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Abstract 

In the recent years, the addition of nitrogen to iron alloys by mechanical alloying has 

attracted considerable attention. In this paper, mechanical alloying of Fe–18Cr–8Mn powder 

mixture under a nitrogen atmosphere is considered from the viewpoints of nitrogen 

supersaturation and phase transformation. By progression of milling, austenitization and 

amorphization transformations are detected. The contribution of interstitial sites of the 

nanocrystalline phases to the nitrogen supersaturation is estimated by X-ray diffraction 

experiments. It is found that the contribution is progressively decreased by increasing the 

total nitrogen content. Typically, only about 4 percent of total incorporated nitrogen is 

distributed among the crystal interstitial sites of the Fe–18Cr–8Mn–2.5N alloy. 
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1. Introduction 

Cr–Mn–N stainless steels have attracted much attention from scientific and 

technological points of view in the recent years. It is well established that the nitrogen 

addition to stainless steels has advantageous effects on their mechanical properties [1–5] and 

corrosion resistance [5–7]. Nitrogen in stainless steels is strong austenite stabilizer and 

biocompatible; therefore, it is capable of being a replacement for nickel which is expensive 

and toxic. Despite the fact that the effect of dissolved nitrogen on the austenite stabilization is 

several times higher than that of nickel, the nitrogen solubility is limited due to nitride 

formation. To increase the nitrogen solubility, manganese is an appropriate alloying element 

that is generally used along with nitrogen in nickel-free stainless steels [8]. 

It has been found that the nitrogen solubility in the liquid state is limited and complex 

melting processes with a nitrogen overpressure are required to produce high-nitrogen alloys 

[8–10]. Currently, mechanical alloying (MA) has been regarded as an alternative solid-state 

route to synthesize these alloys. Nitrogen alloying via MA can be accomplished by either 

milling under a nitrogen atmosphere or milling with proper nitrides under an inert gas. The 

generation of the high density of defects during MA increases the nitrogen solubility 

considerably [11–19]. In the recent years, noticeable researches on MA of Ni-free stainless 

steels under a nitrogen atmosphere have been also reported [11–19]. 

Concerning the nitrogen distribution in the structure of nitrogen-containing steels, no 

significant nitrogen segregation at grain boundaries has been found in nitrogen-containing 
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ferritic steels [20]. Moreover, Petrov et al. [21] have reported that nitrogen atoms have no 

detectable affinity to grain boundaries of high-alloyed austenitic steels. The nitrogen 

distribution in Fe-based alloys synthesized by MA under a nitrogen atmosphere has been 

tacitly analyzed [11,13,22–24]. Most of them have attributed the nitrogen supersaturation to 

preferential sites at dislocation elastic stress fields and nanograin boundaries developed 

during MA. Typically, Rawers et al. [24,25] have shown that in Fe–4.1N and Fe–1.36N 

alloys prepared by MA, 50 and 25 percent of nitrogen is entrapped into the crystal interstitial 

sites, respectively. To our knowledge, no systematic work has been reported on the 

contribution of the crystal interstitial sites to the nitrogen supersaturation of stainless steels. 

This study evaluates the supersaturation and distribution of nitrogen among crystal interstitial 

sites of mechanically alloyed nanocrystalline/amorphous 18Cr–8Mn–xN stainless steel 

powders. 

 

2. Experimental procedures 

MA of pure elemental Fe (>99.5%, Dav. = 50 µm), Cr (>99.9%, Dav. = 150 µm), and Mn 

(>99.9%, Dav. = 50 µm) powders supplied by Merck, with the weight ratio of 74:18:8, was 

performed in a high-energy shaker mill. Prior to processing, the grinding vessel was flushed 

several times with nitrogen gas. Milling was accomplished under a continuous flow (10 

mL/min) of high-purity nitrogen gas and argon gas at a rotation speed of 400 rpm. A ball-to-

powder weight ratio of 10:1 was employed by a combination of two different sizes of 

hardened steel balls (4×20 mm and 7×8 mm). Powder sampling was performed at 24-h 

intervals, ranging from 24 to 144 h, inside a nitrogen glove box. 
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The chemical composition of the milled powders was determined by a LECO gas 

analyzer (Corp., St. Joseph, MI) and X-ray fluorescence analyzer (XRF, Philips PW2400). X-

ray diffraction (XRD) experiments were conducted on the powders by Shimadzu Lab X-6000 

with Cu Kα radiation. The quantitative analysis of the XRD data was carried out by TOPAS 3 

from Bruker AXS. By this software, the relative content of present phases was estimated by 

the Rietveld method and the average crystallite size of the crystalline phases was determined 

by the Double-Voigt approach. The amorphous phase content was also determined by 

Rietveld analyzing the XRD pattern of a mixture of the as-milled powders and the known 

amount of nanocrystalline Fe powder as a standard, as detailed in Ref. [14]. The validity of 

the XRD results was checked by transmission electron microscopy (TEM, JEOL-JEM 2010). 

The amount of nitrogen distributed among the crystal interstitial sites was estimated via 

changes in lattice plane spacing determined by the XRD analyses. 

 

3. Results and discussion 

3.1. Structural evolution during MA 

The results of the elemental analyses on the powders milled under nitrogen gas are 

listed in Table 1. It is seen that the total nitrogen amount progressively increases from 0.7 to 

2.5 wt.%, when the milling time increases from 24 to 144 h, whereas the oxygen content is 

remained constant. The detected oxygen is due to the natural oxidation of the powders in the 

atmosphere. In the case of milling under nitrogen gas, molecular nitrogen adheres on virgin 

surfaces created during MA, dissociates, and consequently penetrates into the matrix via cold 

welding of the particles and diffusing down to interstitial sites, grain boundaries, dislocations, 

and other defects. 
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It is known that the equilibrium solubility limit of nitrogen in iron at room temperature 

is less than 0.1 wt.% [11,19]. The addition of alloying elements like Cr and Mn that are 

located in the left of Fe in the periodic table enhances the nitrogen solubility. However, this 

fact cannot alone justify the observed nitrogen supersaturation. During milling, the high 

amount of structural defects like point defects, dislocations, and nanograin boundaries is 

generated due to severe plastic deformation [26]. Since the mismatch strain of solute nitrogen 

is reduced in the defects, a high proportion of nitrogen atoms are diffused down to the 

defects. Mossbauer studies of high-nitrogen iron powders prepared by MA have signified that 

a considerable amount of infused nitrogen accumulates at grain boundaries [24,25]. 

The XRD analyses were conducted on the as-milled powders; the related XRD traces 

are available in Ref. [14]. According to the Rietveld analysis, three different phases, namely 

ferrite (α), austenite (γ), an amorphous phase, are recognizable. Table 2 summarizes the 

results of the XRD analyses, consisting of the relative phase amounts and the crystallites 

sizes. It is seen that in the short milling durations, the amount of the α-phase is more than that 

of the γ-phase; however, by progression of milling, the austenitization transformation 

progresses, leading to the domination of the γ-phase to the α-phase in the long milling 

durations. In addition, the amorphous phase content is considerable, reaching about 84 wt.% 

after 144 h of milling. Fig. 1 shows the TEM micrograph of the powder milled for 48 h 

having a nanocomposite structure. The selected area diffraction (SAD) patterns imply that the 

dark regions are a combination of the nanocrystalline α- and γ-phases and the bright matrix is 

a featureless amorphous phase. That is, the TEM assessments confirm what the XRD 

analyses show [14]. 
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The powder particles are subjected to severe plastic deformation during MA; thus, the 

density of dislocations increases and shear bands containing high dislocation densities 

develop. To decrease lattice strain, dislocation cells and subgrains separated by low-angle 

grain boundaries are formed. Finally, the transformation of the low-angle to high-angle grain 

boundaries occurs by grain rotation, giving nanostructures [26]. Moreover, it has been also 

realized that the nitrogen incorporation during MA intensifies the grain refinement [14]. 

Diffused nitrogen atoms are segregated at dislocations and grain boundaries, fixing the 

dislocations and stabilizing the grain boundaries. Afterward, the trickling down of mobile 

dislocations on the fixed dislocations contributes to the nucleation of new boundaries and 

accordingly severe grain refinement [14,27]. 

As it is obvious in Table 2, by progression of MA, the ferrite-to-austenite 

transformation proceeds. Nitrogen atoms diffuse into interstitial sites of the ferrite crystallites 

and produce mismatch strains. Since austenite has larger interstitial sites than ferrite, nitrogen 

atoms in austenite create less distortion and volume mismatch. In addition, austenite has 

smaller interfacial energy compared with ferrite [14]. As well as these effects, the structural 

refinement to the nanometric scale favors the austenitization transition during MA [13,19]. 

The grain refinement leads to an increase in the volume fraction of interfaces (grain 

boundaries); typically, the density of grain boundaries reaches 1019 cm−3 [28]. In this case, 

the enthalpy or strain energy of the material is such high as high-temperature phase 

transformations like austenitization are promoted at room temperature [29,30]. The final 

decreasing trend in the austenite content is owing to the amorphization of the austenite 

nanostructures, when the amorphization prevails over the ferrite-to-austenite transformation 

as the dissolved nitrogen approaches the considerable values. 
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The amorphization reaction can be argued by the high energy given to the powders 

during milling and the influence of nitrogen. The extreme structural refinement that has 

occurred during milling increases the constraint of the neighboring crystallites, decreasing the 

stability of the crystalline structure. Moreover, nitrogen intensifies the structural refinement, 

aiding amorphization. On the other hand, nitrogen in the Fe–Cr–Mn–N alloys increases the 

atomic size mismatch and negative heat of mixing among the constituent elements [14–18], 

encouraging amorphization significantly according to the Inoue’s empirical rules [31]. 

 

3.2. Estimation of interstitial nitrogen content in the nanocrystals 

In general, the nitrogen infusion into materials can be accompanied with (i) the 

precipitation of nitrides, (ii) the dissolution into interstitial sites of crystallites, (iii) the 

segregation at defects like grain boundaries and dislocations, and (iv) the distribution among 

interstitial sites of the amorphous phase. Regarding the contribution of nitrides to the nitrogen 

incorporation, no nitride precipitate was detected in the milled powders, according to the 

Rietveld analysis of the XRD results by the TOPAS software. It is noted that all probable 

nitride compounds were considered in the Rietveld analyses. Albeit, it should be considered 

that very low nitride contents cannot be detected by the XRD method. 

The interstitial nitrogen dissolution within ferrite and austenite crystals distorts the host 

crystal lattice, leading to changes in interplane spacing. In the case of milling under an inert 

argon atmosphere, instead of nitrogen, no such change in lattice interplane spacing is detected 

[11,23]. Accordingly, from the shift of (110) peak of the α-phase in the XRD patterns, the 

content of nitrogen dissolved interstitially in this phase can be estimated. Note that nitrogen 

atoms occupy the octahedral interstitial sites in the crystalline phases like carbon atoms. 
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Wriedt et al. [32] have pointed out an empirical equation (Eq. 1) to relate the dissolved 

nitrogen content in the α-phase ([Nα]) to the interplanar spacing (d(110)). 

[Nα] (wt.%) = 52.0833 (d(110) (°A) – 2.0268)                                                                           (1) 

where the constant 2.0268 is the (110) interplanar spacing of nitrogen-free samples. 

However, the equation does not take account of the influences of alloying element and 

milling process. Rawers et al. [23] have found that this constant should be modified to 2.029 

to be applicable to mechanically alloyed Fe–N alloys having a heavily deformed 

nanostructure. In this study, to have accurate estimations for the mechanically alloyed Fe–Cr–

Mn–N alloys, the constant is calculated from the XRD analysis of the powders milled under 

argon. Indeed, this procedure considers the effects of the alloying elements (Cr and Mn) and 

the milling process on the interplanar spacing. On the other hand, since the amount of the 

other interstitial elements, i.e. oxygen and carbon, in the samples milled under both the 

atmospheres was the same, their role in the evolution of the interplanar spacing is separated 

by this method. Converting the (110) interplanar spacing to the lattice parameter yields the 

following equation: 

[Nα] (wt.%) = 36.8285 (aα N (°A) – aα
 Ar

 (°A))                                                                         (2) 

where aα N and aα
 Ar are the lattice parameter of the α-phase in the powders milled under the 

nitrogen and argon atmospheres, respectively. 

On the other hand, Danilkin et al. [33] have suggested another empirical equation (Eq. 

3) to relate the interstitial nitrogen concentration of the austenite phase ([Nγ]) to the lattice 

parameter aγ
 N. 

 [Nγ] (wt.%) = 28.5714 (aγ (°A) – 3.588)                                                                                 (3) 
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Since austenitization does not occur in the powders milled under argon, it was not 

possible to calculate the austenite lattice parameter in the N-free samples. The lattice 

parameter of the α- and γ- phases after the Rietveld refinement of the XRD data and also the 

dissolved nitrogen contents calculated from Eqs. 2 and 3 are listed in Table 3. Using the 

relative content of the α- and γ-phases presented in Table 2 and considering the linear 

combination of these two phases in the interstitial nitrogen distribution, the average dissolved 

nitrogen content in the crystal interstitial sites (Nint) is also tabulated in Table 3, i.e. Nint = {(α 

%)(Nα) + (γ %)(Nγ)} /100. 

Table 3 reflects that Nint first increases and then decreases by progression of milling 

from 24 to 144 h. In the short milling durations up to 72 h, the crystalline phases are 

dominant and nitrogen atoms are occupying the interstitial sites, which finally leads to the 

nitrogen saturation. This is due to the fact that the nitrogen solubility in the crystalline phases 

is limited. In addition, in this period the progression of the α-to-γ phase transformation 

provides the larger crystal interstitial sites, giving rise to the increase in Nint. However, in the 

long milling durations, nitrogen saturation in the crystal interstitial sites has occurred and 

amorphization prevails. Since the defect density reaches considerable values and the 

amorphous phase is dominated, nitrogen atoms prefer to go to the defects (particularly 

nanograin boundaries and dislocation cores) and the amorphous phase to decrease the strain 

energy. Dividing the amounts of crystal interstitial nitrogen by those of total infused nitrogen 

(Nint %) demonstrates that, the contribution of the interstitial sites to the nitrogen 

supersaturation progressively decreases by increasing the milling time. 37 to 4 percent of the 

total infused nitrogen is entrapped into the crystal interstitial sites for the milling durations of 

24 to 144 h. Hence, it is straightforwardly inferred that the considerable amount of nitrogen is 
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distributed among the other sites of the structure consisting of the defects and amorphous 

phase. Compared to other researches [24,25], the minor contribution of the crystal interstitial 

sites to the supersaturation in this work is attributed to the development of the considerable 

contents of the amorphous phase providing more preferential sites for nitrogen atoms. Note 

that the amorphization reaction in the Fe–Cr–Mn–N system is more active than the Fe–N 

system studied in Refs. [24,25]. Eventually, it is noted that aspects of sintering and 

mechanical behaviors of these mechanically alloyed Cr–Mn–N stainless steels have been 

recently focused [34–37]. 

 

4. Conclusions 

In this paper, MA of Fe–18Cr–8Mn powder mixture under nitrogen was investigated in 

terms of the nitrogen supersaturation, nanocrystallization, ferrite-to-austenite phase 

transformation, and amorphization. The contribution of the crystal interstitial sites to the 

nitrogen supersaturation was estimated quantitatively via XRD analyses from the evolution of 

interplane spacing with the milling time. It was found that the contribution of the interstitial 

sites to the total supersaturation decreases by progression of MA. Typically, only 4 percent of 

the total infused nitrogen was entrapped into the crystal interstitial sites of the sample milled 

for 144 h. By progression of milling, nitrogen atoms prefer to go to the defects and 

amorphous phase to decrease the strain energy. Accordingly, the major contribution to the 

nitrogen supersaturation was attributed to the elastic stress field of dislocations, nanograin 

boundaries, and amorphous phase developed by MA. 
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Figure 

 

Fig. 1. TEM micrograph of the powder milled for 48 h under nitrogen. The inserts indicate 

the SAD pattern of the different regions.
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Tables 

Table 1. Chemical composition of the Fe–18Cr–8Mn powders milled under nitrogen (wt.%). 

Milling time (h) Fe Cr Mn N O C 

24 72.978 17.748 8.225 0.693 0.325 0.032 

48 72.948 17.643 8.069 0.973 0.334 0.033 

72 72.971 17.505 7.827 1.330 0.334 0.033 

96 72.763 17.408 7.705 1.760 0.335 0.029 

120 72.530 17.350 7.629 2.130 0.331 0.030 

144 72.319 17.203 7.576 2.537 0.334 0.031 

 

Table 2. Results of the XRD experiments on the Fe–18Cr–8Mn powders milled under 

nitrogen. 

Milling time 
(h) 

α-phase 
percentage 

γ-phase 
percentage 

Amorphous 
percentage 

α-crystallite 
size (nm) 

γ-crystallite 
size (nm) 

24 51.7 19.3 29.0 18 16.2 

48 22.9 37.8 39.3 15.2 14.2 

72 17.7 38.6 43.7 11.7 11.3 

96 11.7 33.9 54.4 9.8 8.2 

120 5.3 27.3 67.4 7.8 6.1 

144 1.4 14.9 83.7 6.3 5.2 
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Table 3. Values of aα
 Ar, aα N, aγ

 N, [Nα], [Nγ], Nint, and Nint %. 

Milling time 
(h) 

aα
 Ar (A°) aα N (A°) aγ

 N (A°) [Nα] (wt.%) [Nγ] (wt.%) Nint (wt.%) Nint % 

24 2.8654 2.8759 3.5987 0.387 0.306 0.259 37.374 

48 2.8657 2.8792 3.6048 0.497 0.480 0.295 30.319 

72 2.8661 2.8838 3.6083 0.652 0.580 0.339 25.489 

96 2.8663 2.8885 3.6098 0.818 0.623 0.307 17.443 

120 2.8665 2.8893 3.6113 0.840 0.666 0.226 10.610 

144 2.8868 2.8906 3.6138 0.140 0.737 0.112 4.415 

 


