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Abstract 
 

Nitrogen is a well-known gamma-stabiliser in austenitic steels, also responsible for significant solid 

solution hardening of these materials. Yet, only few papers have studied its impact on austenitic 

high-entropy alloy (HEA) matrixes. This study focuses on a cobalt-free, non equimolar CrFeMnNi 

HEA doped with nitrogen. A series of alloys was cast under a nitriding atmosphere to promote 

nitrogen absorption into the liquid alloy. Study of as-cast alloys has shown nitrogen presence in 

solid solution up to 0.3 wt. % (1.2 at. %). Over the whole range of compositions, a linear increase of 

hardness (134 HV/wt. % of N) was measured as well as an expansion of the lattice parameter of  

a/a= 1.01 / wt. % N due to nitrogen addition in the interstitial sites of the lattice. Tests on forged 

and annealed samples showed that the increase of hardness with nitrogen addition is higher than in 

as-cast state (210 HV / wt. % of N) surely due to presence of other strengthening mechanisms. 

Tensile tests confirmed that the presence of dissolved nitrogen increases yield strength and ultimate 

strength and enhances strain-hardening, without any modification of ductility.  
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1- Introduction  
  

 High-entropy alloys (HEAs) were initially described as alloys containing at least five 

metallic elements, each one present in an atomic proportion between 5 and 35%. The first HEA to 

be discovered was an equimolar CoCrFeMnNi, often denominated today as the Cantor alloy [1]. 

During the fifteen years of existence of HEAs, the concepts have strongly evolved. The four “core 

effects” proposed by Yeh [2] (high distortion of the lattice due to the different atoms sizes; sluggish 

diffusion; high entropy effect to stabilise the solid solution; the “cocktail effect”) to describe the 

specific behaviour of HEAs have been partially questioned, as shown, for instance, by Miracle and 

Senkov [3] in a recent review. Especially, the entropy effect is far from being at the origin of the 

specific behaviour of HEAs, as similar properties have been identified in an equimolar ternary 

CoCrNi alloy [4].  

 

Nowadays, the Cantor alloy still remains the most studied, but is mainly considered as a 

model alloy to understand specific behaviours of HEAs. This alloy presents a stable face-centered 

cubic (FCC) structure, amagnetic at all temperatures. Contrarily to some austenitic stainless steels, 

it does not exhibit any martensitic transformation, even under mechanical stresses. It shows a quite 

unusual simultaneous increase of both yield strength and ductility with decreasing temperature [5]. 

Moreover, its impact resistance is high, especially at cryogenic temperatures. These effects are 

attributed to the decrease of the stacking fault energy (SFE) with temperature [5], [6]. In these 

conditions, twin formation is promoted; their presence acts as dislocation barriers creating a 
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“dynamic Hall-Petch effect” [7]. This effect leads to the increase of the strain-hardening rate during 

deformation, expanding the amount of elongation before necking appears, thus improving the 

ductility of the alloy. However, as other classical FCC structures, the Cantor alloy suffers from a 

common weakness: a lack of strength. This is why various ways of increasing its strength, like 

precipitation hardening [8], [9] or the formation of “duplex structures” due to a body-centered cubic 

(BCC) phase precipitation [10] are investigated. For the same purpose, because the potential extent 

of substitutional solid solution hardening seems limited in FCC HEAs [3], interstitial alloying has 

received a lot of interest recently. Several studies showed that carbon additions in HEAs can greatly 

improve yield strength while having little, no or even positive impact on ductility [11], [12]. Li et 

al. showed that a Fe50Mn30Co10Cr10 grade doped with 0.1 wt. % of carbon (0.5 at. %)  exhibits both 

twinning and transformation induced plasticity (TWIP and TRIP effects), leading to a very high 

combination of strength and ductility [13]. Nitrogen, another interstitial element commonly present 

in stainless steels, could also create promising properties. 

Actually, among FCC stabilizing elements used in conventional steels, nitrogen is known to 

be the most powerful one and was used as a substitution for Ni when its price significantly 

increased, leading to a new type of alloys rich in Cr and Mn: High Nitrogen Stainless Steels. 

Moreover, nitrogen has other beneficial effects: its addition is efficient to increase the yield strength 

and ultimate tensile strength and to promote strain-hardening, improves fatigue properties and 

resistance to localized corrosion, as well as helps grain size refinement [14], [15], [16]. Finally, 

nitrogen is also widely used in industry to increase the mechanical properties of surfaces through 

nitriding. Promising properties of high entropy nitride films were recently reported in the literature 

[17], [18], [19]. 

Similarly, nitrogen additions as an alloying element in bulk HEA has already been reported 

in several studies. While in most of them, nitrogen is introduced in the alloy during melting thanks 

to a high gas pressure [20], [21], [22], [23], it can also be introduced into the molten alloy in the 

form of nitride like FeCrN2 [24], [25], [26], [27] or during mechanical alloying with nitride powders 

[28], [29]. Han et al. [23], have shown the efficiency of nitrogen to increase the mechanical 

resistance of a cold-rolled Cantor alloy doped with 0.52 at.% of N (0.13 wt. %): these effects have 

been attributed to the increase of lattice friction, planar dislocation slip and twinning activation. 

Similar effects have been observed by Jodi et al. [20], [21] and Moravcik et al. [21] on the ternary 

alloy CoCrNi containing 0.95 at. % N (0.24 wt. %) and 0.47 at. % N (0.12 wt. %)  respectively. 

Moreover, these authors suggest that the presence of intergranular Cr2N precipitates might 

participate to Zener pinning and cause the reduction of grain size during processing. Klimova et al. 

studied the behaviour of a Cantor alloy doped with nitrogen up to 2 at. % N (0.49 wt. % N) at 

cryogenic temperature [26]. Nitrogen’s strengthening through solid solution is even more important 

than at room temperature making nitrogen-doped HEAs promising solutions for cryogenic 

applications. It should however be noted that most of those studied alloys (Cantor alloy and 

CoCrNi) have a large amount of Co which is known to reduce nitrogen solubility in stainless steels 

[16]. While no severe nitride precipitation was reported, surely due to the slow precipitation kinetics 

of Cr2N in austenitic matrixes [30], Co-rich HEAs may not be the best candidates for nitrogen 

alloying. 

In the present work, we aim to study the effect of nitrogen addition on a HEA from the 

CrFeMnNi family, the so called Y3 grade (Cr15Fe46Mn17Ni22, at. %), designed and developed 

recently [31]. This alloy, similar to the Cantor alloy, possesses a single phased FCC structure and 

keeps the main assets of its prototype: increased cryogenic mechanical resistance, absence of 

martensitic transformation and paramagnetic behaviour over the whole range of temperatures. 

Moreover, the perk of being cobalt-free decreases its cost and makes it a good candidate for some 

specific applications, like in the nuclear industry for instance, due to its low activation under 

irradiation. In the present study, nitrogen additions to Y3 alloy will be analysed and quantified from 

structural, microstructural and mechanical points of view.  
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2- Experimental  
 

 To evaluate the effect of nitrogen on the alloy, three nitrogen concentrations were targeted: 

0.1 / 0.17 and 0.3 wt. % N (0.4 / 0.69 and 1.2 at. % respectively) and were compared to the 

nitrogen-free alloy. Different nitrogen-doped alloys (300 g ingots) based on the “Y3” composition 

have been elaborated by cold crucible melting starting from high purity metals. Nitrogen was 

afterwards introduced in the liquid alloy through exposure to gaseous N2 under controlled pressure 

and time. The chemical composition of as-cast alloys was checked by Inductively Coupled Plasma 

(ICP) for metallic elements and infrared absorption of combustion gases (LECO, TC-436) for C, N, 

S, O. The results of chemical analysis showed that the nitrogen concentration is close to the targeted 

one (Table 1). 

 

Table 1. Chemical composition of studied alloys as measured by ICP and LECO methods. 

Compositions are given in weight percent or weight ppm, for metallic elements and impurities, 

respectively. The used abbreviations corresponds to the material’s state: AC: as-cast; FA: forged- 

annealed 

 Fe 
Cr 

 (wt %) 

Ni  

(wt %) 

Mn 

(wt %) 

N  

(wt ppm) 

O  

(wt ppm) 

S  

(wt ppm) 

C  

(wt ppm) 

Y3 Target Base 14.0 23.0 17.0 / / / / 

Y3-0-AC Base 14.0 23.6 16.9 8 15 44 11 

Y3-0.1-AC Base 13.9 23.2 16.5 890 9 58 13 

Y3-0.17-AC Base 14 23.3 17.1 1750 13 45 19 

Y3-0.3-AC Base 13.8 22.9 16.7 2900 1 47 7 

Y3-0-FA Base 14.0 23.6 16.9 10 10 44 15 

Y3-0.1-FA Base 14.4 22.7 16.9 1100 30 49 14 

Y3-0.17-FA Base 14 23.3 17.1 1750 4 48 20 

Y3-0.3-FA Base 14.5 22.9 17.5 2780 20 42 7 

 

For all alloys, the content of oxygen and carbon, in agreement with our expectations, is 

below 30 wt. ppm. The higher amount of S, about 50 wt. ppm, is due to a poorer quality of 

manganese used for this elaboration and may result in the formation of scarce MnS inclusions. Yet, 

its content remains constant for all the series of alloys. The effect of sulphur will thus be neglected.  

As-cast alloys were also transformed by forging at approximately 1000°C to produce 14 mm 

diameter bars. After forging, samples were annealed at 1000°C for 2 hours and water quenched. 

In the following, samples will be referred to following this format: Y3-A-B with A being the 

nitrogen concentration (i.e. 0 / 0.1 / 0.17 or 0.3 wt. % N) and B the state of the sample (AC for As-

Cast or FA for Forged-Annealed). For instance, the Y3-0.17-AC sample contains 0.17 wt. % N and 

has been studied in its as-cast state. One can note in Table 1 that the nitrogen concentration of Y3-

0.1 and Y3-0.3 grades differs between the AC state and the FA state (0.09 vs 0.11 wt. % N for Y3-

0.1 and 0.29 vs 0.28 wt. % N for Y3-0.3). They are actually different castings. Still, as the 

difference in nitrogen concentration is quite low between the two states and near the targeted value, 

their behaviour should remain similar and no distinction will be made later on. 

For Scanning Electron Microscope (SEM) observations and Energy-Dispersive X-ray 

spectroscopy (EDX) analyses, all the samples were ground with SiC papers down to 1000 grade. 
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Final preparation was made by electropolishing (6% HCl in ethanol, at 10-12°C, at 25V during 

30s). SEM JEOL JSM 6500F equipped with EDX system (silicon diode detector Princeton Gamma 

tech) and a back-scattered electron (BSE) detector was used. X-ray diffraction (XRD) 

measurements were made on bulk, just polished samples with a Bragg-Brentano diffractometer 

(X’Pert Pro MRD, PANalytical, Netherlands) using a Co Kα radiation with a step size of 0.08° and 

a counting time of a few seconds per steps. The lattice parameter for each sample was calculated 

using the Rietveld method (MAUD software). Yet, the millimetric grain size in AC samples was at 

the origin of strong crystallographic texture effects and made the classical measurements of lattice 

parameter based on several diffraction peaks impossible. For this reason, the analysis was based on 

measurements limited to one high-angle {222} peak (see 3.3 for details).   

Vickers hardness tests were performed on polished samples at a load of 10 kg (980 N). Each 

given value is the average value from at least ten measurements. Tensile tests were performed on 

threaded-head cylindrical specimens with a gauge length of 20 mm and a 4 mm diameter on an 

Instron 8861 testing system, with a strain rate of 10
-3 

s
-1

 at room temperature. For each alloy three 

tests were performed. Conventional yield strength value (YS) was calculated as the stress 

corresponding to a plastic deformation of 0.2%. Strain-hardening rate (SHR) was calculated 

performing the first derivative of true stress over true strain:            . 
All thermodynamic simulations were performed with Thermo-Calc Software (TC2019b) 

using the TCHEA3 and TCFE9 databases. The calculations performed in this work led to pretty 

similar results from the two databases, for everything except for the description of the  phase. On 

TCFE9, starts to be stable under 650°C whereas on TCHEA3, this phase remains stable at 

temperatures up to 900°C. Precipitation of  at such high temperature was never observed on the 

Y3 grade, thus the TCFE9 database was preferred. That is why all presented results in this paper 

come from this database. 

 

3- Results 

 

3.1. Phase stability in the N-doped Y3 grade : thermodynamic prediction 

 
Fig. 1a shows the quasi-binary phase diagram, as a function of nitrogen content, in Y3 alloy 

calculated with Thermo-Calc software. The composition of studied alloys is indicated with vertical 

dotted lines. Following the predictions, solidification of all alloys should lead to a fully FCC 

structure. At lower temperatures, in solid state, the nitrogen solubility decreases and stable Cr2N 

phase should precipitate: the solvus temperature of Cr2N grows with increasing nitrogen content 

and is of about 890°C, 990°C and 1085°C for Y3-0.1, Y3-0.17 and Y3-0.3, respectively. Fig. 1b 

shows in comparison, the quasi-binary CoCrFeMnNi-N phase diagram. The maximum solubility of 

nitrogen in the FCC phase is much lower than what is predicted for the Y3 alloy (0.18 wt. % N at 

1270°C and 0.89 wt. % N at 1300°C for the Cantor alloy and Y3 alloy respectively). Thanks to the 

development of High Nitrogen Stainless Steels in the past years, it is now known that the solubility 

of nitrogen in an austenitic matrix is strongly dependent on its composition. While Cr and, to a less 

extent, Mn increase the nitrogen solubility, Ni, Co, or Si have the opposite effect [32], [33], [34]. 

This is the reason why high nitrogen stainless steels are actually Cr-Mn rich steels [35], [36]. The 

presence of 20% of Co in the Cantor alloy compared to Y3 does not compensate the 5% increase in 

Cr content resulting in a much lower nitrogen solubility predicted by ThermoCalc software. It 

should however be noted that nitride precipitation kinetics is believed to be relatively slow 

compared to carbide precipitation [30] explaining why Cr2N is nearly never observed in the as-cast 

state of a nitrogen-doped Cantor alloy. Klimova et al. [26] showed that for a Cantor alloy doped 

with 0.22 wt. % N (0.88 at. %) there were no nitrides detected after casting whereas small M2N 

particles were observed with a nitrogen content of 0.54 wt. % N (2.2 at. %) which is not in 

agreement with the thermodynamic prediction. The question of reliability of those databases 

concerning nitride precipitation then arises and it could be useful to make long duration heat 

treatments at elevated temperatures to verify if precipitation happens as predicted. Though, we 
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believe that reducing the driving force for nitride precipitation by tuning the composition of the 

matrix should be an efficient way to increase as much as possible the amount of nitrogen in solid 

solution and prevent any precipitation that could have dramatic impact on mechanical properties 

and toughness especially [37]. One can also note that the predicted precipitation temperature for the 

 phase decreases with the addition of nitrogen in agreement with its ability to stabilize the FCC 

structure. Y3 alloy has a lower FCC stability compared to the Cantor alloy (based on precipitation 

temperature of  phase, which is higher in Y3 than in Cantor alloy) due to the absence of Co. 

However, with the addition of nitrogen in the Y3 alloy, its FCC stability can match that of the 

nitrogen-free Cantor, meaning that a small amount of nitrogen can be used to avoid usage of Co for 

FCC stabilization. 

 

 
Fig. 1. Quasi-binary phase diagram of (a) Y3-N and (b) CoCrFeMnNi-N alloys calculated by 

Thermo-Calc software with TCFE9 database  

 

 

3.2- Microstructure of as-cast and forged and annealed alloys 
  

In the AC state, a dendritic solidification structure is observed in all alloys, as shown in Fig. 

2 for the Y3-0.17-AC grade. EDX maps (Fig. 3) show that in all four samples, segregation of Mn 

and Ni occurred in interdendritic regions while Fe and Cr are more concentrated into the dendrites. 

This observation is in agreement with previous results, as reported by Li et al. [11] and Xiang et al. 

[25] in the case of Cantor alloy. Comparison between Y3-0-AC and Y3-0.3-AC alloys shows that 

nitrogen has no significant effect on primary segregation in the studied system. These results have 

been confirmed by Thermo-Calc simulation using the Scheil-Gulliver model of solidification (Fig. 

4a and 4b): it is quite clear that, as solidification proceeds, more and more Ni and Mn are rejected 

into the liquid while the opposite happens for Fe and, to a lesser extent, Cr. Interdendritic regions, 

which are basically the last parts of liquid to be solidified, are thus enriched in Ni and Mn. The 

presence of nitrogen has little impact on the observed primary segregation. Finally, Fig. 4c presents 

the solidification path for the Y3-0.3-AC grade according to the Scheil-Gulliver model and shows 

that no primary precipitation should occur during solidification. This result is in agreement with the 

fact that, at this scale of observation, no primary precipitation was observed in any sample. This 

also indicates that cooling down to room temperature, which takes only a few minutes after 
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solidification, is not long enough to provoke the precipitation of low temperature phases predicted 

at equilibrium, like Cr2N or , for instance in agreement with the observations of Klimova et al. 

[26]. 

Microstructures of the forged-annealed (1000°C/2h) samples are shown in Fig. 5 for Y3-0 

and Y3-0.3. In both cases, a fully recrystallized microstructure with visible twins is observed. 

Similar behaviour was observed for all the other samples. Higher magnification images, focused on 

grain boundaries and triple junctions, (i.e. possible preferential nucleation sites for precipitates), do 

not show any presence of second phase even in the N-doped grade. This is not in agreement with 

the thermodynamic prediction as the solvus temperature for Cr2N precipitation in Y3-0.3 is about 

1085°C (see 3.1). It cannot be concluded that it is due to slow precipitation kinetics, as it could also 

be a problem in the database’s reliability. Yet, it will be assumed that this heat treatment of 2 hours 

at 1000°C is enough to cause recrystallization without excessive grain growth while keeping at least 

0.3 wt. % of nitrogen in solid solution. Finally, even if nitrogen is believed to have some effect on 

recrystallization and grain growth in steels [25], [38], [39], the grain size, calculated by the intercept 

method, does not seem to be modified with nitrogen additions (36 µm, 34 µm, 28 µm, 32 µm for 

Y3-0, Y3-0.1, Y3-0.17 and Y3-0.3 respectively). Though, a more detailed study should be realized 

to properly conclude on this topic.   

 

  
Fig. 2. SEM-BSE images of Y3-0.17-AC. Black dots are pits generated by the etching procedure. 

All samples present similar as-cast structure  

 

 
Fig. 3. EDX maps of: (a) Y3-0-AC and (b) Y3-0.3-AC 
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Fig. 4.  (a-b) Change of chemical composition of the liquid during solidification for Y3-0-AC and 

Y3-0.3-AC respectively, according to the Scheil-Gulliver model; (c) Solidification path of Y3-0.3-

AC according to the Scheil-Gulliver model 
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Fig. 5. SEM-BSE images of  (a-b) Y3-0-FA and (c-d) Y3-0.3-FA. Black dots are pits generated by 

the etching procedure 

 

3.3- Effect of nitrogen on the lattice parameter value 

The presence of nitrogen in the interstitial sites of the matrix should involve an expansion of 

the lattice parameter as observed in conventional materials or stainless steels [27], [28], [41]. XRD 

measurements were performed on as-cast samples to investigate this impact on the Y3 matrix. The 

diffractograms showed a typical FCC pattern (a = 3.60 Å for N-free Y3 grade) and no evidence of 

any secondary phase in all the samples, confirming that no significant precipitation occurred. 

Indeed, even if the presence of secondary nitrides remains possible, their volume fraction would be 

lower than the X-ray diffraction detectability limit (about 1 %). 

As already stated, the calculation of the lattice parameter from the complete diffractogram 

following the standard procedures based on several peaks analyse has failed and our choice was to 

focus the exploitation of only one peak. To minimize errors on peak position, one can use peaks at 

high diffraction angles, as the experimental error decreases when the diffraction angle increases 

according to equation (1): 

        
        

        
           (1) 

where dhkl is the distance between two planes with hkl indices, λ is the radiation wavelength, and θ 

is the diffraction angle.  

This way, we focused our effort on the peak with the highest observed diffraction angle, the 

{222} peak. The area of 2 between 116 and 121° was scanned with a step of 0.08°. Fig. 6a shows 

the obtained diffraction diagrams for the four studied alloys: a shift to the lower diffraction angles 

as more nitrogen is added to the matrix corresponds to an increase of lattice parameter. The 

expansion of the lattice parameter with nitrogen addition (Fig. 6b) is linear with the amount of 
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nitrogen added and corresponds to a value of           = 1.01 ± 0.24 / wt. % (0.248 ± 0.059 / at. 

%). This linear increase of lattice parameter with N addition is consistent with the fact that nitrogen 

is fully dissolved in the matrix for all as-cast studied alloys. 

This value seems to be somewhat higher than usually found in the literature for stainless 

steels as it is generally between 0.810 /wt. % (0.200 /at. %) and 0.977 /wt. %  (0.240 /at. %) [16]. 

However, it may be dependent on composition; for instance, Ledbetter and Austin showed that the 

expansion for a FebaseMn2Cr18Ni10 grade was 0.977 /wt. % (0.240 /at. %) while the value of 0.863 

/wt. %  (0.212 /at. %) was found for a FebaseMn4Cr18Ni14 grade [42]. This effect might also be a 

medium/high entropy alloy specificity as Moravcik et al. found a value of 1.21 /wt. % (0.255 /at. %) 

for the expansion of a CoCrNi matrix with carbon addition [43] and 1.01 /wt. %  (0.249 /at. %) with 

nitrogen addition [24]. Finally, both Wang et al. and Klimova et al. reported very strong expansion 

of respectively 3.43 / wt. % (0.78 / at. %) on a modified FeNiMnAlCr alloy with carbon additions 

[12]  and 2.24 / wt. % (0.56 / at. %) in a nitrogen-doped Cantor alloy [26]. However, may there be 

an actual difference between steels and HEAs, the reasons why this expansion would be higher in a 

concentrated matrix than in conventional steels are not fully understood yet.  

 

 
 Fig. 6. (a) XRD diffractograms : superposed {222} peaks of all the samples; (b) Evolution of the 

lattice parameter in the as-cast state with the amount of nitrogen added, based on the {222} peak 

exploitation  

 

3.4. Effect of nitrogen on mechanical properties 

Tensile tests have been performed on samples in the FA state. The resulting true stress-strain 

curves are shown in Fig. 7a and Table 2 gives a summary of the measured mechanical properties. 

While the nitrogen-free Y3 alloy has quite low mechanical properties, nitrogen-doped Y3 alloy 

have their mechanical resistance improved without any significant impact on ductility: for example, 

thanks to the addition of 0.3 wt. % of N, the yield strength (YS) is increased by 114 MPa and the 

ultimate tensile strength (UTS) by 213 MPa while same level of ductility is observed (around 57% 

elongation to fracture). The corresponding strain-hardening rates (SHR) are presented in Fig. 7b. 

While the nitrogen-free Y3 presents a monotonous decrease of its SHR value with deformation, 

same trend is not observed in nitrogen-doped alloys as some curvature changes occur during the 

tensile test. When more nitrogen is added, the change of slope becomes more important (i.e. less 

negative): Y3-0.17-FA has a nearly constant SHR between 6 and 12.5% true strain while there is an 

increase of the SHR for the Y3-0.3-FA alloy between those two strains (from 2250 MPa to 2340 

MPa). When comparing the SHR values between Y3-0-FA and Y3-0.3-FA there is a 16% increase 

at 6% true strain and nearly 41% increase at 12.5%, which explains the higher increase of UTS than 

YS with nitrogen addition. However, for true strain values higher than 20%, the decrease of SHR in 

the nitrogen-doped Y3 becomes faster and all the samples end with nearly the same SHR resulting 

in similar ductility. 
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Fig. 7. (a) Evolution of room temperature true stress-strain curves of forged-annealed (FA) samples. 

Room temperature tensile tests with a strain rate of 10
-3

 s
-1

. Dashed lines represent the stress after 

apparition of necking as it is not a “true” stress anymore; (b) Corresponding strain-hardening rate as 

a function of true strain. Vertical dashed lines corresponds to respectively 6 and 12.5% true strain 

and represents borders of each stage of deformation. 

 

Table 2. Mechanical properties of studied alloys in FA state. Room temperature tensile tests; strain 

rate of 10
-3

 s
-1

. Taken from the engineering stress-strain curves (not shown here).The mean value 

over three tests is given and the error is the standard error calculated from the tests 

Alloy 
YS  

(MPa) 
UTS  

(MPa) 
Elongation to fracture 

 (%) 
Y3-0-FA 210 ± 10 507 ± 6 58 ± 1 

Y3-0.1-FA 250  ± 6 596 ± 6 54 ± 1 

Y3-0.17-FA 272  ± 8 648 ± 7 58 ± 1 

Y3-0.3-FA 324  ± 1 720 ± 1 57 ± 1 

 

4. Discussion 

4.1 Influence of nitrogen on the yield strength  

The increase of yield strength by nitrogen addition in FA samples was calculated to be 

around 430 MPa / wt. % N. This value is however not solely due to the solid solution strengthening 

by nitrogen but rather a combination of several hardening mechanisms in addition to this one, like 

strain-hardening or Hall-Petch strengthening. Fig. 8 presents the results of hardness measurements 

with nitrogen addition in both AC and FA states. In the two states, a linear relationship between 

hardness and the nitrogen content in the matrix is measured. However the slope of the line is not the 

same, the hardening power of nitrogen is higher in FA samples than in AC ones.  

In the AC state, an increase of 134 HV / wt. % N (33 HV / at. % N) was measured. In 

principle, both solid solution hardening and precipitation hardening should be considered to explain 

the origin of this behaviour. The other possible factors, i.e. the grain size effect and dislocation 

hardening, can be neglected in this case, as the as-cast state leads to rather coarse grains and should 

provide a very low dislocation density. The hypothesis of the presence of nano-nitrides in at least a 

part of Y3-N alloys (rich in nitrogen), that would precipitate during cooling, cannot be excluded, as 

the performed microstructural observations were limited to a SEM scale. Yet, the presence of nano-

precipitates would hinder dislocation movement and strengthen the alloy resulting in a change of 

slope in the curve of hardness vs nitrogen content, which is not observed. Besides, the linear 

relationship strongly suggests that even in the case of the highest nitrogen content (Y3-0.3), this 

element is fully contained in solid solution. Additionally, section 3.3 presented another result that 

reinforces the hypothesis that all the nitrogen is dissolved into the matrix: a linear increase of the 

lattice expansion with nitrogen addition was observed for all AC alloys. Finally, if a Cantor alloy 
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containing 0.22 wt. % N is totally free of nitrides in its as-cast state [26], our as-cast samples should 

have similar behaviour as the driving force for precipitation is lower than in the Cantor alloy (see 

section 3.1). One can thus conclude that this increase is solely due to solid solution strengthening. 

In the FA state, the increase of hardness with nitrogen addition is about 210 HV / wt. % (52 

HV / at. %) which represents a 60% increase as compared to the as-cast state. It is reminded that no 

precipitation was found in the samples at the SEM scale (see Fig. 5c-d) and is then probably not 

responsible for this increase. However, unlike in the as-cast state, the grains are much finer and the 

contribution of the Hall-Petch hardening on the overall hardness is increased. While it should not be 

a concern because all the FA samples showed similar grain sizes (see 3.2) the strengthening by 

grain boundaries (modelled by the K parameter in the Hall-Petch relation) is believed to be 

increased by nitrogen addition. This should result in an increment of hardness even if grain size is 

kept constant. Gavriljuk et al. showed that the K parameter of the Hall-Petch equation was 

multiplied by nearly 2.8 by adding 0.54 wt. % N on a Cr18Ni16Mn10 (wt. %) steel [44]. Similarly, 

Werner showed that the increase of K was linear with nitrogen addition (around 1140 MPa.µm
1/2 

/ 

wt. % N) [45]. Such behaviour was also evidenced in a CoCrNi medium entropy alloy with nitrogen 

addition [24]. Grain refining in nitrogen alloyed HEA can thus be very interesting for additional 

strengthening and might explain the observed difference between the two states.   

Another possible explanation for this result comes from the fact that dislocation hardening is 

affected by nitrogen addition. Indeed, similar behaviour was observed on an 18%Cr-9%Ni stainless 

steel where the increment of hardness with nitrogen addition was higher in a deformed sample than 

in a recrystallized one [46]. This was explained by a different dislocation density between the two 

states resulting in the combination of solid solution and additional hardening coming from the 

interaction with dislocations in the deformed state. In our case, that would indicate that the 

dislocation density in the FA alloy is kept high even after the heat treatment, compared to the as-

cast state. Such observations were already reported during primary characterizations of the Y3 alloy 

but the study was not pushed further [31]. Still, a difference in dislocation density between the two 

states coupled with nitrogen interaction with dislocations might explain such results. Nevertheless, 

further investigations need to be carried out to dissociate each strengthening component and its 

impact on the final mechanical properties. 

 

4.2 Influence of nitrogen on plastic deformation  
 

The increment of UTS with nitrogen addition is calculated to be around 760 MPa / wt. % N 

which is higher than what is observed for YS increase in the same alloys (430 MPa / wt. %). This 

result is linked to the modification of the strain-hardening behaviour of the Y3 alloy when nitrogen 

is dissolved in the matrix. Two major comments may be brought to attempt an explanation of this 

observation.  

Firstly, bibliographic data suggest that nitrogen addition in austenitic stainless steels 

modifies the behaviour of dislocation by promoting planar slip [16], [44]. Thus, cross-slip is 

limited, affecting dislocation interactions and, ultimately, increasing work-hardening [47], [48]. 

Some authors claim that planar slip is promoted because nitrogen decreases the stacking fault 

energy (SFE). Yet, the effect of nitrogen on the SFE remains a topic of debate and depends on the 

alloy’s composition. For example, increasing nitrogen content in a Cr15Mn17 steel reduced the SFE 

and led to a pronounced twinning during deformation [16]. However, the same authors show that in 

a Cr18Ni16Mn10 steel, nitrogen decreased the dissociation distance of dislocations [16], indicating 

that the SFE increased. The other assumption commonly encountered in literature to explain planar 

slip promotion is the presence of a short range order (SRO); however, this hypothesis still needs to 

be experimentally verified. Moreover, similar questions are considered about the impact of carbon 

on the SFE. Some authors [49] showed that carbon also promotes planar glide regardless of the SFE 

value, through an SRO effect. It seems possible that nitrogen might have a similar effect to that of 

carbon. 
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Secondly, interesting information may be found in the SHR measurements in tensile-tested 

Y3 alloys, both N-free and N-doped, as represented in Fig.7b. Nitrogen addition in the Y3 alloy 

changes the SHR curves by inducing changes of curvature during deformation which can then be 

divided into three stages: stage 1 up to  6% true strain ; stage 2 between 6% true strain and about 

12.5% true strain, and stage 3 starting at 12.5% until failure. A strong similarity of observed 

features with what is commonly observed in TWIP steels [50] is to be stressed. In such alloys, the 

first stage corresponds to the dislocation motion without any deformation twin. Then the second 

stage begins with the onset of twinning in favourably oriented grains, which counters the decrease 

of strain hardening. Finally, stage three is characterised by a diminishing of SHR due the reduction 

in the rate of twin formation, related to a twin-induced grain size decrease. It is spectacular in the 

present study to observe that the more nitrogen is dissolved in the matrix, the more efficient is the 

counter effect of twinning: starting from 0.17 wt. % N, a stabilisation of the SHR is measured in 

“stage 2”. This observation brings some arguments to the hypothesis that nitrogen indeed reduces 

the SFE in the alloy, thus facilitating the twin nucleation and so, activating twinning as an alternate 

deformation mode. It should be reminded that deformation twinning was already reported in the 

literature for CoCrNi or CoCrFeMnNi as a mechanism of their deformation at room (but also 

cryogenic) temperatures [25], [43] due to their relatively low SFE ( ~22 mJ.m
-2

 [51] and 18-30 

mJ.m
-2

 [52], respectively). However, the monotonous decrease of the SHR of the nitrogen-free Y3 

seems to indicate that no twining occurs in this alloy. 

 

 
Fig. 8. Evolution of the Vickers Hardness (HV) (10 kg load) with the amount of nitrogen in the as-

cast and forged-annealed states  

 

5-Conclusions 

1. The effect of nitrogen was studied in an austenitic HEA, so called Y3 grade (Cr15Fe46Mn17Ni22, 

at. %). The studied alloys have been prepared by cold crucible melting, and doped with nitrogen 

upon casting under controlled atmosphere, with contents up to 0.3wt. % N. Obtained results have 

shown a good reproducibility and mastering of elaboration of N-doped HEAs. In the as-cast state, 
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up to 0.3 wt. % nitrogen can be dissolved in the Y3 matrix. No precipitation occurred during natural 

cooling after casting. 

2. The presence of nitrogen in solid solution increases the lattice parameter of the austenitic matrix; 

a relative increase of                      = 1.01 ± 0.24 / wt. % (0.248 ± 0.059 / at. %) was 

measured. This value seems slightly higher than what is currently observed in austenitic steels 

(bibliographic data indicate values between 0.810 and 0.977 /wt. %), but similar to that reported in 

ternary equimolar CoCrNi alloy (1.03 and 1.01 /wt. % with carbon and nitrogen addition 

respectively), although the level of uncertainty in measurements should be taken into account in this 

conclusion. 

3. The evolution of hardness with nitrogen addition in the as-cast state revealed that nitrogen 

increases the solid solution strengthening by 134 HV / wt. % N which is similar to what is found for 

conventional stainless steels. In the forged and annealed state, however, the increase of hardness 

with nitrogen addition is more pronounced (210 HV / wt. % N) and might be related to the presence 

of several hardening mechanisms. 

4. Tensile tests on forged and annealed samples showed that nitrogen indeed increases the yield 

strength but has an even more important effect on the ultimate tensile stress due to the modification 

of the strain-hardening behaviour of the alloy. Additionally, no significant effect of nitrogen on 

ductility has been found. 

5. Therefore, nitrogen seems to be an efficient and promising alloying element to strengthen the 

HEA matrix while stabilizing a fully austenitic structure and high ductility. 
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