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Austenitic steels used for components in high-pressure hydrogen storage systems in the automotive sector
have to meet high requirements in terms of material properties and cost efficiency. The commonly used
1.4435/AISI 316L type steels fulfil the technological requirements but are comparatively expensive and
resource-intensive. Lower alloyed steel grades are less costly, though prone to a-martensite formation and
therefore sensitive to hydrogen embrittlement. Segregation-related fluctuations of the local element con-
centrations exert a strong impact on the austenite stability, thus controlling the segregation behavior can
improve the austenite stability of lean alloyed steel grades, making them suitable for hydrogen applications.
In this work, a novel approach for the optimization of alloy compositions with the aim of improving the
homogeneity of the austenite stability is developed. The approach is based on combining automated Scheil–
Gulliver solidification simulations with a multi-objective optimization algorithm. The solidification simu-
lations provide information about the influence of the segregation profiles on the local austenite stability,
which are then used to optimize the alloy composition automatically. The approach is exemplarily used for
an optimization within the compositional range of 1.4307/AISI 304L. It is shown that a significant increase
in the homogeneity of the austenite stability can be achieved solely by adjusting the global element con-
centrations, which has been validated experimentally.
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1. Introduction

The stability of the austenitic face-centered cubic (fcc) phase
against thermally activated or deformation-induced transfor-
mations to body-centered cubic (bcc) martensite is a crucial
aspect for the suitability of austenitic stainless steels for
hydrogen applications. fcc fi bcc transformations can drasti-
cally reduce the otherwise high resistance of CrNi-type
austenitic stainless steels against hydrogen environment embrit-
tlement (HEE) (Ref 1, 2). a-martensite is inherently more prone
to hydrogen-induced cracking than austenite and also has a
diffusivity for hydrogen atoms several orders of magnitude
higher than the fcc-lattice of austenite (Ref 3-5). The latter
allows a rapid accumulation of hydrogen atoms in critical sites
like stress fields in front of notches or crack tips and thereby
accelerates hydrogen-induced crack growth and fracture if a-
martensite is present (Ref 6, 7). For this reason, HEE-resistant
CrNi grades contain comparatively high amounts of Ni to
provide sufficient phase stability at each position within the
microstructure.

Commonly used approaches to quantify the austenite
stability, and therefore also the resistance against HEE, are
empirical equations for the calculation of the martensite start
temperature (Ms) or the Md-temperature, for thermally induced
or deformation-induced phase transformations, respectively
(Ref 2, 8, 9). Further, estimations of the austenite stability that
use a thermodynamically calculated difference between the
molar Gibbs energies of the fcc- and the bcc-phase, which is
interpreted as a driving force for the phase transformation, can
be found in the literature (Ref 10). Other authors use calculated
or experimentally determined values of the stacking fault
energy (SFE) as a measure for the austenite stability, as the SFE
controls the formation of nucleation sites for a-martensite
during plastic deformation (Ref 11-13).

In recent investigations, it has been proven that the
fcc fi bcc transformation is not only dependent on the overall
austenite stability, that can be estimated based on the global
alloy composition by using one of the aforementioned
approaches, but is strongly affected by segregation-related
inhomogeneities of the austenite stability throughout the
microstructure due to solidification (Ref 14-16). Segregation
effects of the main alloying elements in CrNi-type steels entail
local minima and maxima of the austenite stability. Local
minima of the austenite stability are an effect of low alloyed
regions in the microstructure and facilitate local hydrogen-
induced cracking upon plastic deformation in hydrogen-con-
taining atmospheres (Ref 17-19). In high alloyed steel grades,
e.g., 1.4435, which is similar to AISI 316L, comparatively low
alloyed regions provide a sufficiently high austenite stability to
prevent deformation-induced phase transformations and H-
induced crack formation. However, that is not the case in lower
alloyed and more economical grades like 1.4307/AISI 304L,
which may form H-induced cracks as a result of local
segregation-related phase transformations under certain testing
conditions (Ref 14).

By raising the alloy content of low-alloyed regions, the local
minima of the austenite stability can be increased, resulting in a
reduced overall tendency to form a-martensite and hydrogen-
induced cracks.

The manifestation of microsegregations in austenitic steels
depends to a large extent on the exact chemical composition of
the melt. The reason for this is that the chemical composition

controls the sequence of the solidifying phases as well as their
equilibrium compositions (Ref 20). It is therefore possible to
tune an alloy composition in a way that reduces the degree of
segregation, which may improve the resistance against HEE
without adding significant amounts of alloying elements. Thus,
an optimization of the segregation behavior of austenitic
stainless steels like 1.4307, which have a lower overall alloy
content compared to 1.4435, can possibly improve their
hydrogen compatibility and allow a substitution of 1.4435
steels in hydrogen applications.

The present work describes a novel, simulation-based
method to optimize the chemical composition of an austenitic
stainless steel with the aim of achieving a high and homoge-
neously distributed austenite stability. The method combines
solidification simulations based on the Scheil–Gulliver equation
to predict element segregation with different calculation
approaches for the austenite stability and a multi-objective
optimization algorithm. In order to validate this approach, the
description of the method is exemplary used for the optimiza-
tion of a 1.4307 steel grade within its compositional limits.

2. Methods

In the context of this work, with the aid of the TC-Python
Software Development Kit (SDK) of the Thermo-Calc Soft-
ware, an approach to a new concept of alloy optimization is
developed, focusing on the conception of the program as well
as the optimization and validation of an alloy system. To that
end, solidification simulations are automatically performed in
the Scheil module of Thermo-Calc, from which data of the
concentrations of the individual elements along the solidifica-
tion profile are transferred to Python. These concentrations
provide the basis for the calculation of the objective functions.
In addition, laboratory-scale ingots are produced and charac-
terized, to review the optimization as well as the optimized
alloy, which has been developed in the optimization process.

2.1 Modeling

2.1.1 Thermodynamic Modeling. The thermodynamic
simulations are carried out using the 2019b version of
Thermo-Calc with the TCFE9 database. Thermo-Calc is
integrated in the optimization scheme, which is programmed
in Python version 3.8.0, importing the libraries numpy, math
and TC-Python. The Scheil simulations start at a temperature of
2273 K. The check for a miscibility gap is not carried out and
back diffusion of C was not allowed, due to restrictions in the
TC-Python module. The alloy contents are varied within the
ranges according to Table 1 in steps of 0.25 weight percent,
which corresponds to a full factorial experimental design. After
the calculation of the objective functions for each of these
points, the optimized alloy has been identified regarding the
criterion for an optimization on the Pareto-front.

2.1.2 Objective Functions. 2.1.2.1 Targets and Restric-
tions. As previously described, depending on the chemical
segregation degree, the global austenite stability might be an
insufficient descriptor of the local resistance against HEE.
Therefore, a local description is needed to optimize the
resistance against phase transformations and HEE (Ref 14,
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16, 21). Accordingly, the following targets have to be achieved:

• Maximize the overall level of the austenite stability
• Minimize the stability gradient

For an optimization, these targets are to be formulated as
mathematical expressions, so-called objective functions. Thus,
three different metrics are used to assess the austenite stability.
The three mathematical expressions applied are the Ms-
temperature according to Eichelmann and Hull (Ref 22),* the
Md30-temperature by Nohara et al.** (Ref 8), and an equation
for calculating the stacking fault energy by Qui-Xun et al.� (Ref
23). This multi-objective optimization with three independent
objective functions leads to an optimized system in all
parameters on the Pareto-front (Ref 24, 25). The here used
empirical formulations for the optimization are used because
they represent the thermally induced and strain induced
martensitic transformation. Furthermore, the usage of a formu-
lation for the SFE enables the perspective of considering e- as
well as a-martensite, making the optimization procedure more
precise.

The above-mentioned stability parameters are automatically
calculated for every element concentration along the solidifi-
cation curves simulated with the Scheil module. Each stability
curve resulting from a solidification curve provides one
minimum and one maximum value of each stability parameter.
This enables the algorithm to compute the minimum austenite
stability (Md30-maximum, Ms-maximum, SFE-minimum) and
the difference between maximum and minimum austenite
stability (dMd30, dMs, dSFE). With this approach, it is possible
to maximize the austenite stability by minimizing the stability
gradient and shifting the mean austenite stability of the
microstructure to higher values.

2.1.2.2 Multi-Objective Optimization. Since the problem at
hand is a multi-objective optimization, a suitable formulation
must be chosen to summarize the objective functions and to
find an optimal solution on the Pareto-front. The approach in
this work is based on the method of distance functions with
standardization of distances (Eq. 1).
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In this equation, p[f(x)] is the objective function resulting
from the objective functions fi(x) with the respective level of
demand yi. Furthermore, the exponent r has to be varied to
assure that the summary objective function p[f(x)] does not
depend on a single objective function fi(x). The levels of
demand are defined as described in Eq. 2.
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fi x ¼ xminimað Þ corresponds to the minimum of the objective
function while the maximum is described by fi x ¼ xmaximað Þ.

This novel optimization design allows an optimization in an
objective manner, since the quality of the solution by the
method of distance functions strongly depends on the level of
demand (Ref 25).

For the sake of achieving an optimized alloy composition
within the compositional range of 1.4307 type steel, restrictions
of the system 1.4307 are used, as shown in Table 1.

In addition, Fe is balanced and C is fixed at 0.03 weight
percent. Trace elements like P, S and N are not considered. The
optimization led to an optimized system, which will be
characterized and validated in the following, by comparing
the optimized system with a reference alloy out of the
commercial heat of the austenitic stainless-steel grade
1.4307–X2CrNi18-9.

2.2 Experimental Validation

The optimized alloy was produced a 200 g ingot in a
vacuum induction furnace by Leybold-Heraeus GmbH (Co-
logne, Germany) in a 500 mbar Ar atmosphere. The reference
alloy 1.4307 was produced by Deutsche Edelstahlwerke
Specialty Steel GmbH & Co. KG (Witten, Germany) by
continuous casting and has been remelted under the same
conditions as the optimized alloy. Chemical analysis of the
investigated alloys is carried out by optical spark emission
spectrometry (OES) using a QSG 750 by OBLF GmbH
(Witten, Germany).

The ingots were solution-annealed at 1050 �C for 4 h in an
argon atmosphere and quenched in water to reduce the d-ferrite
contents of the as-cast states.

For the investigation of the local element distributions and
local stability parameters, specimens extending from the edge
to the core of the ingots were metallographically prepared. The
local element distributions were determined by means of
energy-dispersive x-ray spectroscopy (EDS) using a MIRA 3
scanning electron microscope (SEM) by TESCAN ORSAY
HOLDING, a.s. (Brno, Czech Republic), equipped with an X-
Max 50 EDS detector by Oxford Instruments plc (Abingdon,
England). The SEM was operated with an acceleration voltage
of 20 kV and a working distance of 15 mm. Four EDS maps
were recorded at different sites of each sample. The EDS maps
cover an area of 1100 9 820 lm each, and were recorded with
a point-distance of 1 lm and a dwell time of 45 ms at each
point. The acquired EDS data was subsequently quantified and
exported as ASCII datasets. The ASCII datasets were used to
calculate Ms, Md30 and the SFE for each datapoint of the EDS
maps using MATLAB R2019b, resulting in two-dimensional
distribution maps of the aforementioned parameters (Ref 26).
As the local concentrations of the elements C and N cannot be
quantitatively measured via EDS, the distribution of these
elements was assumed to be constant with the concentration
measured via OES.

Table 1 Restrictions (upper and lower boundary
conditions) in weight percent, based on the compositional
range of 1.4307

Cr Ni Mn Si Cu

Lower boundary 17.5 8 0 0 0
Upper boundary 19.5 10.5 2 1 1

*Ms = 1305–2667 (C + N)–41.7 Cr–61.1 Ni–27.8 Si–33.3 Mn–36.1 Mo.
**Md30 = 551–462 (C + N)–9.2 Si–8.1 Mn–13.7 Cr–29 (Ni + Cu)–18.5
Mo–68 Nb–1.42 (grainsize[ASTM]–8); The grain size will be neglected for
the optimization.
�SFE = SFEFE + 1.59 Ni–1.34 Mn + 0.06 Mn2–1.75 Cr 0.01 Cr2 + 15.21
Mo–5.59 Si–60.69 (C + 1.2 N)0.5 + 26.27 (C + 1.2 N)*(Cr + Mo +
Mn)0.5 + 0.61 (Ni*(Cr + Mn))0.5.
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The empirical equations for Ms, Md30 and SFE were
previously used as objective functions for the optimization
algorithm and are now adopted to assess the austenite stability
distribution throughout the microstructure via EDS Mappings.
In order to quantify the homogeneity of the austenite stability,
the local values of the austenite stability measures were plotted
as histograms. The sample mean l, sample standard deviation
r, and mean absolute difference MAD were computed. The
first parameter sheds light on the degree of the austenite
stability and the other two, on its homogeneity. In particular, a
lower mean value l of Ms and Md30 implies higher stability,
while a lower mean SFE values indicates a compromised
austenite stability. Conversely, for all stability parameters, a low
standard deviation and mean absolute difference point to a high
homogeneity of the austenite stability—ultimately, both are
dispersion descriptors of the selected measures. Equation 3, 4
and 5 display the measure definitions employed
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where N is the number of elements in the mappings, X is a
placeholder symbol for the stability metrics used, i.e., Ms, Md30

or SFE. f xið Þ is the probability density normalized histogram
value at xi, such that i ¼ 1; 2_sn. In other words, n is the number
of bins of the histogram f xð Þ defined by the edges x. MAD
complements r as a dispersion measure because it is nothing
other than the expected absolute property difference between
any two randomly chosen points. Since n � N , Eq. (5) is much
faster to compute than all the pairwise absolute differences in
all maps.

3. Results and Discussion

3.1 Optimized Alloy

Table 2 contains the composition resulting from the
optimization (target value) as well as the measured composi-
tions of the ingots of the optimized alloy 1.4307_opti and the
reference alloy 1.4307. The target composition reveals that the
Ni content ran up against the upper boundary of the allowed
range, while Cr and Mn contents ran against the lower
boundary. The contents of Si und Cu show that the objective
function has a local minimum within the allowed range.

The actual and the target composition of 1.4307_opti do not
differ significantly. The produced 1.4307_opti ingot contains
only small amounts of Mn, P, S, Mo and N due to impurities in
the pre-alloys that were used. Accordingly, a high degree of
agreement between the solidification behavior of the target and
actual composition can be assumed. The reference alloy 1.4307
in comparison is alloyed with more Mn, Mo and N as well as
less Ni.

3.2 Experimental Validation

An experimental validation is needed to verify the properties
of the optimized alloy and the success of the optimization
process. Figure 1 displays SEM images and the qualitative
local distributions of the alloying elements of the investigated
alloys in two of the recorded fields.

The EDS maps display an uneven distribution of the
alloying elements resulting from the solidification. The element
distributions of Cr and Ni show the most significant local
variations in both materials, displayed with brighter or darker
color shades. This can be related to the high global alloying
quantities. Si shows smaller differences due to its low global
quantity. The Mn mapping of the reference alloy evidences the
presence of MnS inclusions, whereas in the optimized alloy, the
local variations are minimal. Due to the presence and
importance of Mn in technical alloys, the influence of Mn on
the optimized system has to be pointed out (Fig. 2).

Figure 2 shows the influence of a variation of Mn on the
segregation behavior of the taring elements. Generally speak-
ing, an increase of alloying elements which favor a primarily
fcc-solidification (Ni, Mn, Cu, C, N) decrease the degree of
segregation of one another (Ref 20, 27). Therefore, the alloying
of Mn does not significantly influence the segregation behavior
of the taring elements, except for Cu. Nevertheless, Cu is only
alloyed in small quantities. The increased segregation of Cu can
therefore be seen as non-critical.

In both materials, minor contents of d-ferrite appear to be
present in regions with particularly high Cr and low Ni
contents. In both alloys, an overall tendency for the enrichment
of Ni in Cr-depleted regions is visible. The contrary segregation
behavior of Cr and Ni is known from primarily ferritic
solidifying austenitic steels and can also be considered here.
The equilibrium concentration of Cr in a primarily solidifying
bcc phase lies usually above the global Cr concentration of the
melt, whereas the Ni concentration in the solidifying bcc phase
is usually lower (Ref 28). Consequently, the melt is being
depleted with Cr and enriched with Ni, which leads to the
precipitation of fcc phase from the melt at some point, making
the latter solidify Cr-poor and Ni-rich. Subsequent diffusion
processes combined with bcc fi fcc transformations mitigate
the resulting local composition gradients. Nonetheless, the
contrary segregation tendencies persist in the solution-annealed
condition. Pronounced contrary segregation effects do not
necessarily result in strong gradients of the austenite stability;
according to the equations of Ms and Md30, all alloying
elements contribute to a stabilization of the austenite. Contrary
to the case of collective segregation effects of all alloying
elements, contrary segregation tendencies can balance their
local effects on the austenite stability to some extent and can
therefore be regarded as beneficial for a homogeneous stability
distribution. Figure 3 exemplary shows Md30-maps of the
investigated alloys (a) 1.4307 and (b) 1.4307_opti together with
(c) histograms showing frequency distributions of the displayed
data normalized by probability density.

While Fig. 3 (a) and (b) does not show obvious differences
regarding the mean Md30 value as well as the homogeneity of
Md30, the histograms reveal improvements of both these
properties in case of 1.4307_opti. The mean value of Md30 in
alloy 1.4307_opti is shifted toward lower temperatures, indi-
cating a more stable austenite on average. Also, the histogram
shows a narrower profile, which means that the standard
derivation will be smaller and thus the distribution of the
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austenite stability is more homogeneous. A narrower histogram
of a stability parameter which is shifted to a lower temperature
indicates a higher, more homogeneous austenite stability.

In the same fashion as in Fig. 3 (c), Fig. 4 presents the
probability density distributions of Ms, Md30 and the SFE for
the alloys 1.4307 and 1.4307_opti. Note that fine lines
correspond to the individual specimens #1-#4 and broad lines
to their aggregation. Table 3, on the other hand, provides their
mean values l, their standard deviations r, and mean absolute
differences MAD, together with a relative difference calcula-
tion. Note that while the Ms and Md30 temperatures are
presented in �C, for the computation of the relative differences
between reference and optimized alloys the absolute temper-
ature was used.

The presented data allow a comparison of the austenite
stability in different locations of each ingot. It shows that there
is some scattering between the data from different sites that
were investigated. Scattering of l can be explained by macro-
segregation effects in the ingots, whereas the scattering of r
and MAD is most probably a result of local differences in the
cooling conditions during solidification. The cooling rate
especially influences the dendrite arm spacing, which defines
the length scale of segregation structures (Ref 29). The smaller
the length scale of the segregation structures, the faster
homogenization can occur during solution annealing. There-
fore, sites with a small initial dendrite arm spacing can be
assumed to have a more homogeneous distribution of the
austenite stability in the annealed state.

Overall tendencies and differences between the two consid-
ered alloys can be evaluated best by comparing the probability
density distributions (Fig. 4) and the corresponding sample
parameters (Table 3) of the aggregated data of each alloy. The

mean values of the Md30 temperature and the SFE indicate a
higher mean austenite stability of the optimized alloy
1.4307_opti. In contrast, theMs temperature shows the opposite
tendency. Md30 of the steel 1.4307_opti is 31.3 �C lower,
representing an improvement of 11.2%, while Ms is 73.5 �C
higher compared to the steel 1.4307, indicating a 112.8%
stability decrease. The divergent trends of Ms and Md30 can be
mainly attributed to the contribution of the interstitial alloying
elements C and N. These elements are considered to have a
significantly greater influence on Ms than on Md30 (Ref 8, 22,

Fig. 1 Exemplary SEM images and qualitative local distributions of alloying elements in (a) 1.4307 and (b) 1.4307_opti

Fig. 2 Exemplary SEM images and qualitative local distributions
of alloying elements in (a) 1.4307 and (b) 1.4307_opti

Table 2 Target and measured composition of the optimized alloy in wt.%. As a reference, the composition of the
reference material is shown as well

C Si Mn P S Cr Ni Mo Cu N

Target value 0.03 0.5 0 0 (fixed) 0 17.5 10.5 0 (fixed) 0.75 0 (fixed)
1.4307_opti 0.012 0.519 0.058 0.01 0.004 17.12 10.2 0.018 0.78 0.008
1.4307 0.021 0.671 1.949 0.03 0.028 17.93 8.54 0.3 0.594 0.04
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30). The much higher content of these elements in steel 1.4307
is therefore more evident in Ms than in Md30. This indicates that
the Ms temperature might not be suitable for the validation by
EDS, which explains the decrease of the mean Ms in the
optimized alloy.

As described above, not only the average austenite stability,
but also its homogeneity, controls the actual transformation
tendency of the austenite, as local stability minima provide
favorable sites for martensite formation. For all three param-
eters describing the austenite stability, the sample standard
deviation and mean absolute difference of the aggregated data
indicates an improved homogeneity of the austenite stability in
the optimized alloy 1.4307_opti. For instance, the expected
absolute Md30 difference between any two points is 82.9 and
63.5 �C for the reference and optimized alloys, respectively.
The relative improvements in terms of the Ms and Md30

temperatures are around 20%, while the SFE presents a
homogeneity enhancement of 7.4%.

The mean Md30 as well as the mean Ms temperature of the
steel 1.4307_opti lies well below room temperature and feature
improved homogeneities. These factors indicate a reduced
tendency to form martensite upon straining at room tempera-
ture, compared to the reference steel 1.4307. Moreover, the
increased SFE can be considered to contribute to a more
homogeneous deformation behavior and the provision of a
lower number of nucleation sites for a-martensite due to less e-
martensite (Ref 31). The lower number of nucleation sites for
martensite comes through the decreased r in combination with
an increased l. As pointed out by Noh et al. (Ref 30), a SFE of
20 mJ/m2 can be considered as a threshold for the formation of
a-martensite. If now more regions in an alloy are locally below
a SFE of 20 mJ/m2, more nucleations sites for martensites and
even more martensite will form. Therefore, the alloy
1.4307_opti can be considered as more resistant against the
formation of nucleation sites.

Therefore, the steel 1.4307_opti proves the effectiveness of
the implemented optimization approach for the design of a steel
with an improved resistance against hydrogen embrittlement,
which was the overarching aim. However, future studies have
to investigate the mechanical properties of the optimized steel
with and without influences of hydrogen. Additionally, some
aspects of the optimization procedure are supposed to provide
room for further improvement.

3.3 Optimization Strategy

An essential part of this work was the development of a
suitable optimization approach. Every optimization approach
consists of a fitting analysis model, purposeful objective
functions and an appropriate optimization strategy. The opti-
mization is based on the analysis model, in this case the Scheil
module. The validity of this model is well documented in the
literature and known to be suitable for the calculations that
were carried out in the framework of the optimization process
(Ref 32, 33). However, the peculiarities of the interstitial
elements C and N could not be considered optimally, as these
elements could not be defined as ‘‘fast diffusing components’’
because of limitations in the TC-Python module, that existed at
the time the simulations were performed. The segregation of C
and N is therefore assumed to be overestimated in the
simulations which, however, could not be proven as these
elements cannot be quantified in the EDS measurements.

Besides the analysis model, the optimization depends
essentially on the selected objective functions (Ref 34). The
objective functions are developed as derivations of stability
parameters, which quantify the austenite stability (Ref 8, 22,
23). Consequently, the predictive power of the objective
functions depends on the meaningfulness of the stability
parameters. Even though considering stability parameters alone
is not a sufficient prerequisite for resistance to hydrogen
embrittlement, steels with high austenite stability nevertheless
exhibit lower susceptibility to hydrogen embrittlement. This
renders the approach presented here suitable for the optimiza-
tion of austenitic steels for the use in hydrogen atmospheres.

The equations of the Ms and Md30 temperatures consider a
linear influence of the alloying elements on the resulting
stability parameter. This disables a consideration of interactions
of the alloying elements. Another issue is the allowed alloying
range of these stability parameters. King and Larbalestier (Ref
35) restrict the usable range of the Ms temperature, whereas the
influence of Cr is considered too high and the influence of Ni is
considered too low in the two investigated alloys. This effect is
amplified in the higher alloyed regions in the solidification
simulations and in the EDS mappings. The Ms temperature
should therefore not be used as an exact number, but can be
used for a qualitative comparison of the alloy systems.

Both the linear influence and the absence of interactions, as
well as the limited alloying range, can be avoided by using the

Fig. 3 Local distribution of Md30 for (a) 1.4307 and (b) 1.4307_opti calculated from quantified EDS datasets shown in Fig. 3. (c) shows the
frequency distributions of Md30 in (a) and (b)
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SFE formula (Ref 23). However, when using the empirical
formula to calculate the SFE, attention must be paid to
nonlinearity, since the minima and maxima of the function do
not necessarily have exist in the areas that solidified first or last.

Overall, it must also be considered that the austenite stability
was also determined for ferritic bcc phase solidifying from the
melt. Since it is actually physically incorrect to calculateMs and
Md30 for ferrite, the usage of a Ni-equivalent might be a better
alternative (Ref 36). On the other hand, especially the Md30 is
well known for its significant correlation with the resistance
against hydrogen environment embrittlement, which makes
Md30 a meaningful parameter in the context of this study (Ref 2,
3, 14).

The method of distance functions was used as the opti-
mization strategy in this study, as each objective function was
supposed to be considered equally. Also, the method was
normalized by relative distances with the weights not being
predefined, but a result from the values of the objective
functions. This is contrasted with the fact that the method of
restriction-oriented transformation is considered the best
method for Pareto optimization (Ref 34). This method is based
on the formulation of a main objective and secondary
objectives. Secondary objectives are seen only as constraints

that define the limits of the optimization. The formulation of a
single main objective function is not possible in this case,
because all objective functions, and stability parameters,
respectively, represent an important parameter and point to
different aspects of the phase transformation and therefore
HEE. In particular, the quality of the stability parameters and
thus of the functions is difficult to evaluate, which is why this
method should not be used here. As the here used optimization
strategy is independent of a single objective function, it is
considered more suitable for the described application (Ref 25).

The considered optimization scheme has the goal to achieve
a homogeneous and sufficient stable primary microstructure
regarding the empirical formulations. Nevertheless, the sec-
ondary microstructure determines the characteristics and prop-
erties of a material or alloy, respectively. The secondary
microstructure is determined by the primary microstructure due
to the casting process and the secondary manufacturing
processes like rolling or casting. Therefore, the primary
microstructure plays a significant role for the secondary
microstructure (Ref 37). If the secondary process is now
considered as equal for both the optimized and conventional
1.4307, the optimized alloy will again show improved homo-
geneity regarding the stability parameters considered.

Fig. 4 Histograms of (a) Md30, (b) Ms and (c) SFE. The fine lines represent the individual distributions of each measured field (1–4 for each
alloy), while the broad lines correspond to their aggregation

Table 3 Parameters l and r of normal distributions fitted to datasets of Ms, Md30, SFE calculated form EDS data

Dataset

Md30 [�C] Ms [�C] SFE [mJm22]

l r MAD l r MAD l r MAD

1.4307 #1 16.7 82.9 93.2 � 212.3 186.3 209.4 21.8 7.1 7.9
1.4307 #2 3.4 71.1 79.9 � 213.1 159.7 179.0 21.9 6.2 6.9
1.4307 #3 � 14.5 55.9 62.4 � 219.6 124.7 138.9 22.2 4.9 5.4
1.4307 #4 16.7 66.2 74.0 � 208.2 146.5 163.1 22.4 5.7 6.3
1.4307 #1–4 5.6 70.8 79.2 2 213.3 156.0 173.6 22.1 6.0 6.7
1.4307_opti #1 � 34.8 48.9 55.0 � 139.3 104.0 116.9 25.8 5.2 5.7
1.4307_opti #2 � 23.1 55.0 61.99 � 141.3 118.4 113.3 25.9 5.4 6.0
1.4307_opti #3 � 22.6 61.8 69.7 � 140.2 133.7 150.7 25.8 5.9 6.5
1.4307_opti #4 � 22.5 58.0 65.4 � 138.3 125.1 140.9 26.1 6.0 6.5
1.4307_opti #1–4 2 25.7 56.4 63.5 � 139.8 120.8 135.7 25.9 5.6 6.2
Rel. improvement in % 11.2 20.5 19.9 � 122.8 22.5 21.8 17.2 6.2 7.4
High importance values are given in bold
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4. Summary

In this work, a novel approach for the optimization of
austenitic stainless steel was implemented and validated. The
presented approach incorporates an automated optimization
strategy, which targets material properties, that are strongly
influenced by segregation effects of the alloying elements. The
following conclusions can be drawn from the investigations:

• By coupling Scheil–Gulliver solidification simulations
with optimization functions, the chemical composition can
be optimized to improve the overall austenite stability.

• Empirical equations describing the austenite stability are
suited to serve as objective functions for multi-objective
optimization strategies.

• The conceived optimization approach was successfully
used to achieve an improved austenite stability within the
alloying range of the steel 1.4307, which was proved by
assessing local austenite stability distributions in labora-
tory-scale ingots.

In future attempts to develop novel alloys with optimized
properties, the presented approach can be used beyond
standardized compositional ranges, by shifting boundary con-
ditions and adding more elements. By employing different
objective functions, the approach can also be adapted to pursue
the optimization of other material properties, e.g., corrosion
resistance, or a combination of different properties. Upcoming
studies will also investigate the here presented alloy
1.4307_opti in tensile tests in air and H2-atmosphere. These
tests will prove the improved properties of the optimized alloy
and will validate the optimization procedure.
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