material strength [46]. As previous-
ly reported, the biocompatibility of Fe-18Cr-22Mn-0.65N
austenitic stainless steel was very satisfactory. In vitro cell
culture and cell proliferation (MTT) tests were performed
on these specimens compared to SS 316L. Average % pro-
liferation of MG-63 cells increased from =88 % for Un-USP
to 98 % (USP samples 3-2) and 105 % (USP samples 2-2) in
vivo rabbits without allergic reactions [47]. High corrosion
resistance in the Fe-13.8Cr-8.9Mn alloy will be beneficial in
the long term because toxic bone tissue can be minimized.

4. 3. Experiments and Characterization

In the experiments, a cylindrical Fe-13.8Cr-8.9Mn al-
loy steel with a diameter of 14 mm was prepared by metal
cutting into plasma nitriding samples with 5 mm height for
the nitriding process. Further, the specimen surfaces were
smoothed using sandpaper in various mesh at 400, 800,
1000, 1500, and 2000 and polished by the diamond paste
using a polishing machine. Samples were cleaned using an
ultrasonic cleaner to remove dirt and oil, followed by surface
drying. The nitriding treatment utilized a plasma nitriding
apparatus with a metal vacuum chamber, as in Fig. 2. It had
a temperature controller, a high-voltage DC system, a nitro-
gen gas input, and a vacuum facility.

-

The nitriding procedure was completed in 3 hours at 250 °C,
300°C, 350°C, 400 °C, and 450 °C and 1.8 kPa of pressure.
Fe-Cr-Mn alloy’s surface N content and thickness were evaluat-
ed using JEOL 7000 EDS equipment and CuK radiation, while
phases were investigated utilizing a 2kW XRD apparatus,
Rigaku Multiflex. Hardness Tester DIA Testory micro-Vickers
method based on ASTM E384 was used to evaluate the hard-
ness distribution of the Fe-Cr-Mn alloy’s transverse surface.

The Corrtest CS310 was used in a 9 % NaCl solution for
a corrosion test. Several analyses were carried out to com-
pare types, sizes, shapes, and microstructural patterns based
on a range of plasma nitriding temperatures.

5. Result of Fe-13.8Cr-8.9Mn Alloy Performance Test

5. 1. Investigation of the microstructure on the sur-
face of the Fe-13.8Cr-8.9Mn alloy

An experimental study has been performed on the
Fe-13.8Cr-8.9Mn alloy for plasma nitriding at temperatures be-
tween 250 °C and 450 °C for nickel-free steel biomaterials. The
primary findings and an expanded analysis are shown below.

Fig. 3 shows the microstructure results of the Fe-13.8Cr-
8.9Mn alloy using a scanning electron microscope (SEM). The
alloy has a balanced austenitic and ferrite structure. This fact
indicates the presence of Cr as a stabilizer for the ferrite struc-
ture (o) and Mn as a stabilizer for austenite (y), as found by
another researcher [48]. It was discovered that the temperature
during the nitriding process affects the thickness of the S phase
layer. The plasma nitriding process produces a layer thicker
than the base material between 250 °C and 450 °C [40].

Fig. 4 indicates the relationship between the S layer
thickness on the surface of the Fe-13.8Cr-8.9Mn alloy and
the plasma nitriding temperature. The S layer thickness is
6.142 pm at 250 °C, and it increases to 7.571 um at 450 °C.
It means an increase of 23.27 % from 250 °C to 450 °C. In-
terestingly, there is a significant increase of up to 11.64 %
from 250 °C to 300 °C. Furthermore, there is a substantial
increase from 400 °C to 450 °C.

Fig. 5 shows the observed phenomena from the EDS
test data; the composition changes following plasma nitrid-
ing at temperatures ranging from 250 °C to 450 °C. The
Fe-13.8Cr-8.9Mn alloy raw material contains Cr, Mn, and
C elements. No N elements were identified from the raw
material. The alloying elements in the specimens correspond
to the element ratio estimations used to prepare the samples.
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Fig. 2. The schematic of the plasma nitriding apparatus



Fig. 3. The Cross-Sectional micrograph of specimens before and after plasma nitriding:
a — raw material; b —250 °C; ¢ — 300 °C, d — 350 °C; e — 400 °C; f— 450 °C

Surface Thickness (pm)

250 300 350 400 450
T [°C]

Fig. 4. The surface thickness of Fe-13.8Cr-8.9Mn alloy after
plasma nitriding

After the plasma nitriding, the N elements exist, as
shown in Fig. 6. It implies that the diffusion of N atoms to
the surface of the Fe-13.8Cr-8.9Mn alloy increases as the
plasma nitriding temperature rises. The increase in element
N during plasma nitriding from 250 °C to 400 °C was 8.4 %.

There was a significant increase in element N during
plasma nitriding at 450 °C by 13.5 %. Based on Fig. 7, there
are various phases in Fe-Cr-Mn alloy before and after the
plasma nitriding. In the raw material Fe-13.8Cr-8.9Mn
alloy, the austenite (y) Fe-Mn phase (111) and Cr car-
bides (CrC) in the (111) plane are identified.

The peaks that can be identified in the sample a crystal
phase is formed. High peak intensity indicates a high per-
centage of FeN elements. The elements CrN and CrC have
not been detected, this is because the raw samples were not
treated and were at room temperature. The CrC element was
detected after the sample was heat treated.
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temperature in the interval 250 °C to 450 °C as shown
in Fig. 8. Elevating the plasma nitriding temperature en-
hances the toughness, with an average hardness increase
of 22 %. The hardness increases three times at the nitriding
temperature of 450 °C, which amounts to 625.3 VHN. From
the variations in plasma nitriding temperature applied when
testing specimens, important information is obtained about
the optimal limit of mechanical strength of the material. Ac-
cording to this study, plasma nitriding modifies the nitride
formation on the material’s surface [49].

The Vickers hardness test is equipped with a program
system and a digital and metallurgy microscope. Test data
shows differences in hardness values specimens affected by
plasma nitriding temperature. Table 2 indicates the hardness
of Fe-13.8Cr-8.9Mn alloy after plasma nitriding up to a tem-
perature of 450 °C.
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Fig. 8. The hardness distribution of Fe-13.8Cr-8.9Mn alloy
after plasma nitriding

Table 2
The hardness of Fe-13.8Cr-8.9Mn alloy after plasma nitriding

Nitriding tem- |Raw material
perature (*C) (RM) 250 | 300 | 350 | 400 | 450
Hardness (VHN) 210.2 324.6|375.4(415.3|512.4|625.3

The raw material hardness value at room temperature
is 210.2 VHN, while the hardness value at plasma nitrid-
ing temperatures of 250 °C, 350 °C, and 450 °C reaches
324 VHN, 415.3 VHN, and 625 VHN, respectively. In this
case, adding temperature can increase the hardness of the
Fe-13.8Cr-8.9Mn steel alloy. In this case, heating the steel
to the austenite temperature will increase carbon solubility,
so the carbon will dissolve in the alloy.

5. 3. Investigation of the physical properties of corro-
sion resistance

Table 3 shows the corrosion rate of Fe-13.8Cr-8.9Mn
alloy after plasma nitriding temperature between 250 °C
and 450 °C. The raw material alloy has a corrosion rate of
0.0033 mm/yr from measurement. This corrosion rate is in
a particular category. The presence of the Cr element, which
forms an immune Cr oxide layer on the surface, triggers this
remarkable corrosion rate.

Table 3

The corrosion rate of Fe-13.8Cr-8.9Mn alloy after plasma
nitriding

Nitriding temperature (°C) | 250 | 300 | 350 | 400 | 450
0.00310.0025{0.0021{0.0019 [0.0018

Corrosion rate (mm/yr)

The corrosion rate data shows that samples with a plasma
nitriding temperature of 450 °C achieved the lowest corrosion
rate. This phenomenon can be caused by forming a nitride layer
or austenite expansion, which increases corrosion resistance.

6. Discussion of results of Fe-13.8Cr-8.9Mn Alloy
Performance Test

This study focused on the mechanical and physical
properties and did not investigate the fatigue properties of
Fe-13.8Cr-8.9Mn alloy steel. Fatigue testing can describe
material performance under actual working conditions.
However, hardness can reflect the fatigue properties of
alloy steel as a requirement for biomaterial implants. The
discussion has been organized by answering the research
objectives including [1] investigating the microstructure
on the surface of the sample, [2] investigating the hard-
ness of the sample after nitriding, and [3] sample testing
after plasma nitriding temperature on the corrosion rate of
Fe-13.8Cr-8.9Mn alloy steel.

Fig. 3 shows the ferrite structure spreads between the
grains of austenite structure, with uniform size. The alloy
belongs to the duplex stainless-steel category. After the plas-
ma nitriding process at a temperature of 250—450 °C, a thin
layer of the white color is formed on the surface. Li defines it
as the S phase [50]. The S phase, a saturated solution of N in
y-Fe, is often referred to as expanded austenite. As previous-
ly reported, it has metastable characteristics [51].

The surface morphology of the Fe-Cr-Mn alloy fracture
shows no visible boundary layer between the S phase and
the substrate. Nitrogen atoms diffuse to the surface of the
Fe-13.8Cr-8.9Mn alloy and occupy interstitial positions in
the austenite structure during the plasma nitriding process:
These findings are similar to those of other researchers [52].
It indicates that the S phase is the zone of nitrogen atom
diffusion in the plasma nitriding of Fe-13.8Cr-8.9Mn alloy
without an intrinsic interface. N atoms in the interstitial
y-Fe of the Fe-13.8Cr-8.9Mn alloy are soluble due to elemen-
tal Mn, as discovered by both researchers [30, 53].

Fig. 4 indicates that the plasma nitriding temperature is es-
sential to the S layer thickness. It correlates to the energy of the
N atom to diffuse to the surface of the Fe-13.8Cr-8.9Mn alloy
through the interstitial position in the FCC (y-Fe) structure.
The higher the temperature, the greater the distance between
atoms. The N atom with tremendous energy enters the y-Fe
interstitial position more quickly, as found in the reference [41].
The plasma nitriding process increases the spacing between
particles by causing the atoms to vibrate and shift from their
stable state, as exhibited in Fig. 5. The distance between Fe
and Mn atoms (lattice) in the FCC structure (y-Fe) is wider
with higher plasma nitriding temperature. As in this reference,
it allows more N atoms to occupy interstitial positions between
Fe and Mn atoms [54].

After the plasma nitriding, the highest peak (111) is
recognized as the S phase, a supersaturated N solution in Fe,
as presented in Fig. 7. According to this reference, the lower



peak (111) is identified as the nitride-Fe (FeN) phase [46].
The CrN compound is found in small amounts on the surface
of the Fe-13.8Cr-8.9Mn alloy.

Fig. 8 shows that the increase in surface N content and the
formation of the S phase contribute significantly to the alloy’s
surface hardness increasing over time. Fig. 8 also illustrates
the distribution of hardness of the Fe-13.8Cr-8.9Mn alloy
following nitriding. The Fe-13.8Cr-8.9Mn alloy has uniform
hardness along the nitride layer (S phase) at varying thick-
nesses. This consistent number indicates the homogeneity of
this layer. After plasma nitriding, the corrosion rate decreased
to the lowest value, 0.0018 mm/yr, at 450 °C, as presented
in Table 3. This decrease, up to 45 %, is very significant. In
this case, apart from Cr being able to self-repair in a corrosive
environment, there is a role for nitride compounds and the
formation of the S phase on the surface.

This research is focused on the mechanical and physical
field properties and has not examined the fatigue properties
and the fracture toughness of Fe-13.8Cr-8.9Mn alloy. The
Material performance under actual operating conditions can
be explained by fatigue testing. However, testing for tensile
strength and hardness might reveal fatigue characteristics of
alloy steel. Additionally, further research and development
are needed to improve the performance of Fe-13.8Cr-8.9Mn
steel alloys. Heat treatment via quenching is a conventional
technique that can be applied to increase the surface hard-
ness of steel alloys. With this technique, hardness, ductility,
and wear resistance can be increased.

7. Conclusions

1. The plasma nitriding causes the change of N elements
on the alloy surface. The S phase appears on the surface of
Fe-13.8Cr-8.9Mn alloy due to N saturation in y-Fe.

2. The surface hardness appears uniform over the entire
thickness of the layer, which decreases as the raw materi-

al passes through the nitride layer. The average increase
in hardness is 22 %, and the maximum hardness reaches
625.3 VHN at a plasma nitriding temperature of 450 °C.

3. The corrosion resistance of Fe-Cr-Mn alloys could
be increased by up to 0.0018 mm/year using plasma ni-
triding up to 450 °C. Therefore, the Fe-Cr-Mn alloy with
plasma nitriding treatment can be projected to be an al-
ternative for steel biomaterials. The lowest corrosion rate
reached 0.0018 mm/year at a plasma nitriding temperature
of 450 °C.
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