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Abstract: This paper presents the results of research on nickel-free austenitic stain-
less steel with the composition Fe-18% Cr-12% Mn, obtained by powder metallurgy, 
with the use of mechanical alloying of elementary powders, manganese nitride 
and various process atmospheres. The influence of different protective atmosphere 
of the process (nitrogen and argon) and the addition of manganese nitride on poros-
ity, microstructure, hardness and corrosion resistance of the sinters was described. 
Steel samples after pressing and sintering at 1200°C (1473 K) in nitrogen were char-
acterized by a relative density above 80% and a porosity among 12–19%. In tested 
materials the pores on the surface are visible in each of the tested materials, which 
is confirmed by SEM images. The material obtained from powders with manganese 
nitride after mechanical alloying in nitrogen is characterized by the highest hard-
ness and corrosion resistance. The addition of manganese nitride can be another 
way of introducing nitrogen into nickel-free steel.

Keywords: nickel-free austenitic stainless steel, powder metallurgy, porosity, 
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14.1. Introduction
The constantly developing implantology requires the use of modern biomaterials that 
should meet specific biofunctionality requirements. The material used for implanta-
tion should be characterized by the following features: biocompatibility, high strength 
and fatigue resistance, corrosion resistance in the environment of body fluids, mod-
ulus of elasticity similar to the bone elasticity modulus and low price [1, 2]. 

In recent years, there has been increased demand for implants, plates, screws 
and bone wires, therefore the subject of producing medical materials is very important. 
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The 316LV austenitic steel has been most commonly used stainless steel. In the com-
position of this steel it can be distinguished an adverse element for the human body 

– nickel. It is an alloy addition strongly stabilizing austenite, but at the same time, 
too high a concentration of it in the human body can cause allergy. Since the 90s 
of the 20th century, the amount of allergic reactions to this element among the human 
population is still growing. Every tenth human tested is allergic to nickel, mainly 
women. Therefore, materials without nickel used in medicine are an important sci-
entific and social issue [3–6].

The promising material that may replace commonly used 316LV steel in the future, 
is the nickel-free austenitic stainless steel. The literature about the production of nick-
el-free austenitic stainless steels indicates that nickel can be replaced by another aus-
tenitizing element, like nitrogen and manganese. At the same time, there are some 
difficulties with implementing nitrogen into steel during melting, because it is a gas. 
Fabrication methods of the nickel-free austenitic stainless steels include high-pres-
sure melting technologies, such as pressurized induction melting (PIM), pressurized 
electroslag remelting (PESR) and pressurized plasma arc melting (PARP) [7, 8]. High-
pressure melting technologies need special equipment, which is expensive and diffi-
cult to operate [9, 10]. Contrary to this method, nickel-free austenitic stainless steel 
can be synthesized in a solid state by mechanical alloying (MA) of elemental or preal-
loyed powders [11, 12]. The main advantage is that the MA process generates a number 
of structural defects that can cause an increase in solubility of nitrogen in the steel 
matrix [13–16]. Also the amorphous phase obtained during prolonged ball milling can 
be another factor influencing the final properties of steel because of a strong impact 
on nitrogen solubility and nano- (sub)grain microstructure creation [1]. Therefore, 
the powder metallurgy (PM) route including mechanical alloying can be an alterna-
tive method for the production of nickel-free austenitic stainless steels.

In this study, the influence of porosity on the properties of nickel-free austenitic 
steel obtained by powder metallurgy was examined.

14.2. Materials and methods
Elemental powders of iron, chromium, manganese (Fe, Cr, Mn) with an average par-
ticle size of ~45 μm and a purity of 99.95% (basic metal) and, optionally, an addition 
of manganese nitride (Mn4N) with a particle size of ~15 μm and a purity of 99.95% 
supplied by Alfa Aesar were used in the work, which were mechanically alloyed 
in a planetary ball mill Pulverisette 6 (Fritsch). The ball-to-powder ratio was 8:1, 
the rotational speed was 250 rpm. The mechanical alloying (MA) process was car-
ried out in an atmosphere of pure nitrogen or argon (99.999% purity). The addition 
of manganese nitride was chosen so that the percentage of Mn in the alloy was 12%. 
The powders were mechanically alloyed for 90 hours. One MA cycle lasted 20 min-
utes, including a 10-minute break.
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The mechanically alloyed powder was cold compacted in a cylindrical die of 20 mm 
in diameter and 10 mm high, using an uniaxial hydraulic press with a pressure 
of 600 MPa and sintered at 1200 °C (1473 K) for 2h, in nitrogen with cooling rate 
of 600°C/h (873 K/h). No lubricant or process controlled agent was applied.

Changes in the density of sintered materials were tested in accordance 
with the PN-EN ISO 2738:2001 standard. For metallographic investigation, the sintered 
samples were polished, etched and observed using the Scanning Electron Microscope 
(SEM, Hitachi 3000N). The grain size of the tested specimens was examined accord-
ing to ISO 643:2003. The chemical analysis of the consolidated specimens was per-
formed by the LECO TCH600 analyzer and Scanning Electron Microscope equipped 
with the Energy Dispersive Spectrometer (SEM-EDS) analysis (Hitachi 3000N, Tokyo). 
The porosity of the samples was examined using the X-ray computed microtomography 
(µCT) method. The study was carried out on the Skyscan 1172 microtomograph (Bruker 
company). The device is equipped with a 10 W X-ray tube and an 11 mpx CCD matrix. 
The matrix resolution was set to 2000x1332px, and the parameters of the lamp were 
88 kV/112 µA. An aluminum filter with a thickness of 0.5 mm was used. The exposure 
time was 1500 ms. The resolution used for the test is 3.40 µm and the rotation angle 
is 0.40°. In order to fully overexpose the object, a 360° rotation was used. The images 
were made in a 16-bit detail representation. The tests were carried out on cuboidal 
samples with dimensions of 3 mm x 3 mm x 7 mm, cut from the center of the sam-
ples after their consolidation. Vickers hardness (HV10) of the samples was measured 
by using the Anova Hardness Tester under a load of 98 N (10 kg) and an indentation 
time of 10 s. The microhardness (µHV0.2) tests were performed using the PMT-3 tes-
ter under a load of 1.96 N (0.2 kg) for 10 s. Phase analysis was performed on an X-ray 
diffractometer (XRD) Bruker Eco D8 Advance, using Cu-Kα2 radiation of 40 kV 
and 25 mA. For all samples, the angular range (2θ) of 20° to 100° with a step width 
of 0.01 and a step time of 5 s was used. The Al2O3 sample was used as the XRD standard 
to correct an instrumental line broadening. A background correction the Kα2 stripping 
were performed. Corrosion resistance of the sintered specimen was tested according 
ISO 10993-15. The PGP201 VoltaLab galvanostat/potentiostat (Radiometer Analytical, 
France) equipped with the VoltaMaster 4 software was used. As a corrosion medium, 
70 mL of the Hank’s solution was applied. The opening potential (EOCP) was determined 
under no-current conditions for 2 hours. Then the anodic polarization curves were 
recorded from Estart = EOCP – 100 mV. A three-electrode electrochemical measuring cir-
cuit was adapted in each corrosion test. The reference electrode was a saturated calomel 
electrode. An auxiliary electrode was a platinum plate. On the basis of the obtained 
results, the corrosion potential of Ecor, the polarization resistance Rp and the corro-
sion current density (Icor) were calculated. The corrosion potential and the polarization 
resistance were determined by the Stern linear polarization method. Corrosion current 
density was determined using Tafel extrapolation and the Stern-Geary equation [17]. 

The following designations were used in the study: 12Mn – manganese percentage; 
E – the use of elementary powders Fe, Cr, Mn; Mn4N – the use of manganese nitride 
and iron and chromium powders; Ar/N2 – MS process atmosphere: argon/nitrogen
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14.3. Results 
Table 14.1 shows the total, closed and open porosity, as well as the relative and absolute 
densities of the sintered samples. In all tested samples, the relative density was above 
80% and open porosity has a higher value compared to the closed porosity. The total 
porosity of the sample with manganese nitride is 12±1%, while the sample with man-
ganese elemental powder with nitrogen and argon atmosphere is 15±1% and 19±1%, 
respectively. Closed porosity of materials obtained from elementary powders mechan-
ically alloyed in nitrogen and argon atmosphere is 2±1% and 4±1%, respectively, while 
for material with manganese nitride it is 3±1%. 

TABLE 14.1. The density and porosity of the sinters

Samples
Total 

porosity 
[%]

Closed 
porosity 

[%]

Open 
porosity 

[%]

Green 
sample 
density

[kg/m3]

Sinter 
density

[kg/m3]

Relative 
density

[%]

Compaction 
parameter Ψ

[%]

12Mn-E-N2 15±1 2±1 13±1 5232±56 6786±59 85±1 0.609±0.021
12Mn-E-Ar 19±1 4±1 15±1 5145±56 6330±59 81±1 0.449±0.086
12Mn-Mn4N-N2 12±1 3±1 9±2 5432±52 6849±93 88±1 0.602±0.011

Figure 14.1 compares the phase structure of the samples with 12% Mn obtained 
from elemental powders, after MS in nitrogen and powders with the addition of man-
ganese nitride alloyed in nitrogen and argon. The presented diffractograms show 
that only the sinter obtained from powders with manganese nitride after mechanical 
alloying in nitrogen has an austenitic structure. In other materials tested, there was 
an austenitic and ferritic structure. 

FIGURE 14.1. Phase structure of sinters with the composition Fe-18% Cr-12% Mn obtained from 
elemental powders or manganese nitride MS in various protective atmosphere, pressed and sin-
tered at T = 1200°C, atm. Nitrogen
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In the sinter obtained from elementary powders after MA in nitrogen, austen-
ite grains with pores and irregular precipitates are visible (Fig. 14.2a). In the sample 
obtained from powders with Mn4N, the grains are more aligned, although average 
grain sizes in both samples are comparable (Tab. 14.2).

FIGURE 14.2. Microstructure of: a) 12Mn-E-N2 sample, b) 12Mn-Mn4N-N2

TABLE 14.2. Grain size of selected materials

Samples Grain size [µm]

12Mn-E-N2 16 ± 6
12Mn-E-Ar 20 ± 7
12Mn-Mn4N-N2 19 ± 4

The chemical composition analysis (Tab. 14.3) confirmed the basic proportion 
of the main alloying elements (18% of Cr, 12% of Mn). Nitrogen was present in each 
analyzed material. The highest nitrogen content was in the 12Mn-Mn4N-N2 sinter, 
as expected. 

TABLE 14.3. Chemical composition of the samples obtained. The results were obtained from 
a LECO spectrometer and SEM-EDS analysis

Samples
Elements

Fe Cr Mn N O C

12Mn-E-N2 68.93±1.01 17.96±0.49 12.13 ±0.39 0.526 
±0.026

0.390 
±0.041

0.0579 
±0.0011

12Mn-E-Ar 68.51±0.98 18.06±0.59 11.95 ±0.42 0.218 
±0.073

0.389 
±0.023

0.0662 
±0.0018

12Mn-Mn4N- N2 68.77±1.16 18.01±1.01 12.03±0.35 0.813 
±0.052

0.311 
±0.016

0.0612 
±0.0021
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Figure 14.3 shows the dependence of hardness HV10 and relative density. Higher 
sinter relative density results in higher hardness of the material. The HV10 hardness 
of the material obtained from elementary powders mechanically alloyed in argon 
and nitrogen atmosphere is 289±12 and 261±20, respectively. The hardness of the mate-
rial obtained from manganese nitride mechanically alloyed in nitrogen atmosphere 
is 295±17. At the same time, the material with manganese nitride (88%) is character-
ized by the highest density, and 12Mn-E-Ar has the lowest density.

FIGURE 14.3. Dependence of relative density on hardness HV10 of sintered materials 

Figure 14.4 shows the dependence of the microhardness of materials as a func-
tion of grain size. In each material there is a constant dependence of the microhard-
ness on the grain size, described by the Hall-Petch formula. The smaller the grain 
size, the higher the microhardness. In the 12Mn-E-Ar sample, lower microhardness 
may be due to the larger grains observed in this material and the lowest nitrogen 
content, compared to the other samples. The 12Mn-Mn4N-N2 sinter was character-
ized by higher microhardness, which can be explained by its fine-crystalline struc-
ture, higher density (approx. 88%) and a relatively high nitrogen content in the steel.

FIGURE 14.4. Dependence of grain size and microhardness of sintered materials 
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Changes in the open circuit potential of the tested materials are shown 
in Figure 14.5a. The analysis of the results from Figure 14.5a shows that in the tested 
materials, there is a decrease in the open circuit potential during the first 5 minutes 
of the test for the 12Mn-Mn4N-N2 sample and 40 minutes for the 12Mn-E-N2 sample. 
In each sinter samples, the value of the open circuit potential after 2 hours is lower 
than the initial value.

The anodic polarization curves (potentiodynamic curves) are shown in Figure 14.5b, 
and in Table 14.4 the basic parameters of corrosion resistance are given: corrosion 
potential (Ecor), polarization resistance (Rp) and corrosion current density (Icor) 
of the tested materials. The active and passive areas are clearly visible in the polarization 
curves. The EOCP in the 12Mn-Mn4N-N2 sample takes more constant values, which 
indicates a higher corrosion resistance of the material. In the material obtained from 
powders with the addition of manganese nitride after MS in nitrogen, there is a nar-
row hysteresis loop. Moreover, only in this material the potentiodynamic curve crosses 
the graph again in the passive area after the potential change. 

FIGURE 14.5. a) EOCP corrosion potential changes over time, recorded with an open circuit without 
external polarization, b) potentiodynamic curves of the 12Mn-E-N2 and 12Mn-Mn4N-N2 samples
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TABLE 14.4. Basic parameters of the corrosion process: Ecor – corrosion potential, Rp – polari-
zation resistance, Icor – corrosion current density

Samples Ecor [V] Rp [ohm] Icor [uA/cm2]

12Mn-E-N2 –0.462±0.029 10430±210 3.687±0.453
12Mn-Mn4N-N2 –0.413±0.022 697350±398 0.044±0.004

14.4. Discussion
The analysis of the results of the density and porosity of the tested samples showed 
that the samples in which manganese nitride was used for mechanical alloying had 
the lowest total porosity, and thus the highest density. The highest porosity and the low-
est density were characteristic of samples obtained from elementary powders alloyed 
in an argon atmosphere. By comparing the samples obtained from MA elemental 
powders in different atmospheres, it can be concluded that the nitrogen atmosphere 
increases the relative density and reduces the porosity. The compaction parameter Ψ 
determines whether the sample has shrinkage or swelling in the tested sinters. When 
this parameter is positive, it indicates a shrinkage of the samples, otherwise the sam-
ples swell. The swelling of the sample is disadvantageous, causes de-densification, 
a reduction of the sintering kinetics, and opposes sintering [18]. The compaction 
parameter was positive in each tested sinter, which means that the materials shrink 
after sintering.

Phase structure studies using X-ray diffraction indicated the complex nature 
of phase transformations taking place in the tested nickel-free austenitic stainless 
steel. In order to increase the possibility of obtaining austenite in nickel-free austen-
itic stainless steel, in addition to nitrogen as the MA atmosphere, manganese nitride 
can be used.

As ment ioned in chapter 14.3,  t he highest nit rogen content was 
in the 12Mn-Mn4N-N2 sinter. This can be explained by the fact that in this mate-
rial nitrogen was introduced in two forms: as a nitride and as a milling atmosphere.

The analysis of the hardness of the materials showed that the material obtained 
from MS powders in nitrogen is characterized by higher hardness. In addition, 
the open porosity of this material is lower, so there are less pores on the surface. 
The material obtained from powders with manganese nitride mechanically alloyed 
in nitrogen was characterized by the highest hardness, and its porosity was the low-
est. The higher hardness of this material may be related to the highest nitrogen con-
tent and the use of nitrogen in various forms (as the atmosphere of the MA process, 
or as an alloying powder).

A decrease in the open circuit potential indicates the chemical activity of the alloy-
ing elements on the surface of the material and its faster corrosion. The narrow 
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hysteresis loop present in the results of potentiodynamic corrosion resistance tests 
may indicate the metastable nature of the pitting formation and the material’s abil-
ity to repassivate the surface layer.

14.5. Conclusion 
In the study, samples of nickel-free steel were obtained using powder metallurgy 
techniques and introducing nitrogen in two ways: as a protective atmosphere 
and as an addition of manganese nitride. On the basis of the conducted research, 
the following general conclusions were formulated:
a)	 the porosity of the samples after sintering at 1200°C in nitrogen atmosphere was 

among 12–19% and the relative density was in the range of 81–88%;
b)	 X-ray diffraction studies showed that only in the 12Mn-Mn4N-N2 material there 

was an austenitic phase;
c)	 the highest hardness and microhardness was characteristic of the 12Mn-Mn4N-N2 

material, which had the smallest porosity and grain size;
d)	 the electrochemical tests show that the material obtained from powders with man-

ganese nitride mechanically alloyed in nitrogen has the best corrosion properties.
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