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Austenitic steels are known for their high corrosion resistance, but at the same time exhibit low hardness and
wear resistance. While plasma nitriding improves tribological properties, it also affects corrosion behavior
depending on the electrolyte. In this paper, a model should be present, that allows to predict the thickness of the
s-Phase and the change of the corrosion behavior in plasma nitriding processes for austenitic stainless steels. For
this purpose, different processes under specific variation of the temperature ranging from 360 °C to 450 °C and

duration of 10 h to 24 h were performed. Other process parameters such as the voltage or gas mixture remained
constant. There are two stages in the developed model: the first one allows the prediction of the s-Phase thickness
by isothickness curves. The second stage implements an evaluation system of the corrosion resistance. By
assigning numerical values for the observed corrosion, a quantitative comparison is allowed, which is repre-

sented by a color scaling.

1. Introduction

Austenitic stainless steels (ASS) are used in several fields of appli-
cations due to their excellent corrosion resistance. These include pipe-
lines in the chemical and food industries [1-3], as tools or implants in
medical technology [4,5] or, with increasing interest, as a material for
metallic bipolar plates in fuel cells, to name a few [6-8].

Responsible for the excellent corrosion resistance of ASS is the
chromium oxide layer, which is caused by the high free chromium
content in the iron matrix. In contact with oxygen contained in the
surrounding medium, chromium forms a thin passive layer, which has a
strong diffusion-inhibiting effect [9]. However, in addition to the elec-
trically isolating passive layer, ASS also exhibit low hardness and
therefore low wear resistance, which limits further potential applica-
tions [8,10-12].

The tribological properties of austenitic stainless steels can be
improved by thermochemical surface treatment, such as plasma
nitriding. By enriching the surface layer with nitrogen above the solu-
bility limit (up to 30 at. %), a strong lattice distortion occurs and thus the
metastable expanded austenite is formed, the so-called s-Phase [2,13].

There are contrasting reports in the literature on the simultaneously
improvement of both properties (tribological and corrosive) by plasma
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nitriding, which can be attributed to strongly different corrosive con-
ditions, such as the composition of the electrolyte, temperature or more
complex interactions between material and stress. In general, the for-
mation of chromium nitrides has to be suppressed to provide sufficient
free chromium in the iron matrix for the formation of the passive layer
[2,14,15].

There are various process parameters that influence the diffusion
behavior and the formation of the s-Phase. This also includes the
chemical composition of the steel, the microstructure and defects, as
well as the roughness and surface pretreatment. All these influences
already have been extensively studied by various authors. For example,
Lepicka et al. [16] have shown that the chemical composition has an
influence not only on the corrosion resistance, but also on the diffusion
depth. Chemkhi et al. [17,18] were able to show that the properties
depend significantly on the surface pretreatment. A good summary is
given by [2]. However, the most investigated parameters in the litera-
ture are focused on treatment temperature and duration, whereas other
process parameters such as gas composition [19] or pressure [20,21] are
less studied. Nevertheless, the influence of these parameters cannot be
neglected, as nitrogen content in the process gas, pressure, voltage and
pulse pause are important to control how much diffusible nitrogen can
be made available for the formation of the s-Phase. Typical values for
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Table 1

Chemical composition of AISI 304L austenitic stainless steel in weight percentage.
C Si Mn Ni Cr Mo N S P Co Fe
0.026 0.51 1.32 10.15 16.66 2.04 0.038 0.003 0.033 0.212 Balance
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Fig. 1. Iso-thicknesslines for 316L.

low-temperature treatments vary from 300 to a maximum of 450 °C,
depending on the literature, noting that the treatment duration should
be shorter at higher temperatures [13,19,22,23]. But as mentioned
before, material-specific influences such as the chemical composition
and the microstructure of the ASS cannot or must not be neglected, as
shown e. g. by Musekamp et al. [9]. Therefore, the maintenance of
corrosion resistance of plasma nitrided ASS still is a problem for the
simultaneous optimization of both properties and hence the selection of
nitriding treatment parameters.

There are already some approaches in the literature, that deal with
the change in corrosion resistance as a function of process temperature
and duration, refer to [13], that can be traced back to the work of Sun
and Bell [24,25]. However, these approaches are limited to a threshold,
e. g., a corrosion current density, and were finally not continued.

Based on the above-mentioned preliminary work and the conflicting
targets of wear protection and corrosion resistance, a new, extended
model will be described in the present work. On the one hand, the model
allows to predict the thickness of the s-Phase under given treatment
parameters. On the other hand, it describes the quantitative change of
the corrosion resistance in sulfuric acid. With this approach the user is
able to decide how much wear protection he will obtain at the expense of
the corrosion resistance, or how much he can achieve at maximum
without significant change of it. In this way, the industry is provided
with a tool that allows it to obtain reproducible results at specific
treatment intervals. The development of the model was done in two
steps. A detailed description of the determination of the s-Phase thick-
ness as a function of the process parameters can be found in [26,27] and
therefore only briefly will be mentioned in the following.

2. Material and methods

For this study, identical samples of 316L as in the previous investi-
gation [27] were used. Therefore, details about the sample preparation,
the process management during plasma nitriding as well as the metal-
lographic preparation can be found in [26,27]. Only the chemical
composition is listed for the purpose of completeness (Table 1).

In the first stage of the model [26], 304L austenitic stainless steel was
used in the solution-annealed and polished condition. A total of 14

different plasma nitriding treatments were performed under the varia-
tion of treatment temperature and duration. Since there are many
influencing variables on the nitriding result, as already mentioned, the
model is initially limited to two influencing factors and the remaining
process parameters were kept constant. Afterwards, temperature-
dependent slopes were determined by means of the s-Phase thick-
nesses, which allowed to determine an s-Phase formation coefficient.
Using this, a formulaic relationship was built that allows to plot arrays of
curves of equal s-Phase thicknesses to be plotted as a function of treat-
ment temperature and duration. An example is shown in Fig. 1. In a
second step, we transferred the results of the 304 L from [26] to different
austenitic steels e. g. 316 L [27], which was followed up in this work.

At this point, the previously published model is extended to include
statements on corrosion resistance, correlating the interactions of the
process parameters with the properties and thus enabling optimization
of both target goals. Since the evaluation of corrosion resistance is a
complex topic with a large number of influencing factors, limitations
must be made at this point.

Since most cases of metal corrosion occur through an electro-
chemical reaction at the interface, potentiodynamic measurements will
be considered for this study. While this analysis does not consider long-
term stability, it can provide information on the behavior of the material
with respect to corrosion tendency and rate. Typically, these values are
obtained by the Tafel plot. Details can be found in the technical litera-
ture, e. g. [28].

Potentiodynamic measurements were performed using a conven-
tional three-electrode system, with the specimen acting as the working
electrode, graphite electrodes, and a saturated Hg/Hg»SO4 electrode as
counter and reference electrodes, respectively. A potentiostat (Autolab
PGSTAT204) from Metrohm with the Nova evaluation software was
used. The measurements themselves were made following the DOE2022
[29] in order to investigate the potential of the treatment for the bipolar
plate in more detail. To achieve a distinct differentiation between the
experimental parameters and to enable a comparison with values from
the literature, the electrolyte and the scanning rate were adjusted. The
exact parameters are the following: open-circuit potential for 1 h under
simultaneous heating of 0.05 M sulfuric acid to 80 °C in an interval of
—1.2t0 1.2 V (—-0.56 to 1.84 vs SHE) with a scan rate of 1 mV/s and a
step size of 10 mV, purged under air (cathodic environment).

In addition to data from literature gained by the conventional in-
vestigations, this work not only references on the Tafel analysis to make
conclusions about the change in corrosion behavior. The model pre-
sented also provides area units in order to evaluate voltage ranges as
they are passed through in the bipolar plate.

3. Modelling and discussion

In order to determine the change in corrosion behavior numerically
with different evaluation criteria and to describe it by means of an in-
dividual weighting, the following formula (1) was developed:

CRV e (x) = A*( CRVper + B*xp + C*xc) @

CRVyeat: Corrosion Resistance Value of a treated specimen.
CRVEges: Corrosion Resistance Value of an untreated specimen.
A: Maximum corrosion rate.

B: Shift of the corrosion potential.

C: Area current density in a defined interval (here from 0 to 1 V).
xp/xc: Weighting factors.
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Fig. 2. Selected potentiodynamic measurement curves with one color indicates
one process temperature.

Table 2
Electrochemical parameters extracted from potentiodynamic curves of 316L in
H,S04 solution.

Treatment parameters (°C / h) Teorr/MA-cm ™2 Ecorr/VsuE
Ref 6.135 —0.774
360/16 13.87 —-0.130
360/20 15.09 -0.137
360/24 22.18 —0.130
390/10 26.39 -0.135
390/12 23.38 -0.137
390/16 26.54 -0.126
390/20 50.77 -0.119
390/24 87.99 -0.133
420/10 75.77 —-0.120
420/12 51.61 -0.121
420/16 135.90 -0.127
450/10 106.00 —-0.106
450/12 132.98 —0.100
450/16 201.37 —0.105

The corrosion resistance value of a treated sample (CRVieqt) is a
function of the corrosion resistance value of an untreated sample
(CRVRgef) as well as the change based on various factors (A, B, C), which
will be described in detail below. The equation is designed in a way that
values for CRVyeyt greater than 100 represent an improvement, whereas
values less than 100 describe a decline of the corrosion resistance.
Therefore, CRVger has an initial value of 100 in this work. It is important
to note that the formula is only valid for austenitic stainless steels with
the same curve shape.

3.1. A: Maximum corrosion rate

This factor is related to the corrosion current I.o, which allows
conclusions about the corrosion kinetics. It can be determined using the
Tafel plot. If Ioo,, is greater than a defined threshold value, A and thus the
whole term becomes zero. Otherwise it takes the value one. Currently,
the factor can be understood as a kind of filter, which ensures that the
curves, which exceed a desired value, are not considered. In this work,
we have set the value for the filter to 205 pA-cm ™2 on purpose, so all data
are included in the visualization of the model. Fig. 2 shows selected
potentiodynamic measurement curves, where one color indicates a
process temperature. For reasons of clarity, a detailed legend has been
omitted. The corrosion current density of the individual measurements
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is given in Table 2.

3.2. B: Corrosion potential

The corrosion potential Eqyy, which is also determined by the Tafel
straight line, provides information about the corrosion tendency of the
material. The shift of the corrosion potential E..,; in a more positive
direction represents a nobler electrode potential. To determine the shift,
a database was built that automatically processes the current and future
data sets using Phyton scripts and then visualizes them with Grafana.

The shift is calculated by simply subtracting the corrosion potential
of the reference (Erer) from the corrosion potential to be evaluated
(Egva)- The reference potential does not necessarily have to be the data
set of a reference, it can also represent an adapted treatment. In this way,
different surface treatments can be compared with each other as well as
the deviation within same surface treatments.

For example, if the evaluating potential has a more positive value
than the reference potential, the surface is nobler and a positive result is
obtained. However, if the reference potential is higher, the result is
negative which can be assigned to degradation. To evaluate this shift
quantitatively, a linear fit can be used, where the shift serves as the
variable of a function and the function value itself corresponds to the
evaluation points. The allocation of evaluation points is linked by setting
a maximum allowable shift and a query that allows a maximum
deduction of 100 points. This is represented by Eq. (2):

Egya — Eger) 100

P @

a
The parameter a describes a desired interval to be considered (e.g. from
0.3V).

In case the shift of the corrosion potential should not be considered,
e.g. because the variations in austenitic stainless steels are too large
under different basic conditions (electrolyte, scan speed, etc.) [30], the
weighting factor xg can be set to zero. Table 2 shows the values of Ecqy;.

3.3. C: Area current density in a defined interval

This factor is a new defined variable. The above-mentioned
DOE2022 [29] specifies certain potential ranges for the electro-
chemical testing of bipolar plates, which are also passed through during
operation. These intervals are therefore also included in the consider-
ation for the description of the corrosion resistance. The calculations for
this parameter were carried out as described for the corrosion potential
B using Phyton scripts and Grafana.

At first, the scripts calculate the mathematical area of each individ-
ual curve at a selected interval. Integration along the given axis was
done using the compound trapezoidal rule. In this work the interval is
set from O to 1 V. The next step is to determine the area ratios between
the different curves. Furthermore, the area ratios among each other are
determined by choosing a data set as a reference value. Once again, the
reference data set does not necessarily have to be the data set of a
reference, if different surface treatments are compared with each other.
The relation is formed from the reference data set to the data set to be
evaluated and serves as a variable for the subsequent fit, whereas the
function value should correspond to the evaluation points of the factor.

Since the area ratios can take on very different values in their di-
mensions, linear scaling, as it was the case with the “Corrosion poten-
tial” factor, it is not suitable. With linear scaling, small changes are very
quickly suppressed in the noise compared to large values. As a result, the
marginal influences are underestimated and not perceived. Similar re-
sults are obtained with potential functions.

A fit function became necessary, which clearly shows small changes
of the relation, does not overestimate moderate values and approximates
large relations to a maximum. Logarithmic and root functions allow a
pronounced representation of small relations and limit large relations,
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Fig. 3. Combined plot of s-Phase thickness and corrosion resistance as a function of treatment temperature and duration. With the weights x5 = 0.1, xc=0.9a=0.3

und b = 0.08.

but fail in the interpretation of values below zero, i.e. where the data to
be evaluated is smaller than the reference data.

To fulfill the requirements from above, a suitable function is the
sigmoid function. This function is generally described by Eq. (3).

1
T l4e

S(x)

3)

In order for the function to fit the data in the model as closely as
possible, some adjustments are necessary. To return the maximum
evaluation points (100 in this case) for the expression “Area current
density in a defined interval”, the function must converge to this value.
Secondly, the function must pass through the origin, since no change in
corrosion behavior occurs for the relation value equal to one, and thus
the function takes the value zero. Third, the function must be stretched
to the maximum relation, which may change depending on the selected
data to be evaluated. Finally, the function must be multiplied by minus
to return negative values at higher relations. With these boundary
conditions, Eq. (3) changes to Eq. (4).

200 ) )

C=S(x)=100—
) (1 +ebr

The parameter b can be used to fit the data in a way that the
maximum relation achieves 100 evaluation points. The fitting parameter
can either be calculated automatically by using the database to select the
curves of interest, or it can be approximated manually until the desired
spread is achieved. For the processes performed in [15], b = 0.08 gives a
very good approximation. For relations smaller than 1, the ratio of the
reference to the to be evaluated has to be reversed in order to use the
evaluation points on full scale. The query is controlled by a case query of
type When-Then in the scripts.

3.4. Merging of the models

Using the three described expressions and the personalized weight-
ing, the CRVtreat can be calculated for each plasma nitration process.
Implemented as an additional axis in the model from [15] the following
graph is obtained (Fig. 3).

The presented model allows the simultaneous analysis of the s-Phase
thickness - as a dimension of the wear resistance - and the change in the

corrosion behavior as a function of the treatment temperature and
duration. However, this does not mean that the thickness of the s-Phase
is functionally related to corrosion resistance, but that the properties of
corrosion resistance and s-Phase thickness are influenced by the process
parameters of temperature and treatment time with different degrees of
intensity. Fig. 3 illustrates this, for example, for an s-Phase thickness of
6 pm, at which CRV of approx. 44 to 56 are achieved.

The user is thus enabled to estimate the desired target values in
advance and to weigh them accordingly. For example, it is possible to
determine the amount of the wear protection (s-Phase thickness) at the
expense of corrosion resistance. To make the evaluation more individ-
ual, it is possible for each user to add further terms or expressions. For
example, if the corrosion type is a decisive factor, e. g. pitting. Since the
model is based on a database, a sharp rise followed by a fall in the
current density curve can be detected and reported accordingly through
data retrieval and analysis. Also, a quick and individual adjustment also
is possible, e. g. by weighting or changing the reference value.

However, since the evaluation of corrosion resistance is based purely
on the electrochemical characterization, especially the potentiodynamic
measurements, this model only provides an initial estimate. Additional
corrosion analyses as well as the evaluation under very complex real
conditions can't be represented so far. Moreover, only the two most
influencing treatment parameters were considered in the model. The
implementation of further process parameters or different microstruc-
tures is very complex and subject to future investigations.

4. Conclusions

In the present work, a model was developed which allows to estimate
the surface properties of ASS after plasma nitriding depending on the
treatment temperature and duration in advance. The model is based on
the preliminary investigations from [26,27] and was enhanced with a
calculation procedure for the change in corrosion behavior.

For this purpose, potentiodynamic polarization curves were used to
determine the typical characteristic values for corrosion evaluation by
means of a Tafel plot, on the one hand, and to enable the area ratios to be
changed in a freely selectable potential interval, on the other. The
determined area ratios were fitted with an adapted sigmoid function in
order to assign a numerical value to the respective relations. Using a
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formulaic relationship, the corrosion potential and the change in area
ratios were weighted and converted into a corrosion resistance value.
This value then was visualized and allows the user to estimate the
amount of the wear protection or corrosion resistance to be achieved at
the expense of the other property.
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