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Abstract: Plasma nitriding of austenitic stainless steels at moderate temperatures is considered in 

the presented work. The anisotropic aspects of stress-induced diffusion and influence of nitrogen 

traps are investigated by kinetic modeling based on rate equations. The model involves diffusion of 

nitrogen in the presence of internal stress gradients induced by penetrating nitrogen as the next 

driving force of diffusion after the concentration gradient. The diffusion equation takes into account 

the fact that nitrogen atoms reside in interstitial sites and in trapping sites. Stress-induced diffusion 

has an anisotropic nature and depends on the crystalline orientation while trapping–detrapping is 

isotropic. The simulations are done considering the synergetic effects of both mechanisms and 

analyzing the properties of both processes separately. Theoretical curves are compared with 

experimental results taken from the literature. Good agreement between simulated and 

experimental results is observed, and gives the possibility to find real values of parameters needed 

for calculations. The nitrogen depth profile shapes, the dependences of nitrogen penetration on 

nitriding time and on diffusivity, are analyzed considering crystalline orientation of steel single 

crystal. 

Keywords: austenitic stainless steel; plasma nitriding; stress-induced diffusion; trapping; kinetic 

modeling 

 

1. Introduction 

Plasma nitriding of austenitic stainless steel (ASS) at temperatures less than the formation of 

nitrides greatly increases surface hardness, corrosion, and wear resistance [1–13]. The nitriding 

creates lattice distortion of the FCC austenitic phase (γ phase), leading to the formation of nitrogen-

rich expanded austenite (γN phase) [6,14]. The high nitrogen content dissolved in the γN crystalline 

lattice leads to a noticeable expansion and in some cases rotation [15] of the lattice, giving rise to high 

residual compressive stresses [9–12]. Intensive studies on γN phase structure and formation have been 

undertaken by various researchers in recent decades and a comprehensive review of the scientific 

literature regarding the formation, characteristics, and properties of the γN phase was presented in 

[16]. 

Many experiments show that the thickness of expanded austenite phase as well as nitrogen 

penetration depth depend on the crystal orientation and increase in the order (111) < (110) < (100) for 

different orientations [6,8,17–20]. The same order of crystalline orientations follows the nitrogen 

concentration on the surface. The difference of the thickness of expanded austenite phase was 

explained by lattice stress anisotropy, which gave rise to an orientation dependence of the activation 

energy for diffusion [21]. The effect of anisotropic lattice expansion could be explained by the residual 
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compressive stress developed during nitriding which varies as a function of crystalline orientation of 

the ASS specimen due to the elastically anisotropic nature of austenite [11,22,23]. The elastic field 

creates an additional driving force for the nitrogen transport [24–31]. Because of the elastic anisotropy 

of ASS, the induced internal stresses are dependent on the crystalline orientation and influence of 

nitrogen penetration depth, which becomes dependent on the crystalline orientation [31].  

The content of nitrogen that penetrates into the bulk of the sample is influenced not only by the 

volumetric processes, but also by processes on the surface. Adsorption, desorption, and 

heterogeneous chemical reactions on the surface are very important processes during plasma 

nitriding. Adsorption and dissociation of molecules on the surface taking place during heterogeneous 

reactions depend on surface free energy [32]. Surface free energy depends on the orientation of the 

surface [32] which means that processes on the surface also have an anisotropic nature and influence 

the anisotropic nature of nitrogen penetration in the volume of austenite. The nitrogen fluxes passing 

through the surface of different crystalline orientations can be different due to the anisotropic nature 

of adsorption and heterogeneous chemical reactions on the surface [31]. 

Expanded austenite, which will be called γN phase in this paper, is known as a supersaturated 

solid solution of nitrogen in stainless steel with a disordered FCC structure and a distorted lattice 

[33]. It was shown the existence of short range ordering of Cr and N atoms takes place [33,34]. High 

content of nitrogen penetrating the volume of austenite has been attributed to the trapping of 

nitrogen at octahedral interstitial sites, by alloying element atoms dissolved in the matrix with high 

affinity for N such as Cr [18,34]. The role of Cr has been investigated to have pointed to ‘‘trapping 

and detrapping’’ diffusion of nitrogen [35]. In the trapping–detrapping model, chromium atoms play 

a crucial role via a chemical bonding effect where Cr atoms form trap sites for N [36]. The preferential 

bonding of chromium with nitrogen in the γN phase has been observed in AISI 304L with a ratio N/Cr 

very close to 1 [37], which supports the specific role of chromium in the atomic transport of nitrogen. 

The depth profiles calculated with the trapping–detrapping model are in excellent agreement with 

the experimental ones [17,38,39]. However, recently it was shown for “chromium-free” austenitic 

iron-nickel alloy that Cr is not a necessity for the nitrogen-interstitial-induced lattice expansion 

phenomenon to occur [35]. The penetration of nitrogen without assistance of chromium and the 

driving force is internal stresses which create stress-induced diffusion [24–30]. Moreover, a 

concentration-dependent diffusivity model has also been used to describe the behavior of nitrogen 

in stainless steel. The diffusivity of interstitial atoms in the γN phase seems to be dependent on their 

concentration. For example, Mandl et al. [40] calculated the nitrogen diffusivity from concentration 

profiles of N-implanted samples and they found that nitrogen diffusivity depends on concentration, 

with a high value for high nitrogen content and low value for low concentration. It has been 

hypothesized that the increase of the lattice constant during γN phase formation changes the electron 

density distribution, so that an increase of diffusivity occurs due to the lowered potential barriers 

between two interstitial sites. This model is also able to explain the carbon diffusivity in austenite 

[41]. In fact, many efforts have been made to explain this enhanced nitrogen diffusion, and several 

models have been suggested to correctly take into account the different phenomena which can 

influence it, and thus reproduce the experimental profiles. 

Generally, the trapping of interstitial components such as hydrogen, carbon, or nitrogen at 

interstitial positions by different sorts of traps can be observed in metal alloys [42–46]. Nitrogen (or 

H and C) atoms move through a metal alloy by normal interstitial site diffusion or dislocation 

transport. The first description of this kind of trapping by Oriani [47] in 1970 can be considered to be 

a seminal contribution. Details on the application of Oriani relationships can be taken from the 

overviews [48–50]. Oriani’s theory is based on considering a lattice consisting of two kinds of sites 

for occupancy by interstitial atoms. He postulates that the vast majority of sites are normal interstitial 

sites (NIS). The minor fraction of sites called trapping sites (TS) provides an energetically favorable 

environment for occupancy by the interstitial atoms. In ASS, chromium atoms play a crucial role via 

a chemical bonding effect where Cr atoms form trap sites for nitrogen. Consequently, here we 

consider ASS lattice consisting of two kinds of sites for occupancy by nitrogen, i.e., diffusion sites 

where nitrogen can diffuse and trap sites (Cr atoms) where nitrogen cannot diffuse. 
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The attempt to combine both effects, stress-induced diffusion and trapping–detrapping was 

made in [24,25], where the effects of plasticity and dependence of diffusion coefficient on 

concentration, and inverse modeling of the surface reaction rate were also included. In this work we 

present combined modeling including stress-induced diffusion and trapping–detrapping process, 

taking into account and focusing on the anisotropy of internal stresses with respect to crystalline 

orientation and anisotropy of adsorption process on the surface of the ASS. The modeling relates to 

single crystals of stainless steels and is not directly applicable to polycrystals, where lateral diffusion 

fluxes, grain-to-grain mechanical interaction, and different surface conditions play a role. 

2. Mass Transport Model—The Coupling Between Nitrogen Stress-Assisted Diffusion and 

Trapping 

The diffusive flux of the interstitial atoms (JN) contributes to the change in nitrogen concentration 

both in the lattice, CNdif, and in the traps, CNtrap. Therefore, based on Fick’s second law the interstitial 

atoms diffusion through the austenite phase can be written as [36,38,39,46]: 

 
CNsum C C JNdif Ntrap Nt t

 
    

 
 (1) 

Generally, the main driving force for interstitial atom diffusion in the metallic lattice is the 

chemical potential gradient which depends on the nitrogen concentration field, and on the stress 

field. The interstitial nitrogen causes an expansion of the crystal lattice of the austenite phase. This 

phenomenon implies the occurrence of local stresses, induced by nitrogen concentration gradients, 

and influences nitrogen transport in the expanded austenite phase. A systematic model for nitrogen 

transport in ASS that takes into account nitrogen diffusion and stress interaction was proposed in our 

previous works [26–31]. A generalized chemical potential and a diffusive flux are addressed to the 

freely diffusing nitrogen and according the stress-assisted diffusion model, the relationship between 

them attains the following form 

N
B A

D C V
Ndif N

J D CN Ndif k T 

 
      (2) 

where D is the diffusion coefficient of interstitial atoms in a stress-free solid, σ is the hydrostatic stress, 

VN is the partial molar volume of interstitial in the solid matrix; T is the absolute temperature; kB and 

NA are Boltzmann constant and Avogadro constant, respectively. 

Inserting Equation (2) into Equation (1) yields 

C C D V CNdif Ntrap N Ndif
D C

Ndift t k N TB A

    
         

     
 

  (3) 

In Equation (3) there are two unknowns CNdif and CNtrap. However following Oriani’s theory the 

nitrogen concentration in the lattice was assumed to be in equilibrium with the concentration in the 

traps. This means that once the concentration in the lattice is known, we can calculate the 

concentration in the traps [39,46,47]: 

( ) exp0

C ENtrap BK C H C N Ct Ntrap NtrapNDift k TB

   
       

     
 (4) 

where 4K R D
t

  ; 
/

0

E k TA BD D e


 ; Ht is concentration of traps; N0 is the concentration of host 

atoms; EA is the diffusion activation energy; D0 is the pre-exponential factor of diffusion; EB is the 

detrapping activation energy; Rt is a characteristic capture radius of an individual trap site taken as the 

lattice constant; kB is Boltzmann constant. 

To evaluate the compressive stress and the compositional strain induced by the interstitial atom 

diffusion in the expanded austenite, a mechanical model recently proposed in our previous work 

[29,31] was used. This model is based on the Hooke’s law and considers elastic anisotropy of ASS. 



Metals 2020, 10, 1319 4 of 13 

 

The dependence of compositionally induced biaxial compressive residual stresses in the [hkl] 

direction on concentration of interstitials can be determined by [29,31,50,51]: 

 
  

1
( )S S 1 011 44

Nhkl C X C
Nsum stress hkl NsumaZhkl

     
  


  (5) 

The anisotropic stress factor Xstress(hkl) in any crystallographic direction [hkl] depends on so-called 

orientation factor    
22 2 2 2 2 2 2 2 2P h k h l k l h k l

hkl


          [50] and on the Young’s modulus 

  
1 11

S 2 S S S S S 111 11 12 44 11 442
E Z
hkl hkl hkl

   
            

  
, where h, k, l are Miller 

indexes, S11, S12, S44 are independent intrinsic single crystal elastic constants (elastic compliances) and 

Zener ratio [52] 
 2 S S11 12

S44
Z


 , which is perhaps the best known measure of the anisotropy of 

elastic behavior for crystals with cubic symmetry. In addition, a linear relation exists between the 

total strain in the [hkl] direction (which is linearly related to the stress through Hooke’s law, i.e., 

 
1

( )hkl hkl
Ehkl

   ) and the mean concentration of interstitials in the expanded austenite, i.e., 

( )
0

Nhkl C
Nsuma

 


  [29], where βN is the Vegard’s constant for interstitial atoms dissolved in 

austenite and a0 is the lattice parameter of the austenite (strain-free). 

Introducing Equation (4) and Equation (5) into Equation (3) as the diffusion is one-dimensional 

along x-direction (1D diffusion problem, where x-axis is the diffusion axis), the mass transport of the 

nitrogen considering the effects of stress-assisted anisotropic diffusion and including the effects of 

traps is described by the following set of equations: 

( )
0( )

C D V C X Cstress hklNdif N Ndif Ntrap
D C Cx x x x Nsumhkl Ndift k N T tB A

     
          

     
 

 (6) 
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
    


 (7) 

Ndif NtrapNsum
C CC

t t t

 
 

  
 (8) 

where 
x

  is x-axis projection of gradient and Φ0(hkl) is the anisotropic adsorption term, which describes 

the process of interstitial atom adsorption on the steel surface (i.e., for x = 0): 

 (0, ) (0, )00( ) ( )
i N C t C tNdif NtrapNhkl N hkl

      , where iN—the relative flux of incident nitrogen 

atoms to the surface;  
1/2

2 2 2
( )

h k lNN hkl


     —the crystal orientation dependent nitrogen 

adsorption probability [29,31].  

3. Results and Discussion 

In Figure 1, the fitting results of experimentally measured nitrogen depth profiles by proposed 

model are presented. Experimental results are taken from [19]. In those experiments the 316L ASS 

bulk single crystals with [100], [110], and [111] crystalline orientations have been plasma-nitrided for 

1.00 h at either 573 or 673 K. The specimens were nitrided in the plasma reactor [53] where plasma is 

created by a 13.56 MHz electromagnetic excitation with an incident input power of 700 W. The gas 

mixture and the total pressure were 60% N2 + 40% H2 and 7.5 Pa, respectively. Treatments were 

performed under floating potential conditions. Detailed description of the sample preparation and 
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plasma conditions are reported in [19,53]. Nitrogen depth profiles were determined by method of 

nuclear reaction analysis (NRA). The values of parameters used for calculations are collected in Table 

1. Theoretical curves 1.1–1.3 very well correspond with experimental points for all three different 

crystalline orientations. Comparison of the theoretical predictions with experimental data was 

considered good if the relative deviations of the calculated values from the experimental values was 

in the range from 0 to 5 % everywhere. The characteristic plateau, which typical for nitrogen 

distribution in plasma-nitrided ASSs, is well expressed. Previously, in [38] it was made attempt to fit 

theses experimental points by second Fick’s law, assuming crystalline orientation dependent 

diffusion coefficient. In our calculations, we alternatively show that by taking into account anisotropy 

of crystal lattice stress-induced diffusion, the good fitting can be obtained with constant diffusion 

coefficient. Results presented in Figure 1 are calculated with the same diffusion coefficient for all 

different lattice orientation of single crystals, but with different parameter Xstress and different 

adsorption coefficient αN-hkl. The anisotropy of adsorption was discussed in our previous work [29,31]. 

By this we show that anisotropy of lattice stresses is mainly responsible for anisotropy of nitrogen 

penetration. However, the anisotropy of diffusion coefficient itself also cannot be neglected, because 

of lattice orientation dependence of the diffusion activation energy [21]. 

Table 1. Simulation parameters. 

Elastic constants 
AISI 316L γ 

Phase [54] 

AISI 316L γN 

Phase [55] 

T, K 673,573 

iN, s−1 27.2 × 10−4 

C11, GPa 206  307.2 Do, m2s−1 17.5 ×·10–9 

C12, GPa 133  134.1 EA, eV [39] 1.1 

C44, GPa 119  46 EB, eV 0.23 

 
  

C +C11 12S =
11 C C C +2C11 12 11 12

, 1/GPa 

0.00984 0.00443 

αN 0.8 

αN-hkl  
-1/22 2 2

α h + k + lN  

  




C
12S =

12 C C C +2C
11 12 11 12

, 1/GPa 
−0.00386 −0.00135 

Xstress, GPa 

presented in 

Figure 2   S S 111 44 0

N

Z ahkl   


 

1
S =

44 C
44

, 1/GPa 
0.00840 0.02174 

N0, m−3 [39] 
7.29 × 1028 

 

Ht, m−3 [39] 1.31 × 1028 

Zener ratio  
Z

2 S S
11 12

=
S

44

 3.26 0.53 

VN, m3/mol 3.9 × 10−5 

Rt, m [39] 0.38 × 10−9 

 

Figure 1. Calculated (lines) and experimental (points) (data from [19]) depth profiles of nitrogen: solid 

lines 1.1–3.1 resulting nitrogen profiles in the (100), (110) and (111) oriented single crystals of ASS, 

dotted lines 1.2–3.2 nitrogen in trap sites and dotted lines 1.3–3.3 diffusing nitrogen. Nitriding 

temperature 673 K. 
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In model Equations (6)–(8) there are two types of nitrogen: nitrogen in trap sites CNtrap and 

diffusing (free) nitrogen CNdif. In Figure 1 the depth distributions of both types of nitrogen are shown 

by dotted lines. These curves show that the plateau in nitrogen depth profile is formed mainly 

because of nitrogen distribution in traps sites, which is related with distribution of chromium. The 

plateau in curves 1.2–3.2 (nitrogen in trap sites) is very well expressed. The profiles of diffusing 

nitrogen, curves 1.3–3.3, also differ from Fickian depth profiles, because of inclusion of stress-induced 

diffusion. A not well expressed but observable plateau also can be observed in those curves. In 

general, the trapping–detrapping process is isotropic. However, as can be seen in Figure 1, the 

dependence on crystalline orientation is seen for profiles of trapped nitrogen (curves 1.2–3.2). That 

occurs because of anisotropy of stress-induced diffusion, higher diffusion, and more nitrogen arises 

which can be trapped in trap sites. As a result, more nitrogen in trap sites is for those crystalline 

orientation crystals for which diffusion is faster. In Figure 1 (curves 1.2–3.2), it can be seen that near 

the surface, where almost all trap sites are occupied by nitrogen atoms, the dependence on crystalline 

orientation of the amount of nitrogen in trap sites is much less expressed. 

A very important parameter, which defines the anisotropic character of nitrogen depth profiles, 

is Xstress, which as shown above, is the function of Miller indexes and elastic compliances Sij. Elastic 

compliances depend on phase of material. As discussed above, during nitriding of ASS AISI 316L the 

phase changes from austenite γ phase to expanded austenite γN phase. The elastic compliances 

change as well, and their change together changes the parameter Xstress. The parameter Xstress for each 

three considered crystalline orientations was calculated using values of elastic coefficients Cij (which 

are related with elastic compliances Sij (see Table 1)) taken form [54] and [55] for γ and γN phases, 

correspondingly. During kinetic modeling, when concentration of nitrogen rises from zero, it is 

important to consider the transition period, until γN phase is fully formed. It is known that expanded 

austenite phase forms at about 5 at.% of nitrogen [40]. In the interval 0 at.% < CN ≤ 5 at.% of nitrogen 

concentration the transition period takes place. For the transition period we assume that parameter 

Xstress depends on nitrogen concentration and exponentially passes from values for γ phase to values 

for γN phase. The transition functions and dependences of parameter Xstress for each lattice orientation 

are shown in Figure 2. Please note that values of Xstress for γN phase decreases in order as (100) > (110) 

> (111) while for γ it occurs in opposite. That is just the result of elastic coefficient C11 which 

significantly increases and coefficients C44 which significantly decreases going from γ phase to γN 

phase. (see Table 1). 

 

Figure 2. The transition functions and dependences of anisotropic stress factor Xstress on nitrogen 

concentration in the transition period from austenite phase γ to expanded austenite phase γN for each 

crystalline orientation. 

The model presented in this work involves two processes, trapping–detrapping (TD) and lattice 

stress induce diffusion (SID). It is interesting to consider the properties of each of them. In Figure 3 
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there are presented calculated results for three cases: (1) including both processes TD and SID (curves 

1.1–1.3), (2) only one process SID (curves 2.1–2.3) and (3) including only TD model (curves 3.1–3.3). 

All parameters for calculation are used the same as for curve (100) in Figure 1 (see Table 1).  

 

Figure 3. Calculated depth profiles of nitrogen (CNsum, CNtrap and CNdif) for three cases: (1) including 

both processes trapping–detrapping (TD) and stress induce diffusion (SID) (curves 1.1–1.3), (2) only 

one process SID (curves 2.1–2.3) and (3) including only TD model (curves 3.1–3.3.). 

If we exclude the TD process, the penetration depth of nitrogen significantly increases, and 

surface concentration significantly decreases. This shows that the TD process decreases nitrogen 

penetration. In the nitrogen depth profile, the characteristic plateau is not well expressed, but it exists. 

Previously, we were able to get a good fitting result for different experimental results with the SID 

model without TD [26–31]. The TD model, without SID, gives much less nitrogen penetration depth 

and higher surface concentration of nitrogen. Curve 3.2 for CNtrap shows the plateau, but curve 3.3 for 

CNsum has no plateau, despite, when SID is included, CNsum has a plateau (curve 1.3), i.e., by excluding 

SID, the plateau disappears. It is an important and interesting observation that not only TD but also 

SID increases the effect of the plateau in the nitrogen depth profile. However, this is not a general 

rule, and the mentioned effect occurs only at this special case. The plateau in CNsum curve can be 

successfully obtained also without SID [17,38,39]. In the case presented in Figure 3, the plateau for 

CNsum for TD model is not seen (curve 3.3) because of a big amount of diffusion nitrogen CNdif (curve 

3.1), as CNsum = CNtrap +CNdif. If we decrease CNdif, the plateau would be observed in curve CNsum [39]. 

However, considering both models TD and SID, CNdif cannot be decreased because SID plays only 

with CNdif and if we decrease it the influence of SID becomes negligible. From the point of modeling 

there is a problem, because a good fitting can be obtained in both cases, with and without SID, of 

course at different parameters, first, at different diffusion coefficients. The true answer would give 

the direct measurement of partial concentration of nitrogen CNdif, and CNtrap, separately; however, 

experimentally it is not easy to do (or may be impossible). The experimental measurements give 

results of total nitrogen CNsum only, which is not very informative to decide working mechanisms and 

processes. However, many experimental observations confirm the existence of elastic stresses in 

nitrided austenite, which means that the process of SID also must take place. This means that results 

presented in Figure 3, i.e., including TD and SID, reflect the processes really taking place during 

nitriding of ASSs. 

That the model TD + SID works properly and shows the good fitting of experimental results at 

different temperatures. Variation of temperature influences the processes of diffusion and detrapping 

(both according to Arrhenius law), and influences the level of lattice stresses which decreases with 

the increase of temperature (see Equations (6) and (7)). Results obtained at 573 K are shown in Figure 
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4. (in Figure 1 was 643 K). It is seen a good correspondence with experimental results (points) for all 

crystalline orientations. 

 

Figure 4. Calculated (lines) and experimental (points) (data from [19]) depth profiles of nitrogen. 

Nitriding temperature 574 K. 

The evolution of nitrogen depth profiles for different lattice orientations are presented in Figure 

5. Calculations are performed using values of parameters listed in Table 1, for 573 K temperature of 

nitriding. It can be seen that with increasing of nitriding time, the profiles for different lattice 

orientations increasingly differ. The curves for (100) orientation move far away over time from others 

faster than curves for (110) and curves for (111). The difference between curves 1.1–1.3 after 0.50 h of 

nitriding is much less compared to the difference between curves 4.1–4.3 after 3.00 h of nitriding. The 

evolution of surface concentration and penetration depth have the same tendency. Such tendency 

was also observed experimentally in [53].  

 

Figure 5. Nitrogen depth profiles evolution in the (100), (110) and (111) oriented single crystals of 

ASS. Depth profiles after nitriding time 0.50 h, 1.00 h, 2.00 h and 3.00 h at 673 K temperature are 

presented. 
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The time dependencies of nitrogen penetration depth from results presented in Figure 5 are 

plotted in Figure 6, showing the parabolic dependence of penetration depth on time. The penetration 

depth in this calculations is assumed as distance from the surface till the point with nitrogen 

concentration 0.3 at.% The curves of penetration depths quite well fit to lines as a functions of t1/2 for 

all lattice orientations.  

 

Figure 6. Calculated time dependencies of nitrogen penetrations depth for different crystalline 

orientations. 

The calculated nitrogen penetration depth as a function of diffusion coefficient for three different 

crystalline orientations (100), (110), and (111) are presented in Figure 7.  

 

Figure 7. The dependence of penetration depth on diffusion coefficient for different crystalline 

orientations of AISI 316L single crystals (nitriding duration 1.00 h). 
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 During calculations, the diffusion coefficient was changed by changing temperature according 

to Arrhenius law. As mentioned before, the diffusion coefficient in our calculations in this work is 

independent on crystalline orientation. It can be seen from Figure 7 that different penetration of 

nitrogen for different lattice orientation occurs despite the same diffusion coefficient. With the 

crystalline orientation only parameters Xstress and N(hkl) are changed. Only these parameters are 

responsible for different penetration depth of nitrogen for different crystalline orientations despite 

the same diffusion coefficients. Functions of penetration depth on the square root of diffusion 

coefficient D1/2 show linear dependence, confirming the validity of relation �~√�� for TD + SID 

model. The small deviations from line functions observed in Figure 7 arise due to some discrepancy 

to find numerically the points with nitrogen concentration of 0.3 at.%, and some deviations always 

occur. The lines in Figure 7 are parallel to each other, whereas the slope coefficients of linear equations 

for all given crystalline orientations presented in the figure coincide. It means that the level of 

penetration depth anisotropy does not changes with the increase of diffusion coefficient. It is because 

diffusion coefficient changes with temperature and the increase of temperature decreases the level of 

lattice stress. 

4. Conclusions 

Numerical modeling to predict the temporal evolution of the nitrogen concentration depth 

profile during expanded austenite formation needs the incorporation of coupling between diffusion, 

trapping, and mechanical stress, as well as by combining both the anisotropy of internal stresses and 

the anisotropy of adsorption. The anisotropy of lattice stresses and, consequently, the anisotropy of 

stress-induced diffusion process leads to different nitrogen penetration depth for different crystalline 

orientations, despite the same diffusion coefficients. The nitrogen penetration depth is highest for the 

(100) oriented single crystal, smallest for the (111) oriented single crystal, and this difference increases 

with nitriding time.  
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