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Abstract: The properties of duplex stainless steels (DSSs) depend on the ferrite–austenite ratio, on
the content of secondary phases and on the contamination with non-metallic inclusions. To assess
the quality of DSSs, it is necessary to use an integrated approach which includes controlling for
the volume fraction, the morphology and the distribution of all phases and non-metallic inclusions.
Samples of several grades of DSSs were obtained using various heat treatments, such as solution
annealing and quenching from 1050 to 1250 ◦C to obtain different amounts of ferrite and to provoke
annealing at 850 ◦C to precipitate σ-phase. As a result, a metallographic technique of phase analysis in
DSSs based on selective etching and subsequent structure parameters estimation according to ASTM
E1245 was developed. We demonstrated that the developed method of quantitative analysis based
on selective etching and metallographic analysis according to ASTM E1245 allows us to obtaining
much more accurate results, compared to the point count method described in ASTM E562 and to
the XRD method.
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1. Introduction

Recently, the oil and gas and chemical process industries have been experiencing
an acute shortage of advanced materials capable of providing reliable and long-lasting
solutions [1,2]. The use of traditional materials leads to failures and breakdowns of expen-
sive equipment. The introduction of advanced duplex stainless steels (DSSs) of various
grades—depending on the purpose of the steel—can solve this problem [3]. Properties of
duplex stainless steels depend on the ferrite-austenite ratio, on the content of secondary
phases and on contamination with non-metallic inclusions [4,5]. Currently, it is difficult to
obtain metal of the required quality using traditional methods of melting and casting. One
of the high-quality steels production methods—the process of electroslag remelting (ESR)
after induction melting—provides refining of the remelted metal, which results in a low
content of detrimental impurities, but at the same time is quite expensive. When choosing
the optimal technology, induction melting is a more effective method which allows us to
obtain a homogeneous metal with a low content of non-metallic inclusions at a lower cost.

To assess the quality of DSSs, it is necessary to use an integrated approach, including
control of the volume fraction, morphology, distribution patterns of all phases and non-
metallic inclusions. The actual phase content depends on the chemical composition of
the steel and the heat treatment of the final product [6,7]. Existing physical methods of
assessing phases volume fractions, such as magnetic response or X-ray diffraction (XRD)
quantitative phase analysis, work either with reference to certain databases to interpret
the results or in very narrow determination ranges [8–10]. These methods also require
preparation of additional specimens, while metallographic assessment can be carried out
using specimens made for mechanical tests. There is a wide range of metallographic
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standards and methods for assessing grain size [11], non-metallic inclusions content [12]
and microstructural banding [13] for carbon steels. However, there are only a few such
standards for DSSs. Therefore, the purpose of this paper is to study the applicability of
existing and successfully used metallographic analysis methods for DSSs, as well as the
development of new methods based on them, taking into account the specifics of DSSs.

2. Materials and Methods

The specimens of several grades of cast duplex steels were investigated (Table 1). The
specimens were examined both in the as-cast and after-heat treatments. Steels 1, 2, and
3 were produced in the laboratory open induction furnace [14]. The raw materials were
high-purity electrical steel, metallic Cr, metallic Ni, FeMn-95, and FeMo-60. After heating
and melting at 1485 ◦C, liquid steel was poured into a cylindrical copper mold of 40 mm
in diameter and 100 mm in height. The chemical composition of experimental steels was
analyzed using spark optical emission spectroscopy. The content of sulfur and phosphorus
in all steels did not exceed 0.01%. Steel 4 and Steel 5 were produced in the industrial
induction furnace.

Table 1. Chemical compositions of experimental steels.

Steel PREN *
Element, wt.%

C Si Mn Ni Mo N Cu Ti+Nb+V Cr

1 24
0.02 0.6 1.6 6.0 0.5 0.04 0.17 0.060

21

2 26 23

3 29 26

4 44 0.03 0.5 1.0 6.0 4.0 0.20 2.50 0.100 23

5 38 0.07 0.6 0.5 8.1 2.9 0.12 0.46 0.027 27

* PREN = (%Cr − 14.5%C) + 3.3 %Mo + 2 %W + 2 %Cu + 16 %N.

Steel samples were heat treated in the programmable muffle furnace: heated to various
temperatures from 1050 to 1250 ◦C with a step of 50 ◦C, held at each temperature for 60 min,
and quenched in water. In Steel 4 the formation of a σ-phase is possible [15]. Thus, samples
of Steel 4 were subjected to annealing at a temperature of 850 ◦C for 15–120 min to form
various amounts of a σ-phase.

Heat-treated steels were used to produce metallographic specimens by molding them
in a phenolic compound and polishing. The structures of these specimens were revealed
using various etchants.

Metallographic analysis was performed using the light optical microscopy method.
The microstructure was investigated using the inverted Reichert-Jung MeF3A microscope
(Reichert Inc., Depew, NY, USA) equipped with a Thixomet Pro image analyzer (Thixomet
Ltd., St.-Petersburg, Russia). Particles larger than 1 µm were investigated. The confidence
level in determining the measurement error was 95%.

The chemical composition of each phase was studied using a Zeiss Supra scanning
electron microscope (Carl Zeiss AG, Oberkochen, Germany) equipped with an energy-
dispersive spectrometer. The phase content of the specimens was determined using Bruker
X-ray diffractometer (Bruker Ltd., Billerica, MA, USA) to confirm the results of quantitative
metallography. Thermodynamic modeling was carried out using the ThermoCalc software
package (TCW5, Thermo-Calc Software Inc., Solna, Sweden) with the TCFE database [16].

Tests of resistance to crevice corrosion were carried out in accordance with ASTM
G48-11, Method B. The specimens were placed inside a beaker and immersed with the
FeCl3 solution for 72 h at 50 ◦C. Sample surfaces were prepared on 120 grit abrasive paper.
Specimens were degreased with acetone, after which cylindrical TFE-fluorocarbon blocks
were fastened on them. After the test has been completed, the specimens were cleaned
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using a Buehler UltraMet V Ultrasonic Cleaner (Buehler Ltd., Lake Bluff, IL, USA) to
remove corrosion products.

Corrosion rate (CR) was calculated using the following Equation (1):

CR (g/m2·h) = ∆m/S · τ, (1)

where ∆m—weight loss (g); S—the surface area of the exposed sample (m2); τ—immersion
time (h).

The pitting potential Epit was determined in accordance with the ISO 17475:2005
as described in [17]. The test cell controlled by a VersaStat Princeton Applied Research
(AMETEK Inc., Berwyn, PA, USA) potentiostat was used for measurements. The tests were
carried out at the room temperature in a 5% NaCl solution buffered with acetic acid to
pH = 3. A silver chloride reference electrode and an additional platinum electrode were
used for testing. The linear anodic polarization was carried out using a potentiodynamic
mode in the potential range from −250 to 700 mV relative to the corrosion potential Ecor
with a sweep rate of 0.16 mV/s. The corrosion rate was determined using the obtained
polarization curve.

The mechanical properties of the steels were determined by the macrohardness testing
using a Zwick/Roel ZHU 8187.5 hardness tester (ZwickRoell GmbH & Co. KG, Ulm,
Germany) according to the Vickers method with a load of 10 kg and a holding time of 10 s.

DSSs Etchants Overview

Numerous works are known in which one or another reagent was used [18–22] to
reveal the structure of DSSs (Table 2). However, there is no unified approach that allows
a sufficiently accurate quantitative assessment of the DSSs’ structure. The well-known
method for determining volume fraction by systematic manual point count allows mea-
surement of the ferrite or austenite amount even with a low etching quality. Modern image
analyzers can significantly increase the accuracy and speed of measurements, provided
that an image of the structure is suitable for recognition. Table 2 lists the most common
reagents used to identify the structure of DSSs. The articles describe different applications
of these reagents. For example, etching with the Murakami etchant was used in [18];
however, in [19] it was shown that it is rather difficult to identify ferrite if its fraction is
small when using such etching. Another equally important issue is the selective etching
of the σ-phase. The most common method for its recognition is XRD. There is no definite
etchant for revealing of a σ-phase [18,19,21] and other harmful phases in DSSs.

Table 2. Used etchants and features of their application.

No. Name Composition Notes Refs.

Chemical etching

1 Inhibited ferric chloride 100 mL water, 5 g FeCl3, 1 g NaNO3 Identifies detrimental phases in lean DSSs [21]

2 Sodium Hydroxide 100 mL water, 40 g NaOH Identifies detrimental phases [18]

3 Modified Beraha reagent (Beraha’s
sulfamic acid reagent No. 4)

100 mL water, 3 g K2S2O5, 2 g sulfamic acid,
0.5–1 g NH4F · HF

Identifies phases in high-alloy steels upon immersion
for 30–180 s [21]

4 Beraha reagent 20 mL HCl, 80 mL water, 1 g K2S2O5
Reveals ferrite. Etch by immersion until formation of

tint [19,21]

5 Carpenter reagent 85 mL ethanol, 15 mL HCl Identifies grain boundaries and σ-phase. Etch by
immersion for 15–45 min [19,21]

6 Murakami reagent 100 mL water, 10 g NaOH, 10 g K3Fe(CN)6
Reveals ferrite when heated up to 80–100 ◦C, reveals

carbides at room temperature [19,21]

7 “Glyceregia” 15 mL HCl, 10 mL glycerol, 5 mL HNO3 Reveals grain boundaries and σ-phase [18]

Electrolytic etching

8 HNO3 60% nitric acid Identifies ferrite and σ-phase when etched at 2.2 V
for 10 s [20]

9 NaOH 100 mL water, 20 g NaOH Identifies ferrite and σ-phase when etched at 3 V for
10 s [21]
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3. Results
3.1. Etching Method Development

To develop a quantitative assessment technique, it is necessary to find an etchant
that allows obtaining an image with distinguishable phases for automatic analysis. The
structure of the Steel 1 specimen with 21% Cr (Table 1) quenched from a temperature of
1200 ◦C was investigated (Figure 1). Three Vickers indentations were made for investigated
area identification after each subsequent etching. A polishing with a minimal metal removal
was carried out to always observe the same plane after each etching iteration.

Metals 2021, 11, x FOR PEER REVIEW 4 of 12 
 

 

3. Results 
3.1. Etching Method Development 

To develop a quantitative assessment technique, it is necessary to find an etchant that 
allows obtaining an image with distinguishable phases for automatic analysis. The struc-
ture of the Steel 1 specimen with 21% Cr (Table 1) quenched from a temperature of 1200 
°C was investigated (Figure 1). Three Vickers indentations were made for investigated 
area identification after each subsequent etching. A polishing with a minimal metal re-
moval was carried out to always observe the same plane after each etching iteration.  

Some etchants (reagents 1–3, Table 2) recommended by other authors are not appli-
cable to the investigated DSSs. Thus, the chemical etching with inhibited ferric chloride or 
with sodium hydroxide did not reveal the structure. The modified Beraha’s reagent 
showed a very indistinguishable structure. 

Electrolytic etching is one of the most common techniques for revealing the structure 
of DSSs [18]. Figure 1a shows a dark ferrite matrix and light austenite areas [23] revealed 
by electrolytic etching using NaOH etchant. Using 60% nitric acid as an electrolyte pro-
vides the same result. This etching method consistently provides high-quality images of 
the DSSs’ structure, but the contrast between phases is insufficient for an automatic clas-
sification by the image analyzer. This etching technique is only suitable for measuring via 
the manual point count method [24]. 

Other etchants according to Table 2 (Glyceregia in Figure 1b, Carpenter in Figure 1c, 
Murakami’s etchant in Figure 1d) showed similar results. Similar to electrolytic etching 
these etchants do not provide sufficient contrast on images for automatic quantitative de-
scription of the DSSs’ microstructure. The Murakami etchant solution requires heating to 
a temperature of 80–100 °C, which is unsafe and requires additional equipment.  

Etching with Beraha’s reagent (solution 4, Table 2) makes it possible to distinguish 
ferrite (Figure 1e), which is darkened opposed to unetched austenite. The luminosity dif-
ference is sufficient to carry out an image binarization and to automatically determine the 
volume fraction of the phases according to the ASTM E1245 (Figure 1f). The evaluation 
was carried out on panoramic images with an area of 1.4 mm2. To assess the error, a series 
of preliminary analyzes were carried out, in which it was found that the relative error of 
measurement by the metallographic method does not exceed 5%.  

  
(a) (b) 

  
(c) (d) 

Metals 2021, 11, x FOR PEER REVIEW 5 of 12 
 

 

  
(e) (f) 

Figure 1. Microstructure of Steel 1 quenched from 1200 °C after electrolytical etching using NaOH 
(a), chemical etching using Glyceregia (b), Carpenter (c), Murakami’s (d), and Beraha’s (e) etchant 
solutions and austenite automatic identification after using Beraha’s etchant (f). 

The approval of the research methodology was carried out on Steels 1–3. Depending 
on the chemical composition and on the heat treatment of the DSSs, it is possible to obtain 
different austenite to ferrite ratios and to provoke the σ-phase formation. Taking into ac-
count the calculations carried out earlier in [14], a series of heat treatments of experimental 
steels was carried out (Table 3). The content of δ-ferrite in specimens of the studied steels 
(Table 1), quenched after holding at different temperatures, was determined using a tech-
nique based on etching with Beraha’s reagent and subsequent automated image analysis. 
The measurement results are in good agreement with phase contents predicted by ther-
modynamic calculations (Table 3 and Figure 2). The XRD analysis results have some in-
accuracies. For example, for Steel 1 quenched from 1200 °C, the δ-ferrite content deter-
mined using XRD is 77 wt.%, while the automated image analysis and thermodynamic 
calculations show 57 vol.% and wt.%, respectively. In this case, thermodynamic modeling 
was used to check the measurement results. In our experiments with prolonged (more 
than 60 min for 35 g specimens) isothermal holdings, the processes were almost complete 
and the thermodynamic equilibrium was practically achieved. 

Table 3. Comparison of methods for assessing the fraction of phase components by the example of δ-ferrite. 

Steel 
Quenching 

Temperature,  
°C 

Automatic Analysis after 
Etching with Beraha’s,  

vol.% 

Measurements by the Systematic Manual Point 
Count Method after Electrolytic Etching with NaOH, 

vol.% 

XRD (Two 
Measurements),  

wt.% 

Thermodynamic 
Modeling,  

wt.% 

1 

1050 38.51 35.5 35.9/35.9 32.3 
1100 42.03 37.0 91.5/38.2 38.8 
1150 48.42 46.5 – 47.7 
1200 56.96 52.5 9.5/77.1 57.4 
1250 57.32 46.5 51.6/13.0 69.8 

2 

1050 56.14 41.5 52.5/52.5 48.1 
1100 62.22 54.0 15.8/58.1 55.0 
1150 72.64 72.5 79.0/77.7 63.3 
1200 81.47 84.5 79.2/82.8 73.2 
1250 85.22 93.0 80.6/80.8 85.0 

3 

1050 74.04 61.0 43.5/64.2 67.4 
1100 82.79 72.5 59.7/68.7 74.6 
1150 91.06 94.0 – 82.8 
1200 99.86 97.0 100/100 92.1 
1250 99.90 100 100/100 100 

4 
1050 68.40 – – – 
1100 71.17 – – – 
1200 82.40 – – – 

5 
1050 48.03 – – – 
1100 54.27 – – – 
1200 67.67 – – – 

Figure 1. Microstructure of Steel 1 quenched from 1200 ◦C after electrolytical etching using NaOH
(a), chemical etching using Glyceregia (b), Carpenter (c), Murakami’s (d), and Beraha’s (e) etchant
solutions and austenite automatic identification after using Beraha’s etchant (f).

Some etchants (reagents 1–3, Table 2) recommended by other authors are not applicable
to the investigated DSSs. Thus, the chemical etching with inhibited ferric chloride or with
sodium hydroxide did not reveal the structure. The modified Beraha’s reagent showed a
very indistinguishable structure.

Electrolytic etching is one of the most common techniques for revealing the structure
of DSSs [18]. Figure 1a shows a dark ferrite matrix and light austenite areas [23] revealed by
electrolytic etching using NaOH etchant. Using 60% nitric acid as an electrolyte provides
the same result. This etching method consistently provides high-quality images of the DSSs’
structure, but the contrast between phases is insufficient for an automatic classification by
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the image analyzer. This etching technique is only suitable for measuring via the manual
point count method [24].

Other etchants according to Table 2 (Glyceregia in Figure 1b, Carpenter in Figure 1c,
Murakami’s etchant in Figure 1d) showed similar results. Similar to electrolytic etching
these etchants do not provide sufficient contrast on images for automatic quantitative
description of the DSSs’ microstructure. The Murakami etchant solution requires heating
to a temperature of 80–100 ◦C, which is unsafe and requires additional equipment.

Etching with Beraha’s reagent (solution 4, Table 2) makes it possible to distinguish
ferrite (Figure 1e), which is darkened opposed to unetched austenite. The luminosity
difference is sufficient to carry out an image binarization and to automatically determine
the volume fraction of the phases according to the ASTM E1245 (Figure 1f). The evaluation
was carried out on panoramic images with an area of 1.4 mm2. To assess the error, a series
of preliminary analyzes were carried out, in which it was found that the relative error of
measurement by the metallographic method does not exceed 5%.

The approval of the research methodology was carried out on Steels 1–3. Depending
on the chemical composition and on the heat treatment of the DSSs, it is possible to
obtain different austenite to ferrite ratios and to provoke the σ-phase formation. Taking
into account the calculations carried out earlier in [14], a series of heat treatments of
experimental steels was carried out (Table 3). The content of δ-ferrite in specimens of the
studied steels (Table 1), quenched after holding at different temperatures, was determined
using a technique based on etching with Beraha’s reagent and subsequent automated image
analysis. The measurement results are in good agreement with phase contents predicted
by thermodynamic calculations (Table 3 and Figure 2). The XRD analysis results have
some inaccuracies. For example, for Steel 1 quenched from 1200 ◦C, the δ-ferrite content
determined using XRD is 77 wt.%, while the automated image analysis and thermodynamic
calculations show 57 vol.% and wt.%, respectively. In this case, thermodynamic modeling
was used to check the measurement results. In our experiments with prolonged (more than
60 min for 35 g specimens) isothermal holdings, the processes were almost complete and
the thermodynamic equilibrium was practically achieved.

Table 3. Comparison of methods for assessing the fraction of phase components by the example of δ-ferrite.

Steel Quenching
Temperature, ◦C

Automatic Analysis
after Etching with

Beraha’s, vol.%

Measurements by the Systematic Manual
Point Count Method after Electrolytic Etching

with NaOH, vol.%

XRD (Two
Measurements),

wt.%

Thermodynamic
Modeling,

wt.%

1

1050 38.51 35.5 35.9/35.9 32.3
1100 42.03 37.0 91.5/38.2 38.8
1150 48.42 46.5 – 47.7
1200 56.96 52.5 9.5/77.1 57.4
1250 57.32 46.5 51.6/13.0 69.8

2

1050 56.14 41.5 52.5/52.5 48.1
1100 62.22 54.0 15.8/58.1 55.0
1150 72.64 72.5 79.0/77.7 63.3
1200 81.47 84.5 79.2/82.8 73.2
1250 85.22 93.0 80.6/80.8 85.0

3

1050 74.04 61.0 43.5/64.2 67.4
1100 82.79 72.5 59.7/68.7 74.6
1150 91.06 94.0 – 82.8
1200 99.86 97.0 100/100 92.1
1250 99.90 100 100/100 100

4
1050 68.40 – – –
1100 71.17 – – –
1200 82.40 – – –

5
1050 48.03 – – –
1100 54.27 – – –
1200 67.67 – – –
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The σ-phase formation leads to the strengthening of DSSs and to a simultaneous de-
crease in corrosion properties. Figure 3 shows the microstructure of a Steel 4 specimen after
provoke annealing at 850 ◦C and revealed using the Beraha’s reagent (reagent 4, Table 2),
which showed the best result discussed earlier in identifying ferrite and austenite.
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Figure 3. Darkened ferrite, light gray σ-phase, and blue austenite (a) in Steel 4 microstructure after
annealing was provoked at 850 ◦C for 60 min and a phase identification using automated image
analyzer (b).

This etching darkens ferrite areas that have not transformed into a σ-phase, light gray
areas of the σ-phase, and blue austenite (Figure 3a). The obtained image can be binarized by
grayscale threshold and used for the automated phase volume fraction analysis (Figure 3b).
Volume fraction of σ-phase (red in Figure 3b) was found.

For a more detailed interpretation of the phase nature, the local chemical compositions
were determined (Figure 4 and Table 4).
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after provoke annealing at 850 ◦C for 15 min.

Table 4. Chemical composition of phases in DSSs specimens.

No.
Spectrum
(Figure 4)

Element, wt.%
Phase

Cr Ni Mo Mn Si

Steel 1, quenched from 1200 ◦C (to Figure 4a)

1 1 23.3 5.4 1.9 1.5 0.7
δ2 2 23.0 5.7 2.5 1.5 0.8

3 3 20.1 7.5 1.0 1.8 0.7
γ

4 4 20.2 7.2 1.1 1.6 0.7

Steel 4, quenched from 1050 ◦C, provoked annealing at 850 ◦C for 15 min (to Figure 4b)

5 5 25.0 8.0 4.2 1.4 0.5
γ

6 6 25.0 7.7 4.6 1.4 0.6

7 3 28.2 5.1 8.0 1.2 0.7
δ8 4 28.5 5.1 8.1 1.1 0.6

9 1 25.8 6.2 12.3 1.2 0.6
σ

10 2 26.0 5.8 12.4 1.2 0.7

The content of ferrite-stabilizing elements in ferrite of Steel 1 quenched from 1200 ◦C
(Figure 4a, Table 4, lines 1, 2) was as follows: 1.9–2.5% Mo, 23.0–23.3% Cr, and 5.4–5.7%
Ni. Cr and Mo content in austenite (Figure 4b, Table 4, lines 3, 4) is lower (20.0–20.2% and
1.0–1.1%, respectively). Ni content in austenite is higher than in ferrite and reaches 7.2–7.5%.
The content of the remaining elements (Mn and Si) is the same considering the error in
their determination. The lowest content of Cr and Mo (25% and 4.2–4.6%, respectively)
was determined in the austenite of Steel 4, which was subjected to provoked annealing for
precipitation of a σ-phase at 850 ◦C for 15 min (Figure 4b, Table 4, points 5, 6). Ni content in
this steel was found to be the highest. Cr and Mo content in the ferrite (Figure 4b, Table 4,
points 7, 8) was higher (28.2–28.5% and 5.1%, respectively). Cr content in the σ-phase
(Figure 4b, Table 4, points 9, 10) was slightly lower than in the ferrite, and Mo content was
the highest, reaching 12.3–12.4%.

Therefore, the proposed analysis method (etching with Beraha’s reagent with subse-
quent automated image analysis) makes it possible to clearly distinguish austenite, δ-ferrite,
and σ-phase in DSSs in images for automatic quantitative assessment according to ASTM
E1245.

Three specimens of Steel 4 quenched from 1050 ◦C and subjected to provoked an-
nealing at 850 ◦C were investigated to verify the method of the σ-phase quantifying. The
measurement results shown in Table 5 are consistent with the data on the kinetics of the
σ-phase [25]. The σ-phase was completely precipitated in the first 15 min and then its
amount remained unchanged.
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Table 5. The results of evaluating the amount of the σ-phase in specimens of Steel 4 after provoke annealing at 850 ◦C.

Holding Time, min Volume Fraction of the σ-Phase Determined by Automated
Image Analysis after Etching with Beraha’s Reagent, vol.%

Weight Fraction of the σ-Phase
Determined by XRD, wt.%

15 15.56 ± 2.17 23.0
30 14.64 ± 2.07 25.5
60 13.58 ± 1.03 34.1

In addition to the σ-phase the precipitation of other detrimental secondary phases is
possible in highly alloyed DSSs with a high PREN. The possibility of recognizing secondary
phases using automated image analysis after etching with Beraha’s reagent is shown using
high-alloy Steel 4 as example.

Secondary phases on the images obtained after etching with the Beraha’s reagent were
identified accurately using automated image analysis (Figure 5a) and are consistent with
the images obtained by SEM (Figure 5b,c). The undesirable secondary phases precipitations
in Steel 4 are presented as various morphology particles of Laves phase (long stripes and
granules) [26]. The results of secondary phases volume fraction evaluating depending on
the quenching temperature are presented in Table 6.
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Table 6. Evaluating the volume fraction of secondary phases in Steel 4.

Quenching Temperature, ◦C Volume Fraction of Secondary Phases, vol.%

1050 0.65
1100 0.62
1200 0.54

Violation of the melting conditions leads to the formation of non-metallic inclusions
which should be considered when evaluating the quality of DSSs. In addition to assessing
the volume fraction of secondary phases, the contamination of the Steels by non-metallic
inclusions (NMIs) was assessed on images of unetched specimens (Table 7).

Table 7. Assessment of Steels NMIs contamination.

Steel Volume Fraction, vol.% Mean Feret’s Diameter, µm Max Feret’s Diameter, µm

1 0.012 ± 0.005 4.8 ± 0.3 9.1
4 0.146 ± 0.027 5.9 ± 0.3 17.2
5 0.214 ± 0.048 7.0 ± 0.5 23.5

Steel 1, produced in the laboratory induction furnace, has 0.012 vol.% of NMIs. Steel 4
and Steel 5, produced in the industrial induction furnace, contain 0.146 vol.% and 0.214
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vol.% of NMIs, respectively. The usage of this method and the accumulation of assessment
results in different DSSs can become the basis for the development of metal products
quality requirements.

3.2. Corrosion Properties

Automated image analysis after etching with the Beraha’s reagent made it possible
to reliably estimate the amount of δ-ferrite in the steels depending on the quenching
temperature, to investigate the impact of the δ-ferrite amount in DSSs on the resistance to
pitting and crevice corrosion.

The crevice corrosion rate values of Steels 1, 2, and 3 with a lower PREN are higher
than the corrosion rates of Steels 4 and 5. The behavior of the curves obtained for steels
with different PRENs is different (Figure 6). For Steels 1, 2, and 3, the crevice corrosion
rate values gradually increase from 11 to 14 g/m2·h. Apparently, in steels with a low
PREN, crevice corrosion processes are less sensitive to structural changes (the ratio of phase
components) than in steels with a high PREN. The crevice corrosion rate increases with
distance from the point of equilibrium of δ-ferrite and austenite on phase diagram.
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Figure 6. Corrosion properties of the Steels depending on the δ-ferrite content: (a) crevice corrosion
rate; (b) pitting potential (Epit).

The crevice corrosion rate values of Steel 4 are maximum at the δ-ferrite content of
65–70 vol.% (3–4 g/m2·h), then with an increase in the δ-ferrite content to 80 vol.% the
corrosion rate drops rapidly to near zero values. This steel has the highest PREN and is also
Nb-rich with about 0.1 wt.% of Nb. Because of this, Steel 4 is susceptible to the formation
of secondary phases—Laves phases and carbonitrides [27]. However, with an increase
in quenching temperature, their volume fraction decreases. Therefore, with distance the
point of equilibrium of δ-ferrite and austenite on phase diagram, the resistance to crevice
corrosion increases.

The crevice corrosion rate values of Steel 5 have the opposite tendency compared to
Steel 4. With an increase in the amount of δ-ferrite from 45 to 70 vol.%, the crevice corrosion
rate rapidly increases from near zero values to 3 g/m2·h.

Despite the similarities in mechanisms of the pitting and crevice corrosion damage
initiation the results of evaluating the corrosion resistance of the Steels show completely
opposite results. Steels 1, 2, and 3 showed a smooth growth of the crevice corrosion rate
with an increase in the δ-ferrite content from 38 to 100 vol.%. Epit values changes extremely
with the highest value at 70 vol.% of δ-ferrite. For Steels 4 and 5 Epit values are at maximum
for 50 vol.% of δ-ferrite and gradually decrease farther from the point of equal ratio of
ferrite and austenite on phase diagram.

The pitting potential (Epit) for all steels is determined by the alloying level (PREN).
Thus, the pitting potentials of steels with high PREN (Steels 4 and 5) are around 1000 mV,
but for steels with low PREN (Steels 1, 2, and 3) it is lower: 100–500 mV. Analysis of steels
with close PREN values shows that the Epit values also depends on the structural state.
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Thus, it is necessary to search for the optimal phase ratio of δ-ferrite and austenite for
each grade of DSSs. An equal ratio is not always the optimum.

3.3. Mechanical Properties

Along with a change in the phase composition, a change in mechanical properties
occurs. Figure 7 shows the correlation of the hardness and the content of δ-ferrite in steel.
Steel with 100 vol.% of δ-ferrite has the highest hardness at 290 HV. As ductile austenite [27]
appears in the structure, the hardness gradually decreases to 230 HV at 38 vol.% of δ-ferrite.
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In steels with the same ferrite content but with different PREN values (different
degrees of alloying), the hardness was different. The hardness of Steel 3 with 70 vol.% of
δ-ferrite is 230 HV, while the higher-alloy Steel 4 has a hardness of 270 HV with the same
δ-ferrite content.

4. Conclusions

A technique for quantitative assessment of the DSS’s microstructure based on etching
with the Beraha’s reagent and subsequent automated analysis has been developed and
tested, including the assessment of phase components (austenite and δ-ferrite, σ-phase),
secondary phases (carbonitrides and Laves phases), and non-metallic inclusions. Analysis
of many other etchants showed that they are not suitable for the investigated steels.

It was shown that the developed technique for quantitative assessment makes it
possible to adequately detect secondary phases, carbonitrides, and Laves phases to predict
their negative effect on corrosion properties.

The composition of the phases in the specimens was determined using a SEM. The
phases were identified and compared with the structure observed with an optical light
microscope.

It was shown that the results of measurements after etching with Beraha’s reagent
correlates well with thermodynamic calculations. It is possible to use the developed
technique as a basis for the development of new compositions and technology to produce
DSSs.

It was found that the optimal corrosion properties of DSSs are determined not only
by the ratio of austenite and ferrite, but by the whole complex of the studied factors.
Therefore, depending on the content of secondary phases and non-metallic inclusions, the
best corrosion properties can be achieved with different ratios of austenite and ferrite.

It was shown that for all studied DSSs with an increase in the ferrite volume fraction,
the steel hardness increases, but its absolute values are different for steels with different
alloying levels.
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Further results accumulation of the DSSs microstructure analysis, mechanical and
corrosion tests will make it possible to develop reasonable requirements for their quality
assessment.
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