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Abstract: In this paper, nitrogen diffusion is investigated in single-crystalline austenitic stainless
steel during modified layer formation and thermal annealing. A generalized system of diffusion
equations is derived within a thermodynamic framework from Fick’s laws, which describe nitrogen
flux under multiple driving forces, including a concentration gradient and the gradient of hydrostatic
stress. Trapping and detrapping phenomena are considered within this model, and nitrogen flux is
distinguished depending on whether nitrogen is in a lattice or a trapping site. Furthermore, the effects
of anisotropic elasticity in single-crystal austenitic stainless steel on the stress field are investigated.
The proposed model is used to simulate the nitrogen transportation process in single-crystalline
AISI 316L during ion beam nitriding and after isothermal annealing at three different crystalline
orientations. The results of our theoretical predictions are compared with experimental results
taken from the literature. It is shown that during isothermal annealing, nitrogen diffusion becomes
significantly slower than during nitriding. The diffusion coefficient during the annealing process,
compared with the nitriding process, decreases by factors of 4.3, 3.3, and 2.5 for the orientations (001),
(011), and (111), respectively.

Keywords: nitriding; thermal annealing; stress-induced diffusion; trapping; austenitic stainless steel;
kinetic model

1. Introduction

Austenitic stainless steels (ASSs) are attractive materials for many industrial appli-
cations due to their excellent corrosion resistance. Even so, their low hardness level and
poor tribological properties, such as wear resistance, limit their widespread application.
One of the most promising surface hardening methods is low-temperature nitriding. This
thermo-chemical surface treatment has been shown to improve the surface hardness, fric-
tion resistance, and tribological properties of ASSs [1-11]. The origin of these improvements
is that the nitrogen diffusion process results in the formation of an expanded austenite
(called the yn phase) layer [4,9,12,13], which essentially is a supersaturated solid solution
of interstitial nitrogen atoms (with nitrogen content of up to 40 at.%) in austenite (y phase)
and without chromium nitride precipitation. The yy phase shows very high hardness
(up to 1500 HV) and is wear- and corrosion-resistant. Various nitriding technologies have
been used so far to obtain layers composed of the vy phase. The most typical methods
include gas and plasma processes. It has been shown that it is also possible to obtain yy
phase coatings via reactive magnetron sputtering of stainless steel with the addition of
nitrogen to the sputtering gas [14-20]. It was confirmed that yn phase coatings obtained
via magnetron sputtering show good adhesion [18], and their properties and structure are
similar to the the yy phase produced via gas or plasma nitriding.
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The main limitation of yy phase material is its metastability. Many studies [21-27],
by means of isothermal annealing and in situ TEM heating observations, have shown that
even at 450 °C, the yN phase decomposes and chromium or iron nitrides can precipitate,
which negatively affects the corrosion resistance of the steel. For this reason, nitriding
processes are conducted at temperatures below 450 °C. It was also observed that not only
is temperature highly important for the formation of nitrides, but so is treatment duration.
Moreover, an increase in nitrogen in the treatment atmosphere leads to the formation of
a yN phase with a higher nitrogen content and accelerates the formation of nitrides in
the layer [27]. Despite the fact that considerable experimental investigations have been
performed on the thermal stability of the yn phase, there are no theoretical models that
describe and simulate the processes during annealing.

The next important aspect is related to the fact that nitrogen supersaturation accom-
panies y-lattice expansion and that the crystalline structure of the yn phase is essentially
different from that of the original ASS matrix [4,5,7,8,28-32]. The most important experi-
mental evidence leading to the discovery of the yN phase came from the exhaustive XRD
phase identification works in Refs. [4,29-31,33], where the yn phase peaks apparently look
similar to those from the austenite substrate, but all of them are shifted to lower angles and
appear to be broader compared to those from the austenite substrate. Further, the yn(200)
positions are more deviated relative to the y(200) diffraction angle than the other planes,
demonstrating that the expansion, and thus, the level of nitrogen supersaturation are
strongly dependent on the crystallographic orientation [4,30-33]. This effect of anisotropic
lattice expansion could be explained by the residual compressive stress developed during
nitriding, which varies as a function of crystallographic orientation of the ASS specimen
due to the elastically anisotropic nature of austenite [33-37]. The supersaturation of the
interstitials causes larger lattice expansion, but the untreated core will constrain the ex-
pansion, thus forming very high residual stress in the yN phase. During the diffusion of
nitrogen atoms in the steel matrix, the gradient of chemical potential serves as the driving
force, and the interstitial nitrogen atoms diffuse from high to low chemical potential. More-
over, when the interstitial nitrogen atom occupies the site, the induced compressive stress
increases the chemical potential. Accordingly, the chemical potential gradient increases
and, thus, diffusion may be enhanced, as was shown in our previous studies [35,38].

Several theoretical models of rapid interstitial diffusion in expanded austenite have
been proposed in recent decades, and each of them highlights some particular features.
The models are mainly divide into three groups: (1) the models that consider the influence
of hydrostatic stress on nitrogen diffusion [35,38-43]; (2) the models that account for
diffusion and trapping/detrapping mechanisms [44—46]; and (3) the models based on
concentration-dependent diffusion concepts [47]. In general, the trapping/detrapping and
stress—diffusivity coupling concepts could provide insights into the phenomenon of high
diffusivity of interstitials in expanded austenite. According to the trapping/detrapping
model, nitrogen is trapped at chromium sites (trap sites), resulting in the generation of a
highly nitrogen-enriched austenite phase layer [44—46]. Once all trap sites are occupied,
any additional incoming nitrogen can diffuse rapidly through the austenite layer, i.e., the
system contains two types of interstitial atom subjected to different interactions with the
lattice and, hence, that have different diffusivities. The next important aspect is related
to the fact that the nitrogen diffusion process is driven by the concentration gradient of
nitrogen atoms and by migration due to lowering of the chemical potential, induced by
hydrostatic stress. All of these mechanisms are very important for accurate modeling of the
nitrogen transport process in expanded austenite.

Against the above background, the main aim of the present work is to simulate the
fully coupled stress-diffusion and trapping/detrapping processes of nitrogen in expanded
austenite during modified layer formation and thermal annealing. With this objective, a
generalized system of diffusion equations is derived within a thermodynamic framework
from Fick’s laws, which describe nitrogen flux under multiple driving forces, including a
concentration gradient and the gradient of hydrostatic stress. Trapping and detrapping
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phenomena are considered within this model, and nitrogen flux is distinguished depending
on whether nitrogen is in a lattice or a trapping site. Furthermore, the effects of anisotropic
elasticity in single-crystal ASS on the stress field are involved. The proposed model was
used to simulate the nitrogen transportation process in single-crystalline AISI 316L during
ion beam nitriding and after isothermal annealing at three different crystalline orientations
((100), (110), and (111)). The results of the simulations are discussed and validated on the
basis of experimental measurements from the literature.

2. The Governing Equations of the Nitrogen Transport Model

A kinetic model for nitrogen diffusion in ASS that takes into account stress-induced
diffusion and the trapping/detrapping mechanism is proposed in our work [46]. To incor-
porate the effect of traps into the nitrogen transport equation, we follow the equilibrium
theory presented by Oriani [48] to consider a lattice consisting of two kinds of site for
occupancy by nitrogen. The model hence distinguishes between free lattice nitrogen (diffu-
sive; Np) and trapped nitrogen (trapped; Nt). Further, the relevance of stress in nitrogen
transport in ASS is well known and described in our previous works [35,38—40]. According
to the stress-assisted diffusion model, the driving force for diffusion is the gradient of
chemical potential, which is a function of nitrogen concentration and hydrostatic stress.
So, considering the effect of hydrostatic stress on the chemical potential of nitrogen at the
lattice sites, the nitrogen diffusion process can be expressed as follows [35,38-40,46,49]:

D-Vy-Np
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where Np and Nr are the nitrogen concentrations at the lattice and trapping sites; D is
the diffusion coefficient of interstitial nitrogen atoms in a stress-free ASS matrix; o is the
hydrostatic stress; Vy is the partial molar volume of interstitial in the ASS matrix; and R
and T are the ideal gas constant and the absolute temperature, respectively.

However, there are two unknowns (concentration Np and Nt), and both variables
should be connected using kinetic or thermodynamic assumptions. According to Ori-
ani [48], when the trapping process is assumed to be instantaneous, the nitrogen concentra-
tion in the lattice is assumed to be in equilibrium with the concentration in the traps. So, if
the equilibrium between the traps and interstitial sites is considered, the concentration in
the traps can be expressed as [44,46,48-50]:
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where K = 47nR; - D; D = Dge Ea/ksT; H, is the concentration of the traps; Ep is the
detrapping activation energy; E 4 is the diffusion activation energy; Dy is the pre-exponential
factor of diffusion; Ny is the concentration of host atoms; R is a characteristic capture radius
of an individual trap site taken as the lattice constant; and kp is the Boltzmann constant.
This trap model is based on several assumptions, i.e., it was assumed that (1) traps are
isolated and that transport between traps occurs via lattice diffusion; (2) only one type of
trap site (which is associated with Cr atoms) is considered; and (3) the concentration of
traps is constant and each trap site is allowed to bind only one nitrogen atom.

In general, to solve Equations (1) and (2), a fully coupled analysis is required to
understand the dependence of stress state on nitrogen diffusion and vice versa. So, in
order to evaluate the compressive stress and the compositional strain induced by interstitial
nitrogen atom diffusion in expanded austenite, a mechanical model recently proposed in
our previous work [35,38] was used:

1
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where o(hkl) is compositionally induced biaxial compressive residual stress in the [k k []
direction; N is the mean concentration of nitrogen interstitials; Xges5(41) is the anisotropic
proportionality constant in any crystallographic direction [/ k ] (or anisotropic stress fac-
tor), which depends on the so-called orientation factor Py = (h*-k*> + h* - 12 + k> - I?) -
(h? + k> +12) 2151] and on the Young's modulus Ejy = (S11 — 2 Py - (S11— S12 — 3Sma)) 7!
= (S11 — Pyxs - Sasa(Z — 1))~1, where £, k, and [ are the Miller indexes, and Sy1, S1, and
S44 are independent intrinsic single-crystal elastic constants (elastic compliances) and the
Zener ratio [52] Z = M In addition, a linear relationship exists between the total
strain in the [/ k ] direction. The generalized Hooke’s law was used to express the rela-

tionship between stress and strain, i.e., e(hkl) = ﬁ -0 (hkl)), and the mean concentration

of interstitials in the expanded austenite, i.e., e(hkl) = ﬁa—g] - N [38], where By is Vegard’s
constant for interstitial nitrogen atoms dissolved in austenite and 4y is the lattice parameter
of the austenite (strain-free).

Finally, based on mass conservation, with the diffusion-induced anisotropic stress
and stress—diffusivity coupling given above, we can now develop the generalized set of
model equations (by assuming only one type of trap and unidirectional diffusion along the
x direction):

Np _ g 9 (pNDY _ 9 D VN ND - Xspress(nk1) ON ., ONp ONr @
ot oK) T\ 7 ox ox RT ox Pox ot
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where @) is the anisotropic adsorption term, which describes the process of intersti-
tial nitrogen atom adsorption on the ASS surface (i.e., for x = 0): ®yp1) = IN - ANk -

(No — Np(0,t) — N7(0, t)), where iy is the relative flux of incident nitrogen atoms to the

surface, and ayx) = an - (h? + K>+ 12) 125 the nitrogen adsorption probability, which

depends on the crystal orientation [35,38]. Moreover, the model takes into account the
erosion effect at the steel surface due to nitrogen ion irradiation, where vs), is the velocity
of sputtering.

The model was applied for processes, nitriding, and annealing, and only in the case of
annealing is the adsorption term ® ) excluded from the equations. All other diffusion
terms remain the same, and only the values of some parameters and initial conditions are
changed. As an initial condition in the case of the simulation of nitriding, the pure ASS, free
of nitrogen, was taken. In the case of annealing, as an initial condition, the nitrided ASS
with a given nitrogen depth distribution function was taken. To solve the above-presented
model equations, the numerical Runge-Kutta methods were used.

It is important to note that the proposed model can be used to describe the nitrogen
distribution in ASS during the nitriding and thermal annealing processes at different tem-
peratures until chromium nitride formation, i.e., at temperatures below 450 °C [21-27].
Moreover, for nitrided layers containing the yn phase, various types of strain (thermal,
compositional, elastic, and plastic) can be considered. However, we only take into account
anisotropic compositional strain in our model. Therefore, the incorporation of the composi-
tional, thermal, plastic, and elastic contributions to the strain, induced on austenite lattice
due to the formation of the yn phase, will be the main task in our future investigations.

3. Results and Discussion

To demonstrate the role played by the various physical phenomena associated with
the effects of traps, stress, and solute concentration contained in the continuum model
of Equations (4)—(6), we considered a model material of nitrogen solutes in the ASS host
where it can be trapped in a chromium atom trap site or detrapped from it. Validation
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of the proposed model was performed through the simulation of nitrogen diffusion in
single-crystalline ASS AISI 316L during ion beam nitriding at three different crystalline
orientations, and subsequent annealing. The experimental results are taken from Ref. [53],
where 316L ASS bulk single crystals with (100), (110), and (111) crystalline orientations
were nitrided for 60 min at 400 °C and nitrogen ion energy of 1 keV was applied. Further,
the nitrided single crystals were subsequently annealed ex situ at 400 °C for 30 min. A
detailed description of the sample preparation and experimental conditions is reported
in Ref. [53]. It is important to note that the XRD analysis of the virgin, nitrided, and
subsequently annealed samples showed the presence of the yN phase in the nitrided layer,
and no formation of any chromium nitrides was detected (see Figure 1 in Ref. [53]). This
fact is important, as nitrogen diffusion during nitriding or annealing can be described by
the purposed model. The microstructure of post-nitrided ASS samples was analyzed in
our previous work, where the SEM micrographs show very clearly different penetration
depths of nitrogen for differently orientated grains (see Figure 3 in Ref. [49]). The material
properties of AISI 316L and values of the above-described model parameters used in the
numerical simulation and fitting of those experimental results are listed in Table 1.

Table 1. Simulation parameters.

S11, 1/GPa S12, 1/GPa S44, 1/GPa Zener Ratio
AISI 316L v phase [54] 9.84 x 1073 —3.86 x 1073 8.40 x 1073 3.26
AISI 316[E5’Y]N phase 443 x 1073 ~135 x 1073 21.7 x 1073 0.53
Usp, cm /s [53] in, s E4, eV [49] Epg, eV [49] Do, cm?s!
1.3 x 1078 11.8 x 1074 1.1 0.23 112 x 107
Ny, cm 3 [49] H;, cm 3 [49] Vy, m3/mol Ry, cm [49] ayn
7.29 x 102 1.31 x 10% 3.9 x 1072 0.38 x 1077 0.8
BN, cm/at. % [46] ag, cm [46] Xstress(nkl), MPa/at.%
75 % 10-11 036 x 10-7 Xstress Values for each of the three considered crystallographic orientations

were taken from our previous work [46] (see Figure 2 in [46])

The experimental and calculated nitrogen depth profiles are presented in Figure 1
for three different crystalline orientations after nitriding (for 60 min at 400 °C) and after
isothermal annealing (for 30 min at 400 °C). It is seen that the variations in the nitrogen
concentration with depth show unusual concavity (typical for the low-temperature nitrid-
ing of ASS), which reflects a forced diffusion regime. Furthermore, there are significant
differences in the nitrogen penetration depths and surface nitrogen content for the different
crystal orientations, i.e., an increase in surface concentration of nitrogen and nitrogen
penetration depth in the order (100) > (110) > (111) for different crystallographic orienta-
tions is observed. Such dependences were considered in our previous works [35,38] and
explained by the anisotropic nature of the adsorption process due to Gibbs energies for
different oriented grains, and internal lattice stress anisotropy, which was determined by
taking into account the anisotropy of the Young’s modulus for the fcc crystal. In this paper,
the experimental observations (Figure 1, points) are quantitatively reproduced (Figure 1,
lines) through fitting using the proposed model (Equations (4)-(6)) and by taking into
account the anisotropy of crystal lattice stress-induced diffusion under the influence of
traps. It is important to note that nitrogen profiles after nitriding were calculated with
the same diffusion coefficient for all the different crystallographic orientations of single
crystals. However, attempts to obtain good comparisons of the theoretical predictions
using experimental data from the nitrogen profiles of annealed samples, with the same
diffusion coefficient value as for the nitrided samples (with D,,;; = D,;), were unsuccessful.
This can be clearly seen in Figure 2, where the nitrogen depth profiles of annealed samples
were calculated with different D,;;;/Dyuy values. The results presented in Figure 2 indicate
that diffusivity during thermal annealing is three times slower than during nitriding. At-
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tempts to fit the experimental results with D,;;/Dann = 1 and D,;jt/Danyn = 2 result in greater
deviation from the experimental points, and only D,;;;/Dgu, = 3 exhibits good fitting. Note
that good fitting of D,,;;/Dau, = 3 is obtained for all three crystal orientations. The lower
diffusivity during post-nitriding thermal annealing than during ion beam nitriding was
found in the work [53] using a trapping/detrapping model. In that model, stress-induced
diffusion mechanisms were not taken into account, and it was assumed that the diffusion
coefficient itself depends on crystallographic orientation. It was found that the diffusion
coefficient during the annealing process, compared with the nitriding process, decreases
by factors of 4.3, 3.3, and 2.5 for the orientations (001), (011), and (111), respectively. It is
most probable that the 1 keV ion bombardment during nitriding has an influence on the
enhanced diffusivity [56] during the nitriding process compared with diffusivity in the
annealing process, where the surface is not affected and samples are in a rest state. The
explanation for this enhanced diffusion during the nitriding process is proposed in Ref. [57],
which is based on quasi-particle-enhanced mobility, i.e., the effect of ion bombardment on
deep diffusion was explained on the basis of ion irradiation-created quasiparticles that can
propagate over long distances in the ASS lattice, interacting with the interstitial atoms and
affecting their mobility [57].

28 - Experimental profiles:
26 ] Py 100 - @ nitrided O annealed
® o 110- A nitrided 4 annealed
111 - ®m nitided ©O annealed

Calculated profiles:

P 100 - nitrided - - - annealed
8 - 110 - —— nitrided - - - annealed
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| I | 1
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Figure 1. Calculated (lines) and experimental (points, data from [53]) depth profiles of nitrogen in
the (100), (110), and (111)-oriented single crystals of ASS. Solid lines: resulting nitrogen profiles after
nitriding (for 60 min at 400 °C), dotted lines: resulting nitrogen profiles after isothermal annealing
(for 30 min at 400 °C).
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Figure 2. Calculated depth profiles of nitrogen in the (100), (110), and (111)-oriented single crystals
of nitrided ASS after isothermal annealing (for 30 min at 400 °C). Experimental results (points) are
taken from Ref. [53].

Details of the distribution of nitrogen in the normal lattice Np and traps Nt after
nitriding (for 60 min at 400 °C) and after post-nitriding isothermal annealing (for 30 min
at 400 °C) for the cases of Dyj/Dunn = 1 and D,jt/Dyyy = 3 are shown in Figure 3. By
comparing the nitrided and annealed nitrogen profiles, it is seen that the plateau in the
annealed profiles is more horizontal. It is seen that the plateau in the total nitrogen depth
profile is formed mainly because of nitrogen distribution at the traps sites, which is much
higher than for mobile (a diffusive) nitrogen. However, a plateau is observed in the
mobile nitrogen profiles after annealing. With the variation in the ratio of D,;;/Dgayy, the
balance between mobile nitrogen and nitrogen at the trap sites changes. It can be seen
that as the D,;;/Dyuy increases, the penetration depth of nitrogen in both states, diffusing
and trapped, decreases. At the same time, the concentration of nitrogen in the surface
layers increases. The dependences of surface concentration and nitrogen penetration
depth on different crystallographic orientations, as functions of the ratios of D,;;/Dann,
are presented in Figure 4. Both dependences in Figure 4 are non-linear. As can be seen,
nitrogen surface concentration shows an increase with an increase in the ratio of Dy,;/Dgun,
while the penetration depth of nitrogen shows the opposite tendency. According to the
Arrhenius law, diffusion coefficient increases with temperature, so the results presented
in Figure 4 can also be considered to represent the influence of annealing temperature.
Diffusion depth is proportional to v/Dt, i.e., the diffusion coefficient D and diffusion time
t influence the diffusion depth in the same way. So, the penetration depths presented in
Figure 4 at different diffusion coefficients also can be considered to represent penetration
depths for different diffusion times.
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Figure 3. Calculated (with different Dyjt/Dann ratios) depth profiles of nitrogen in the (100)-
oriented single crystal of ASS after nitriding (for 60 min at 400 °C) and after isothermal annealing
(for 30 min at 400 °C). Np—nitrogen in normal lattice, Nr—nitrogen at trap sites, and N—total

nitrogen concentration.
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Figure 4. The dependences of nitrogen surface concentration and penetration depth on ratio of

Dyit/Dann calculated for different crystalline orientations.
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A more detailed view of the influence of annealing time on nitrogen distribution with
varying depths in nitrided ASS (calculated for (100) crystallographic orientation) is shown
in Figure 5. As shown in Figure 5, it is found that longer annealing time results in a thicker
nitrided layer and lower nitrogen concentration on the ASS surface. A reduction in surface
content and increase in nitride layer thickness indicate that the nitrogen diffuses inward
during the annealing process. It is seen that changes in the content of nitrogen at the trap
sites Nt in the near-surface layer are not as significant as those in the content of mobile
nitrogen Np. Additionally, quite significant changes in the resulting nitrogen N in the
near-surface region occur, mainly due to the mobile nitrogen Np. However, in deeper
regions, the changes in nitrogen content at the traps sites Nt are significant, and this mainly
affects the distribution of the resulting nitrogen N, as the amount of mobile nitrogen Np
becomes very low. This phenomenon occurs due to the fact that in the near-surface layers,
the number of nitrogen trap sites almost reaches a saturation state, which is determined by
parameter H; in Equation (6) (the value can be seen in Table 1). Detrapping is the process
which is determined by parameter Ej, in Equation (6) (value in Table 1) and this process is
quite slow, so the transition from/to the Nt and Np near-saturation state which is observed
in the near surface layers is quite slow. The situation is different in deeper layers, where Nt
is quite far from the saturation state. In this case, the transition of Np to Nr is fast, which is
why in Figure 5, significant changes with annealing time for Nt are observed.

22 "1(100), calculated with D_/D_ =3 annealed for 30 min
20 N s oo B
- annealed for 60 min
18—. ) srealy, K N
L 164 annealed for 120 min
- F-————— W i, ol
O | Prermimrmemimens, et
P e S o~
& 1 Ny T
= i h
® 12
S 104
o i
& 8-
(@) i
6 -
. Np
4] e et B : &
gl EEH B m N A

00 02 04 06 08 10 12 14 16 1.8 20 22 24 26
depth, um

Figure 5. Calculated (with D,,;;/Dann = 3) depth profiles of nitrogen in the (100)-oriented single crystal
of ASS after nitriding (for 60 min at 400 °C) and after isothermal annealing for 30 min, 60 min, and
120 min (at 400 °C). Np—nitrogen in normal lattice, Ny—nitrogen in trap sites, and N—total nitrogen
concentration.

The model presented in this work takes into account stress-assisted diffusion (STRESS)
and the trapping/detrapping mechanism (TD). In order to check the influence of each
process on the evolution of the nitrogen content in ASS during post-nitriding isothermal an-
nealing, it is necessary to conduct further comparisons. Consequently, Figure 6 presents the
calculated results, together with experimental points [53], for different cases during isother-
mal annealing, including: (1) both processes (trapping/detrapping and stress-assisted
diffusion (curve for TD + STRESS)), (2) only the stress-assisted diffusion process (curve
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for no-TD), and (3) only the trapping/detrapping mechanism (curves for no-STRESS with
different D,;t/Dguy values). Firstly, the presented results show that the exclusion of the
trapping/detrapping process is an incorrect choice as the calculated profile does not fit
the experimental points at all (see curve for no-TD). The profiles calculated with exclusion
of the stress-induced diffusion (see curves for no STRESS) process exhibit much better
fitting. Furthermore, attempts were made to fit the experimental points using the model
without the stress-induced diffusion process but with different diffusion coefficients (differ-
ent ratio of Dy,;t/Dann, where Dy, = const.). As can be seen in Figure 6, with an increase in
Dyun (i-e., a decrease in the ratio of D,,;;/Dyuy) the nitrogen profiles change so that nitrogen
concentration on the steel surface decreases and penetration depth increases. From the
point of view of modeling, it would be possible to determine the optimal value of the ratio
of Dyit/Dany and obtain a good comparison of the theoretical predictions with experimental
data. However, it is very important to note that the diffusion behavior of nitrogen in steel
is affected by not only the interstitial solute concentration but also the stress induced by
nitrogen atoms expanding the lattice of the alloy. The existence of lattice stress during the
nitriding of stainless steels and the anisotropic nature of the stress were proved experi-
mentally [8,36,37,58,59] and via modeling in our previous work [35,38] and that of other
authors [41-43,58-60]. So, it is necessary to evaluate this process during calculations and
for best fitting to be determined when both processes are included (Figure 6, curve for TD
+ STRESS), i.e., stress-induced diffusion and trapping/detrapping are the processes that
actually occur during the nitriding of ASS.

26
24 Calculated profiles:
frmte, TD+STRESS, with D_/D_ =3
& ‘._8?_9_0' Vg, - - - no-TD, with D_/D_ =3
e e A no-STRESS, with D_/D_ =3
X 18+ 8 " ~----no-STRESS, with D_/D_ =1
o T I no-STRESS, with D_/D, =0.2
S Wit o
T ] ey
512
=
3 10-
c 4
8 s ~s
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4 4 nitrided for 60 min ™
5] and annealed for 30 min ¥
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depth, um

Figure 6. Calculated depth profiles of total nitrogen in the (100)-oriented single crystal of ASS for
three cases, including: (1) both processes (trapping/detrapping (TD) and stress-induced diffusion
(STRESS)) (curve for TD + STRESS), (2) only the process of STRESS (curve for no-TD), and (3) only
the TD model (curves for no-STRESS with different D,;;/Dgyy ratios). Experimental results (points)
are taken from Ref. [53].
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4. Conclusions

Nitrogen diffusion in single-crystalline austenitic stainless steel during modified layer
formation and thermal annealing was analyzed using the presented kinetic model. The
main conclusions are as follows:

1. During the nitriding and post-nitriding annealing of austenitic stainless steels, the
same diffusion mechanisms take place: trapping/detrapping and lattice stress-induced
diffusion.

2. The anisotropic nature of mass transport processes, i.e., dependence on crystallo-
graphic lattice orientation, is observed during both processes of nitriding and post-
nitriding isothermal annealing.

3. The trapping/detrapping process has a main influence on the specific distribution
depth profile of nitrogen in post-nitrided and post-annealed ASS. However, lattice
stress-induced diffusion cannot be excluded.

4. Nitrogen diffusivity during post-nitriding thermal annealing is significantly lower
than during nitriding. The diffusion coefficient during the annealing process, com-
pared with the nitriding process, decreases by factors of 4.3, 3.3, and 2.5 for the
orientations (001), (011), and (111), respectively.

It follows from above conclusions that the application of the thermal annealing pro-
cedure for phase stabilization and stress relaxation of post-nitrided ASS samples leads
to significant changes in nitrogen distribution, as well as influencing the physical and
mechanical properties of ASS.
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