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Abstract: In this work, 2D simulations of stainless steel nitriding through a mask were performed
with two configurations: with and without lateral adsorption under the mask, depending on the
strength of the mask adhesion. The stress-induced diffusion and trapping–detrapping process are
included as the main mechanisms of nitrogen mass transport. The main focus is on the analysis of the
swelling process, which affects the expansion of the material. The surface concentration profiles and
topographical profiles along the surface are calculated and compared with experimentally registered
ones taken from the literature, and they show a good agreement. This allows for estimation of
the values of model parameters. Because nitriding processes takes place in vertical and horizontal
directions, the anisotropic aspect of nitriding are analyzed. It is shown that the adherence of the mask
significantly influences the topographical profile and the anisotropy of nitriding, because in the case
of a weakly adhered mask, a lateral adsorption process takes place under the mask. The influence of
swelling and anisotropy in the case of pattern nitriding in small dimensions is discussed.

Keywords: diffusion; kinetic modeling; swelling; stainless steel; plasma nitriding; patterning

1. Introduction

Austenitic stainless steels have a very wide range of applications, such as in nuclear
power plants as cladding of light water reactors [1]; in the food, pharmaceutical, chemical
industries [2]; in biomedicine as dental and orthopedic implants as well as cardiovascular
stents [3], etc. For medical reasons, this alloy is widely used because of its high corrosion
resistance due to a protective layer consisting of a chromium oxide film [4,5], acceptable
biocompatibility [6], good mechanical properties such as high tensile strength and tough-
ness [7], relatively low production cost, and easier processing [8]. However, austenitic
stainless steels, like all alloys used in biological bodies, have limiting factors such as wear,
localized corrosion, and cytotoxicity, which occur when an implant of this alloy is used for a
long time, during which the toxic metal ions Cr3+, Fe2+, and Ni+ are released and thus cause
an inflammatory or allergic reactions [9]. These negative properties must be improved for
the safe use of austenitic stainless steel. The biocompatibility and durability of austenitic
stainless steels depend on the surface properties of the alloy. Therefore, surface treatment
is a suitable method to extend the service life of parts of this alloy. Surface treatment can
increase surface hardness and corrosion resistance, thereby reducing the generation of
harmful ions and debris during friction or corrosion. Surface morphology is also important,
as a smoother surface prevents platelet aggregation, which can lead to thrombosis, but a
rougher surface can improve the biocompatibility and adhesion of some cell types, such as
endothelial cells [10,11].

A frequently used and studied surface treatment method for improving austenitic
stainless steels properties is moderate-temperature plasma nitriding at temperatures below
450 ◦C. The moderate temperature of 450 ◦C was chosen because at higher temperatures, the
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formation of chromium nitride becomes favorable, which reduces the corrosion resistance
of the alloy [12,13]. The nitriding time is also important factor with respect to nitride
formation. By keeping the temperature low enough, this method ensures good corrosion
resistance and rapid formation of a thick and strong nitrided layer. The main feature of this
method is the nitrogen penetration to the subsurface layers after adsorption on the surface.
The high nitrogen content causes high internal stresses that distort the surface-centered
cubic lattice, and this supersaturated solid solution is called expanded austenite, which
maintains a good corrosion resistance, high hardness, and low coefficient of friction [14–16].

Results presented by several researchers show that, by using nitriding, it is possible to
create surfaces with various patterns [17–21]. Czerwiec et al. presented a new surface tex-
turing method of austenitic stainless steel using plasma nitriding. Their results showed that
the surface pattern was formed due to the introduction of a high nitrogen content, which
caused compressive residual stress and expansion of the nitrided layer [17]. Katoh et al. [18]
developed a micro-texturing method in which martensitic stainless steels were nitrided
through a pattern mask formed by an inkjet printer. This method allowed them to cre-
ate a micro pattern on the surface with two regions of different hardness and height.
Menéndez et al. [19] showed that a periodic ferromagnetic structure can be formed on the
surface of a paramagnetic austenitic stainless steel using through-mask ion beam nitriding.
Marcos et al. [20] showed that it is important to pay attention to the nitrogen diffusion
through the mask when performing micropatterning using a fixed silicon oxide mask. It is
important to monitor the diffusion under the mask, as it can even cause deformation of the
mask edges. Our previous work [21] showed that the swelling of the alloy has a significant
influence on the nitrogen distribution depth profile. These works showed that the swelling
during nitriding of an alloy is an important phenomenon, and if controlled, it can have
great applicability; however, this aspect has not been fully analyzed in the literature.

A number of studies have been conducted and models have been developed for the
qualitative and quantitative understanding of mechanisms resulting in geometrical changes
in nitrided alloys. Möller et al. showed that the nitriding of stainless steel depends on
the diffusion of nitrogen into bulk under the effect of traps created by chromium atoms in
the alloy [22]. In the works of Jespersen et al. [23] and Kücükyildiz et al. [24], the elasto-
plastic accommodation of the lattice expansion and composition-dependent diffusion
coefficients were analyzed. The influence of lattices’ stresses on the nitriding process were
experimentally analyzed by Christiansen and Somers [25]. Our previous modeling of the
nitriding mechanisms showed that stress-induced diffusion and swelling of the alloy take
place during nitriding of austenitic stainless steels [21]. It was shown that the nitrogen
penetration into austenitic stainless steels also depends on the orientation of the crystal
lattice, i.e., the nature of the nitriding process is anisotropic [26]. The individual grain
anisotropic lattice rotation induced by plasma nitriding was discovered by Stinville and his
coworkers [27]. They performed an analysis using the Taylor–Bishop–Hill theory for the
plastic deformation of polycrystals and showed that the theory predicts the total rotations
reasonably well, both in their amplitude and in direction. Reinders et al. [28] developed a
model that allowed them to predict the thickness and corrosion resistance of an expanded
austenite layer depending on the nitriding time and temperature. Bozek et al. [29] provided
a new model for the simulation of low-temperature nitriding of steel. They introduced
interdiffusion in the alloy by incorporating Maxwell’s model for viscoelastic solids and
combining it with Vegard’s rule, as well as conservation of mass with Darken’s bi-velocity
method. They concluded that nitrogen transport during nitriding is assisted by the stress
and strain, which depend on the mobility of components and viscosity coefficient. However,
these works leave unanswered questions of how nitriding will proceed in 2D space when
nitriding conditions are not constant along the entire nitriding surface.
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This work aims to show the changes in surface geometric dimensions resulting from
the distribution of nitrogen in the alloy after nitriding through the mask and to deter-
mine the effect of undermask adsorption and anisotropy of nitrogen distribution in the
nitrided zone. To achieve those objectives, a generalized system of diffusion equations is
described that includes nitrogen transport under various driving forces and alloy expan-
sion. The model was used to simulate nitrogen transport in a 2D sample during nitriding
in two different cases: (1) nitriding through a weakly adhered mask when undermask
adsorption may occur; and (2) nitriding through a strongly adhered mask when undermask
adsorption can be neglected. The model, which involves two main mass transport mecha-
nisms, the lattice stress-induced diffusion and the trapping–detrapping, is adopted for the
first time for nitriding through a mask. The influence of undermask adsorption has never
been analyzed before. Important and new results and conclusions are obtained considering
surface topography, nitrogen depth distribution, and anisotropic aspects. The simulation
results are discussed and verified with experimental measurements from the literature.

2. The Model

Considering the stress-induced diffusion mechanism and trapping–detrapping pro-
cess, the nitrogen concentration is convenient to split into diffusing nitrogen with relative
concentration Cdif and nitrogen in trap sites Ctrap, so that the variation in the total amount of
nitrogen Csum at a given layer of solid can be expressed as Csum = Cdif + Ctrap. The diffusion
equation in the case of stress-induced diffusion and trapping–detrapping is written as [26]:

∂Cdi f

∂t
=

∂Cadsorb
∂t

+∇
(

D∇Cdi f −
VmDCdi f

RT
∇σ

)
−

∂Ctrap

∂t
(1)

where D is the diffusion coefficient, Vm is the partial molar volume of nitrogen in the solid
matrix, R is the universal gas constant, and T is the temperature. The stress σ depends
linearly on the concentration as σ = −XstressCsum, where Xstress is the anisotropic stress
factor, which depends on crystallographic orientation and involves the Hooke’s law for
elastic anisotropy. The formula and a detailed description of the calculation of the parameter
Xstress can be found in our previous work, Ref. [26].

The trapping–detrapping term is expressed as follows [26]:

∂Ctrap

∂t
= K

[
Cdi f

(
Ht − Ctrap

)
− N0Ctrapexp

(
−EB
kBT

)]
(2)

where K = 4π Rt D/h, where h is the thickness of monolayer; Rt is the characteristic
confinement radius of an individual trap site, taken as the lattice constant; Ht is the
concentration of traps; N0 is the concentration of host atoms; EB is the detrapping activation
energy; and kB is Boltzmann’s constant.

In order to adapt the model for pattern nitriding when nitriding goes on through a mask,
the two-dimensional (2D) case is analyzed: nitriding occurs to the depth of the solid in the
y-direction and along the surface in the x-direction (see Figure 1). We assume that Dx = Dy = D,
so the diffusivity itself is isotropic; however, the geometry of the mask may result in anisotropic
nitriding because of the swelling process, which will be introduced into the model later.

The equation with which to calculate the concentration variation in the i,j cell (i changes
along the surface, x direction, and j changes according to the depth, y direction) (Figure 1),
using Equation (1), is expressed in finite increments and obtains the following form:
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∂Cdi f (i,j)
∂t = ∂Cadsorb

∂t (i, 0)
+D( 1

h2
x

(
Cdi f (i − 1, j) + Cdi f (i + 1, j)− 2Cdi f (i, j)

)
+ 1

h2
y

(
Cdi f (i, j − 1) + Cdi f (i, j + 1)− 2Cdi f (i, j)

)
)

−VD
RT ( 1

h2
x
(
(

Cdi f (i + 1, j)− Cdi f (i, j)
)
(σ(i + 1, j)− σ(i, j))

+Cdi f (i, j)(σ(i − 1, j) + σ(i + 1, j)− 2σ(i, j))
)

+ 1
h2

y
(
(

Cdi f (i, j + 1)− Cdi f (i, j)
)
(σ(i, j + 1)− σ(i, j))

+Cdi f (i, j)(σ(i, j − 1) + σ(i, j + 1)− 2σ(i, j))
)
)

−K
(

Cdi f (i, j)
(

Ht − Ctrap(i, j)
)
− N0Ctrap(i, j)exp

(
−EB
kBT

))

(3)

where hx,y is the size of cell and ∂Cadsorb
∂t (i, 0) is the nitrogen adsorption term which takes

place only on the surface, i.e., at j = 0. The adsorption process takes place on the free-of-mask
surface; however, in the case of weak adherence of the mask, undermask adsorption may
take place. A schematic presentation of undermask adsorption is shown in Figure 1. It is
assumed in the model that undermask adsorption decreases exponentially in the direction
from the edge toward the center of the mask. According to the Lengmiurian adsorption
model, the adsorption rate is proportional to the amount of vacant adsorption sites, and
the adsorption rate can be expressed as follows:

∂Cadsorb
∂t

(x, 0) =
{

a(1 − Csum(x, 0)), i f x > L
ae−0.06x(1 − Csum(x, 0)), i f x ≤ L

(4)

where a is the sticking coefficient, L is the coordinate of mask edge position, x > L is the
maskless region, and x < L is undermask (Figure 1).
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Figure 1. The schematic presentation of nitriding through a mask in two simulated cases: with
(a) and without (b) undermask adsorption.

The swelling process, which consists of plastic deformation of the material and results
in the expansion of the material, is assumed to be linearly proportional to the concentration
and can be written as follows:

h′ = (1 + αCsum(x, y))h (5)



Coatings 2024, 14, 1014 5 of 17

where h′—new cell length along x or y-axis, h—initial cell length (equal to the thickness
of monolayer, see Equation (2)), and α—expansion coefficient (correlates with Vegard’s
constant for nitrogen dissolved in austenite).

This model assumes that: (1) the nitrogen diffusion occurs not only due to the concen-
tration gradient, but also due to induced lattice stresses; (2) the Cr-N trapping–detrapping
effect takes place; (3) particles enter the system due to adsorption through the surface,
which also may occur under the mask; (4) the swelling effect, which results in the expansion
of material and changes of topographic profile, is included.

The values of the model parameters are summarized in Table 1, which were obtained
from our previous works and the literature [26,30–33], and fitting of experimental results is
presented below.

Table 1. Simulation parameters.

Variable 1 Value 1 Variable 2 Value 2

x, µm 210 Xstress, Pa 2.03 × 108

y, µm 5 α 0.85
t, h 1 Rt, m 0.38 × 10−9

T, K 673 VN, m3/mol 4.24 × 10−5

a 0.0016 Ht, m−2 0.174·N0
N0, m−2 3 × 1022 EB, eV 0.625

The boundary conditions used for the simulation of nitrogen mass transport are as
follows:

Cdi f (i, j − 1) =
{

Cdi f (i, j), j = 0, 0 < i < Nx
Cdi f (i, j − 1), j > 0, 0 < i < Nx

σ(i, j − 1) =
{

σ(i, j), j = 0, 0 < i < Nx
σ(i, j − 1), j > 0, 0 < i < Nx

(6)

The boundary condition is used at the bottom and sides of the simulation system
space:

∂Cdi f (i,Ny)
∂t = 0, 0 < i < Nx

∂Cdi f (0,j)
∂t =

∂Cdi f (1,j)
∂t , 0 ≤ j ≤ Ny

∂Cdi f (Nx ,j)
∂t =

∂Cdi f (Nx−1,j)
∂t , 0 ≤ j ≤ Ny

(7)

The purposed model can be used to describe the nitrogen mass transport in austenitic
stainless steel during the nitriding processes at temperatures lower than the temperature
of chromium nitride formation (450 ◦C). Furthermore, for nitrided layers containing the
γN phase, various types of strains (thermal, compositional, elastic, and plastic) can be
considered. In our model, we consider compositional stress. The advantage of 2D modelling
is that it allows for the simulation of the formation of patterned structures when nitriding is
performed through the masks. In such cases, the surface morphology changes significantly
due to the expansion of the lattice upon nitrogen permeation. The initial flat surface
acquires a complex geometrical topography. Only 2D modeling allows us to simulate
geometrical changes in surface topography. However, the disadvantage is the higher cost
of computing resources and longer computation time.

3. Results and Discussions

In order to verify the suitability of the proposed model for nitriding in two-dimensional
(2D) systems, it was compared with the experimental results from Ref. [34]. The test condi-
tions were as follows: a 316L austenitic stainless steel single crystal sample with a Miller
index (100) of crystallographic orientation was half-masked by using a 200 µm thickness
Si wafer. It was subsequently plasma-nitrided for 60 min at 400 ◦C via plasma generation
in a quartz tube using electromagnetic excitation at 13.56 MHz with an incident input
power of 700 W. Equation (3) was used for the entire work and was solved numerically in



Coatings 2024, 14, 1014 6 of 17

such a way as to obtain profiles of nitrogen concentrations, and Equation (5) was used to
determine the influence of concentration on changes in element geometrical dimensions
due to induced swelling. Undetermined model parameters D, α, and a were found by
fitting of experimental curves and by comparing the simulation and experimental results of
the light interferometry topographic profile [34] and nitrogen depth profiles [35]. The best
fitting of experimental results was obtained at values of D = 1.7 × 10−15 m2/s; α = 0.85;
N0 = 3 × 1022 m−2; and a = 0.0016. Other parameters are presented in Table 1. A compari-
son of the results of the nitriding simulation performed here with the experimental one
from ref. [34] can be seen in Figure 2. The blue curves in Figure 2 compare the nitrogen
concentration profiles calculated using the model equation (marked as M) and experi-
mental equation (marked as E). The orange curves are topographic profiles of swelling,
experimental (red dot line, E), and calculated (solid and dashed lines, M) results.
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Figure 2. Surface topographic profiles (orange) and nitrogen surface concentration profiles (blue)
at D1 = 1.7 × 10−15 m2/s. Curves (M) are calculated results of the proposed model and E are the
experimental results from ref. [34]. “Mask” and “No Mask” indicate undermask and maskless regions,
respectively (see Figure 1).

An important part of the simulations was to obtain a suitable coefficient of expansion
α, which would help to approximate the expansion of the alloy. The best fitting was
obtained at α = 0.85. This parameter is important to include because it represents changes
in alloy size (expansion), which can have a significant impact on impurity concentration
depth profiles. This phenomenon (swelling) and its importance have been observed in
many studies. Colleagues have performed nitriding simulations of austenitic stainless
steel and observed that swelling has a significant effect on the nitrogen depth profile [21].
Meanwhile, Stinville et al. [36] have shown through experiments that plasma nitriding can
cause swelling of 316L austenitic stainless steel. The experimental and theoretical nitrogen
concentration profiles (blue) are in fairly good agreement over the entire surface. But an
interesting phenomenon is observed in the theoretical concentration profile curve: step
formation at the mask edge region is seen. In experimental curves, this step is not so well
expressed and can be related with the accuracy of measurements. Experimentally, it is
not easy to detect. This phenomenon of step formation in the concentration curve will
be discussed in detail below. Considering surface topographic profile curves (Figure 2,
orange), it can be seen that in the direct nitriding region, the simulation reproduces the
experimental results quite accurately and a clear correlation is visible between swelling
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and concentration. However, in the area under the mask, near the edge, there is a clear
discrepancy between the experiment and the model results. It can be interpreted that
during nitriding, the expansion of the alloy occurs not only perpendicular to the surface,
but also in parallel direction to the surface. The influence of this lateral swelling is shown in
the ∆y∆xM curve in Figure 2. This curve (∆y∆xM) is a better fit of the experimental profile
curve ∆yE than the curve ∆yM, where the lateral swelling (in parallel to the surface) is not
included. However, the overall fitting with curve ∆y∆xM is also not good and deviates
significantly from the experimental results at the top and at the bottom near the edge
regions, so in the calculations presented below, the lateral swelling will not be included.
The literature results [27,37] showed that during uniform nitriding of the surface, it is
enough to pay attention only to the expansion of the alloy perpendicular to the surface,
because the alloy grains maintain their original position and shape after nitriding due
to the constraint of uniformly nitrided surrounding neighbors. Those studies have also
shown that nitriding of a polycrystalline alloy can highlight individual grains due to
different effects of plasma etching on grains with different crystallographic orientations, in
turn revealing a polycrystalline microstructure [38]. However, Figure 2 shows that lateral
swelling is important process and in general cannot be neglected.

Figure 3a–c shows nitriding 2D profiles calculated at different nitriding diffusion
rates. All other parameters were the same as for the results presented in Figure 2. In
particular, Figure 3a is the 2D plot of the results presented in Figure 2 (both calculated at
D1 = 1.7 × 10−15 m2/s). Figure 3b,c show the influence of diffusivity on the concertation
and topographical profiles. Interesting and important curves are in the transition region
at the edge of the mask. Despite the covered surface area under the mask, nitrogen
penetration occurs because of two processes: lateral diffusion and undermask adsorption.
In this case, the undermask adsorption is included into simulations, as it can occur if the
mask is not well adhered to the surface and gas molecules can penetrate under the mask.
The experimental conditions [34], the results of which are fitted here (Figures 2 and 3a),
support this assumption (200 µm thickness Si wafer was placed as a mask), so the Si wafer
was not well adhered. The undermask adsorption rate, according to Equation (4), has an
exponential decrease from the edge of the mask in the direction toward the center of the
mask (Figure 1). The case without undermask adsorption will be analyzed below; however,
the much better fitting of the experimental results [34] was obtained when undermask
adsorption took place (Figure 2).

Figure 4 shows the distribution of the average nitrogen amount (solid lines) added up
over all depth layers and divided by number of layers, as well as the surface topographic
profiles (dot lines) at different diffusion rates. The expansion of the alloy is proportional
to the concentration of nitrogen, as shown in other studies [34], but the obtained curves
show an important quantitative relationship. Also, some interesting observations can
be seen: in Figure 2, the observed step in the surface concentration profile curve at the
edge area of the mask is no longer observed in the curves of Figure 4, where the overall
summarized nitrogen amount is the depth is presented. This indicates that this effect needs
to be analyzed in more detail and the reasons for it need to be found; moreover, such a
step can be observed in some experimental results [34]. However, it is below the range
of dispersion of experimental points. In order to detect this step, it would need some
additional attempts, which have not been conducted before and are probably limited by
the methods of the measurements. In experimental measurements of surface concentration,
the detecting signal arrives not only from the surface monolayers, but also from the several
deeper layers. The depth of the layers from which the signal arrives depends on the applied
analytical method. For example, using Auger Electron Spectroscopy (AES), which is most
surface-sensitive method, because of the small escape depth of electrons [39,40], the signal
arrives from the first several nanometers, so from more than 10 monolayers (1 monolayer
is 2–3 angstroms). Thus, to experimentally detect the theoretically predicted effects on
the top monolayers is very complicated. The experimental results presented in Figure 2
were obtained by EDX (Energy-dispersive X-ray analysis), where X-rays are generated in a
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region of about 2 microns in depth [41]. This means that the experimental results can be
more comparable with Figure 4 (concentration of nitrogen summarized over the depth)
than with Figure 2, where the concentration of the top monolayer is presented.
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In Figure 5, nitrogen surface concentration (first layer, j = 0) profiles along the surface
at different diffusion rates are shown. It is seen that with an increase in the diffusion
rate, the step in the profile curve in near-edge region of the mask is more well expressed.
This may be the answer as to why this step is observed in some experiments and not in
others [20,34,37]. In order to understand the reason for the step formation, in Figure 6,
profiles of trapped Ctrap and diffusion Cdif nitrogen are outputted separately. The Ctrap
profile exhibits a characteristic horizontal plateau [22]. It can be seen that the nitrogen
concentration in the traps has the greatest influence. It can be obviously seen now that the
step in the resulting nitrogen profile Csum is formed because of the trapping of nitrogen.
Thus, the step in the lateral profile under the mask clearly shows the significant influence
of the nitrogen-trapping process. This step is seen in Figure 1c of ref. [34], if one looks at
the individual measured points instead of smoothed data. In the cases where the influence
of trapping is not so sufficient, this step cannot be observed.



Coatings 2024, 14, 1014 9 of 17

Coatings 2024, 14, x FOR PEER REVIEW 9 of 19 
 

 

from more than 10 monolayers (1 monolayer is 2–3 angstroms). Thus, to experimentally 

detect the theoretically predicted effects on the top monolayers is very complicated. The 

experimental results presented in Figure 2 were obtained by EDX (Energy-dispersive X-

ray analysis), where X-rays are generated in a region of about 2 microns in depth [41]. 

This means that the experimental results can be more comparable with Figure 4 (concen-

tration of nitrogen summarized over the depth) than with Figure 2, where the concentra-

tion of the top monolayer is presented. 

 

Figure 4. Profiles of average overall nitrogen concentration through all layers (solid lines) and sur-

face topographic profiles (dash lines) at different diffusion coefficients: D1 = 1.7 × 10−15 m2/s, D2 = 

10−15 m2/s, D3 = 1.7 × 10−16 m2/s. 

In Figure 5, nitrogen surface concentration (first layer, j = 0) profiles along the sur-

face at different diffusion rates are shown. It is seen that with an increase in the diffusion 

rate, the step in the profile curve in near-edge region of the mask is more well expressed. 

This may be the answer as to why this step is observed in some experiments and not in 

others [20,34,37]. In order to understand the reason for the step formation, in Figure 6, 

profiles of trapped Ctrap and diffusion Cdif nitrogen are outputted separately. The Ctrap pro-

file exhibits a characteristic horizontal plateau [22]. It can be seen that the nitrogen con-

centration in the traps has the greatest influence. It can be obviously seen now that the 

step in the resulting nitrogen profile Csum is formed because of the trapping of nitrogen. 

Thus, the step in the lateral profile under the mask clearly shows the significant influ-

ence of the nitrogen-trapping process. This step is seen in Figure 1c of ref. [34], if one 

looks at the individual measured points instead of smoothed data. In the cases where the 

influence of trapping is not so sufficient, this step cannot be observed. 

Figure 4. Profiles of average overall nitrogen concentration through all layers (solid lines) and
surface topographic profiles (dash lines) at different diffusion coefficients: D1 = 1.7 × 10−15 m2/s,
D2 = 10−15 m2/s, D3 = 1.7 × 10−16 m2/s.

Coatings 2024, 14, x FOR PEER REVIEW 10 of 19 
 

 

 

Figure 5. Profiles of nitrogen concentration in parallel to the surface at different diffusion coeffi-

cients: D1 = 1.7 × 10−15 m2/s, D2 = 10−15 m2/s, D3 = 1.7 × 10−16 m2/s. 

 

Figure 6. Profiles of total (Sum), trapped (Trap), and diffusing (Dif) nitrogen surface concentra-

tions in parallel to the surface in the case with undermask adsorption at D = 1.7 × 10−15 m2/s. 

In Figure 7, the depth dependence of the nitrogen concentration perpendicularly to 

the surface, calculated at different diffusion coefficients and compared with experi-

mental results [35], is shown. It was obtained for plasma nitriding of single crystals of 

austenitic stainless steel 316L at temperatures of 400 °C. The comparison with the exper-

imental profile allows us to estimate the adequacy of the calculations and to find the 

values of the model parameters. Figure 7 shows that the distribution of nitrogen concen-

tration is highly dependent on the diffusion coefficient: at low diffusivity, the depth dis-

tribution of nitrogen resembles a sloping incline, while at higher diffusivity, nitrogen 

penetrates into deeper layers faster and the nitrogen profile acquires the shape of a plat-

eau, the edge of which strongly depends on the nitrogen in the trap or the amount of 

chromium in the alloy. Note that level of trapped nitrogen does not change with diffu-

sivity and only shifts deeper into the bulk of the sample. 

Figure 5. Profiles of nitrogen concentration in parallel to the surface at different diffusion coefficients:
D1 = 1.7 × 10−15 m2/s, D2 = 10−15 m2/s, D3 = 1.7 × 10−16 m2/s.

Coatings 2024, 14, x FOR PEER REVIEW 10 of 19 
 

 

 

Figure 5. Profiles of nitrogen concentration in parallel to the surface at different diffusion coeffi-

cients: D1 = 1.7 × 10−15 m2/s, D2 = 10−15 m2/s, D3 = 1.7 × 10−16 m2/s. 

 

Figure 6. Profiles of total (Sum), trapped (Trap), and diffusing (Dif) nitrogen surface concentra-

tions in parallel to the surface in the case with undermask adsorption at D = 1.7 × 10−15 m2/s. 

In Figure 7, the depth dependence of the nitrogen concentration perpendicularly to 

the surface, calculated at different diffusion coefficients and compared with experi-

mental results [35], is shown. It was obtained for plasma nitriding of single crystals of 

austenitic stainless steel 316L at temperatures of 400 °C. The comparison with the exper-

imental profile allows us to estimate the adequacy of the calculations and to find the 

values of the model parameters. Figure 7 shows that the distribution of nitrogen concen-

tration is highly dependent on the diffusion coefficient: at low diffusivity, the depth dis-

tribution of nitrogen resembles a sloping incline, while at higher diffusivity, nitrogen 

penetrates into deeper layers faster and the nitrogen profile acquires the shape of a plat-

eau, the edge of which strongly depends on the nitrogen in the trap or the amount of 

chromium in the alloy. Note that level of trapped nitrogen does not change with diffu-

sivity and only shifts deeper into the bulk of the sample. 

Figure 6. Profiles of total (Sum), trapped (Trap), and diffusing (Dif) nitrogen surface concentrations
in parallel to the surface in the case with undermask adsorption at D = 1.7 × 10−15 m2/s.



Coatings 2024, 14, 1014 10 of 17

In Figure 7, the depth dependence of the nitrogen concentration perpendicularly to
the surface, calculated at different diffusion coefficients and compared with experimental
results [35], is shown. It was obtained for plasma nitriding of single crystals of austenitic
stainless steel 316L at temperatures of 400 ◦C. The comparison with the experimental
profile allows us to estimate the adequacy of the calculations and to find the values of the
model parameters. Figure 7 shows that the distribution of nitrogen concentration is highly
dependent on the diffusion coefficient: at low diffusivity, the depth distribution of nitrogen
resembles a sloping incline, while at higher diffusivity, nitrogen penetrates into deeper
layers faster and the nitrogen profile acquires the shape of a plateau, the edge of which
strongly depends on the nitrogen in the trap or the amount of chromium in the alloy. Note
that level of trapped nitrogen does not change with diffusivity and only shifts deeper into
the bulk of the sample.

Coatings 2024, 14, x FOR PEER REVIEW 11 of 19 
 

 

 

Figure 7. Depth profiles of nitrogen concentration of entire depth (solid line) and its composition 

(dash and dotted lines) at different diffusion coefficients: (blue) D1 = 1.7 × 10−15 m2/s, (green) D2 = 

10−15 m2/s, (red) D3 = 1.7 × 10−16 m2/s, compared to experimental results from ref. [35]. 

Because the nitriding takes place in two directions, perpendicularly and in parallel 

with respect to the surface, it is important to quantitatively analyze those differently di-

rected nitriding processes. Figure 8 shows the variations in nitriding depth yN and nitrid-

ing width xN under the mask with nitriding time. Here, the nitriding depth is taken to be 

the distance from the surface to the layer (y direction) where the nitrogen concentration 

reached 5%, and the nitriding width is the distance from the mask edge to the lateral 

layer (x direction), with the same concentration. Mathematically, the nitriding width and 

depth can be expressed as xN = i(L) − i(5%), and yN = j(0) − j(5%), respectively. Looking at 

the curves of Figure 8, it can be seen that nitriding width xN increases with time, but not 

linearly, and the diffusion coefficient does not significantly affect this parameter. The 

change in nitrided depth yN is not linear with time either, and the value of the diffusion 

coefficient has a strong influence. When two perpendicular nitriding processes take 

place, it is interesting to analyze the anisotropic effects of those processes. For that rea-

son, the quantitative anisotropy parameter, denoted as aspect ratio A = 2xN/yN [42], can 

be introduced (2 is because the undermask nitriding was assumed to occur on both sides 

of the mask). In Figure 8, the aspect ratio of nitriding is shown as function of time and 

diffusion rate. It can be noticed that the aspect ratio decreases over nitriding time, ap-

proaching a steady state value, and depends on the diffusion coefficient; with a decrease 

in the diffusion coefficient, the aspect ratio increases. This phenomenon is influenced by 

the fact that the concentration changes near the surface more significantly compared 

with the deeper layers, and as the diffusion coefficient decreases, it increases the surface 

concentration and the aspect ratio as well. The dependence of the aspect ratio on the 

time and the diffusion rate means that the nitriding process has an anisotropic character. 
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(dash and dotted lines) at different diffusion coefficients: (blue) D1 = 1.7 × 10−15 m2/s, (green)
D2 = 10−15 m2/s, (red) D3 = 1.7 × 10−16 m2/s, compared to experimental results from ref. [35].

Because the nitriding takes place in two directions, perpendicularly and in parallel
with respect to the surface, it is important to quantitatively analyze those differently
directed nitriding processes. Figure 8 shows the variations in nitriding depth yN and
nitriding width xN under the mask with nitriding time. Here, the nitriding depth is taken to
be the distance from the surface to the layer (y direction) where the nitrogen concentration
reached 5%, and the nitriding width is the distance from the mask edge to the lateral layer
(x direction), with the same concentration. Mathematically, the nitriding width and depth
can be expressed as xN = i(L) − i(5%), and yN = j(0) − j(5%), respectively. Looking at the
curves of Figure 8, it can be seen that nitriding width xN increases with time, but not linearly,
and the diffusion coefficient does not significantly affect this parameter. The change in
nitrided depth yN is not linear with time either, and the value of the diffusion coefficient has
a strong influence. When two perpendicular nitriding processes take place, it is interesting
to analyze the anisotropic effects of those processes. For that reason, the quantitative
anisotropy parameter, denoted as aspect ratio A = 2xN/yN [42], can be introduced (2 is
because the undermask nitriding was assumed to occur on both sides of the mask). In
Figure 8, the aspect ratio of nitriding is shown as function of time and diffusion rate. It can
be noticed that the aspect ratio decreases over nitriding time, approaching a steady state
value, and depends on the diffusion coefficient; with a decrease in the diffusion coefficient,
the aspect ratio increases. This phenomenon is influenced by the fact that the concentration
changes near the surface more significantly compared with the deeper layers, and as the
diffusion coefficient decreases, it increases the surface concentration and the aspect ratio as
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well. The dependence of the aspect ratio on the time and the diffusion rate means that the
nitriding process has an anisotropic character.
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Figure 8. The dependencies of nitriding depth yN, width xN, and aspect ratio 2xN/yN on nitriding
time in the case with undermask adsorption, calculated at: D1 = 1.7 × 10−15 m2/s, D2 = 10−15 m2/s,
D3 = 1.7 × 10−16 m2/s.

The next part of the simulation was related to cases where a mask is strongly adhered
to the surface of alloy (e.g., grown or deposited as a thin coating, etc.), where the gas species
have no possibility to move under the mask, and where undermask adsorption cannot
take place and is excluded (see Figure 1). This is an interesting case for analysis because,
in this case, undermask nitriding can only occur because of lateral diffusion in parallel
to the surface, and it gives us a possibility to analyze the lateral diffusion process alone
as well as its influence on the swelling effect and topographical changes of the surface.
Figure 9a–c show the results when undermask adsorption is not included. Considering
the topographic profile, the results significantly differ from the previous case shown in
Figure 3a–c. In the case when undermask adsorption is included, the maskless region
topographically is flat. At the edge of the mask, the surface topographic line abruptly
changes (see Figure 3). In cases where undermask adsorption does not take place, the
surface topographic line in the maskless region is not flat; it is curved and approaches
the horizontal part gradually, but monotonously (Figure 9). This can be an important
aspect in the case of pattern nitriding, especially with small dimensions of patterns. This
phenomenon can be seen in more detail in Figure 10, where the parallel summarized
(over the depth) nitrogen and topographic profiles are shown and compared for different
diffusion rates. Figure 10 can be compared with similar curves of Figure 4 (for undermask
adsorption case), and from this comparison, the qualitative and quantitative influence of
undermask adsorption can be seen in more detail.

The distribution of nitrogen surface concentration along the surface is presented in
Figure 11, which also shows the dependence of the nitrogen concentration profile on the
diffusion rate in a case when undermask adsorption is not included. As in the previous case
with undermask adsorption (Figure 5), a step in the curve of surface nitrogen concentration
is observed, and the reason for this step is the same, i.e., there is significant influence
of the nitrogen-trapping process. To confirm this assumption, the profiles of the surface
concentration of nitrogen species Ctrap and Cdiff are separately outputted and shown in
Figure 12, which can be compared with Figure 6 in order to see the difference with and
without undermask adsorption. The main difference in these two cases is that the curve
of diffusing nitrogen Cdif, in the case of undermask adsorption, remains horizontal in the
entire undermask region until the point of the mask edge position, while in the case without
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undermask adsorption, the Cdif curve in this region is curved. The curves of Ctrap in both
cases are qualitatively similar, i.e., both are horizontal when crossing the mask edge position
(red vertical line in Figures 6 and 12); only in the case of undermask adsorption is the Ctrap
curve more shifted to the mask region because of swelling. This shift, quantitatively, is
quite big. The results of Figures 6 and 12 indicate that the difference is near 130 µm despite
the calculation parameters, including diffusivity, being similar. This confirms once again
that the adherence of a mask has a very significant influence on the nitriding process and
topographical surface changes in the case of 2D pattern nitriding.
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Figure 9. Two-dimensional concentration profiles of nitrogen without undermask adsorption,
calculated at different diffusion coefficients: (a) D1 = 1.7 × 10−15 m2/s; (b) D2 = 10−15 m2/s;
(c) D3 = 1.7 × 10−16 m2/s. Red vertical line shows the position of the mask edge.

Considering the perpendicular direction of nitriding, the results without undermask
adsorption are quantitatively identical to the case with undermask adsorption. They are not
presented here because the obtained graph was identical to Figure 7; however, this is true
only in the regions relatively far from the edges of the mask. Considering the edge regions
of the mask, the topographic profiles in those two cases differ, and the depth distribution of
nitrogen differs as well. Figure 13 shows the depth profiles with and without undermask
adsorption in the region of the mask edge. The profiles are qualitatively similar, but
significantly differ quantitatively. The penetration and overall absorbed nitrogen amount
are lower when undermask adsorption does not take place.
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Figure 10. Profiles of nitrogen average overall concentration through all layers (solid lines) and
surface topographic profiles (dash lines) at different diffusion coefficients: D1 = 1.7 × 10−15 m2/s,
D2 = 10−15 m2/s, D3 = 1.7 × 10−16 m2/s.
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Figure 13. Depth profiles with (w) and without (n) undermask adsorption in the edge region of the
mask at D = 1.7 × 10−15 m2/s.

The anisotropy of nitriding in two perpendicular directions in the case when under-
mask adsorption did not take place is analyzed in Figure 14, where the time dependencies
of nitriding depth along the x and y directions, as well as the aspect ratios at different
diffusion rates, are calculated. Both xN and yN increased with time nonlinearly, and both
increased with the increase in diffusivity. From this point of view, the results differ from the
previous case (with undermask adsorption), where xN decreased with increasing diffusivity.
But the main difference from the previous case (with undermask adsorption, see Figure 8)
is that aspect ratio quickly approached a horizontal shape and became almost independent
on time. It also weakly depended on the diffusion coefficient. This indicates a conclusion
that perpendicular nitriding in the parallel and perpendicular directions in the case without
undermask adsorption was isotropic. The anisotropy of nitriding was observed only in the
case when undermask adsorption was possible, i.e., for masks that are not well adhered.
However, even with well-adhered masks, the anisotropy of nitriding can occur because the
crystalline lattice orientation influences the anisotropy [26].
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triding time in the case without undermask adsorption, calculated at: D1 = 1.7 × 10−15 m2/s,
D2 = 10−15 m2/s, D3 = 1.7 × 10−16 m2/s.

4. Conclusions

During the gradient nitriding, the expansion of material (because of swelling process)
is more significantly expressed perpendicularly to the surface; however, in the parallel
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direction, the expansion takes place as well and can be an important aspect in the case of
small pattern dimensions.

The process of lateral undermask adsorption is a quite important process and cannot
be neglected in the case of masks which are not well adhered. The mask’s adherence has a
significant influence on the formation of the geometrical shape of the surface topographical
profile during pattern nitriding.

The adherence of the mask influences the anisotropy of nitriding: if the mask is well
adhered and the lateral adsorption under the mask can be neglected, the nitriding is almost
isotropic, and only at short times during nitriding is some anisotropy observed. In the
case of not well adhered masks because of lateral adsorption process under the mask the
anisotropy of nitriding is significant, dependent on time and diffusivity.

Quite often observed step in the lateral nitrogen concentration profile at the edge of the
mask, which is also dependent on diffusivity, is formed because of nitrogen atoms being trapped
in trap sites. It can be considered as direct evidence of the trapping–detrapping process.
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