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ARTICLE INFO ABSTRACT

Handling editor:SN Monteiro The mechanical and corrosion properties of duplex stainless steels (DSS) depend on the distribution of ferrite and
austenite as well as the presence of secondary phases. It is therefore necessary to accurately determine both the
distribution of the phases and their morphology. The aim of this research is to define a standard method for the
determination of the volume fraction of the phases present in a SAF2507 SDSS by analysing images acquired by

light microscope. To do this, the material is heat-treated at 850 °C for 5 min, 15 min, 30 min, 1h, 5h to stimulate
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gtgh:; the formation of the c-phase. The metallographic etchant capable of maximising phase contrast is then identified.
Murakami Micrographic analyses are performed using different reagents at different holding times and temperatures, in

XRD order to find the best combination. A standard procedure is then defined for the image analysis. The data ob-
tained wrere are processed to calculate the phase distribution. The results are compared with the quantitative
analysis performed using X-ray diffraction as reference.

The research evidence that Kalling’s reagent is best etchant for fully solubilised materials, as it accurately
estimates ferrite and austenite content. On the other hand, Marble’s reagent should be preferred for the detection

of o-phase. For comprehensive analysis of all phases, Murakami’s reagent is recommended.
The approach defined in this paper not only improves the understanding of the microstructure of DSS, but also
provides an important tool for industrial quality control and material characterisation.

1. Introduction

Duplex stainless steels (DSS) are biphasic stainless steels with a
microstructure consisting of a ferrite matrix and islands of austenite,
typically distributed equally to maximize mechanical properties [1-4].
The phase distribution depends on both the chemical composition of the
steel and the heat treatments it has undergone [5]. Compared to ferritic
stainless steels (FSS) and austenitic stainless steels (ASS), DSS are
characterised by higher corrosion resistance, especially against pitting,
stress, intergranular and crevice corrosion. Furthermore, due to an
appropriate mix of the properties of the individual phases, DSS exhibit
high mechanical properties [6]. Ferrite, the hardest phase, increases
mechanical strength and corrosion resistance, while austenite leads to a
significant increase in toughness and ductility [7]. This is why DSS are
currently widely used in the oil-and-gas industry [8], in offshore
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platforms and in water desalination plants, which process fluids with
high content of chloride (C1 ™), CO», hydrosulfuric gas (H2S) HS™ and s2
ions, at temperatures up to 80 °C that can intensify corrosive processes
[9,10].

Some alloying elements such as C, Ni, N and Cu stabilise the
austenitic phase, while elements such as Cr, Mo and W are considered as
stabilisers of the ferritic phase [11]. The C content is typically extremely
low to limit the formation of carbides, while Cr reaches particularly high
values as it gives the alloy high corrosion resistance. Ni is added to in-
crease the toughness of the material. Low N contents are able to increase
mechanical strength and resistance to pitting corrosion [12]. An
appropriate balance between these elements allows the two phases to be
equally distributed and optimize the properties of DSS [13]. The content
of the alloying elements also determines the PREN (Pitting Resistance
Equivalent Number), which characterises the resistance to pitting
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Table 1

Chemical composition of the SAF2507 SDSS analysed.
Co Al S P Mn Si Mo Ni Cr Fe
0.0837 0.012 0.003 0.0353 0.524 0.963 4.032 6.85 24.82 bal.
Ca C N w \% Ti Sn Pb Nb Cu
0.0003 0.012 0.164 0.037 0.0632 0.0034 0.0077 0.0044 0.023 0.235

corrosion [14]. In particular, when the PREN is above 40, the material is
called super duplex stainless steel (SDSS) [15] and is characterised by
very high pitting resistance [16]. One of the most widely used SDSS is
SAF 2507 (X2CrNiMo25-7-4, UNS32750) composed of 24-26 wt% Cr,
6-8 wt% Ni, 3-5 wt% Mo with a carbon content of less than 0.03 wt%
and a nitrogen content of up to 0.35 wt% [17].

In order to guarantee the high properties of DSS, it is of paramount
importance that the alloying elements remain dissolved in the material
and do not precipitate as intermetallic phases, carbides and nitrides,
which cause embrittlement and loss of corrosion resistance [18] due to
the depletion of the matrix of alloying elements such as Cr, Mo and Ni
[19]. In particular, at temperatures between 700 and 1000 °C, o-phase,
y-phase and ys-phase precipitate [20,21]. Moreover, when the material
is maintained between 300 and 600 °C, the phenomenon of spinodal
decomposition of the ferrite phase can be observed [22] in conjunction
with the precipitation of o-phase, G-phase, R-phase, Cr nitride (CryN),
Cr carbide (Cr3Cg, CrgC, Cr;Cs), n-phase and e-phase. [20,23,24]. This
limits the maximum working temperature of this material to about
300 °C. The y2-phase represents secondary austenite, produced not by
cooling from the melt but by a solid state reaction, thus poorer in
alloying elements and more susceptible to corrosion [18]. The y-phase, a
metastable ternary compound rich in Cr and Mo [25] with a wide range
of stoichiometries, undergoes the transformation y—o under prolonged
aging [26,27]. It is from FeggCrioMo1g to FezgCrioMosTi; [28]. Between
the deleterious secondary phases that duplex steels can form, the
o-phase typically occurs in greater quantities, probably due to the rapid
kinetics of formation and greater stability [29]. It consist of approxi-
mately 30 wt% Cr and 8 wt% Mo [30] and it has an often lamellar
morphology produced by the eutectoid decomposition of ferrite ac-
cording to the reaction 8—6+ys. The c-phase is a non-magnetic inter-
metallic compound characterised by a tetragonal crystallographic
structure consisting of 32 atoms per unit cell [31]. Several studies have
shown that the presence of ¢-phase even in small quantities can signif-
icantly reduce the corrosion resistance and toughness of the material
[32]. In particular, it was observed that when the 6-phase reaches 3 vol
%, the toughness can be reduced from about 220 to 20 J at room tem-
perature (RT) [30]. In order to reduce and remove the deleterious phases
from DSS, it is necessary to perform a solubilization annealing.

A standard methodology to accurately evaluate the amount of the
different phases present in the material has not yet been well defined.
For example, the method proposed by ASTM E562-19¢el Standard Test
Method for Determining Volume Fraction by Systematic Manual Point Count
[33] consists of superimposing a grid on the micrograph obtained from
the microscope and determining in which phase the intersection points
fall. The method proved to be highly subjective and relatively slow as
well as often imprecise, with errors in excess of 10% in determining the
phases [34].

An interesting alternative involves the use of magnetic measure-
ments (e.g. Fischer type Feritoscope®), exploiting eddy currents. This
method is portable, fast and can be used on site, although it has a
relatively limited range of applications due to the size of the probe.

A very precise technique for quantitatively measuring the phases
present in a DSS is X-ray diffraction (XRD). In this technique, the
penetration depth is ~50 pm and the accuracy of the results can be
affected by textures [35].

The electron backscattered diffraction (EBSD technique has an
extremely high resolution and enables very precise analysis [12]. The
area analysed is very limited, careful sample preparation is required and
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the time required for analysis is often very long.

Image analysis techniques are often more accurate and faster [36].

The aim of this research is to define a standard metallographic
method for the determination of the phases present in a DSS. It is known,
in fact, that the mechanical and corrosion resistance properties of DSS
are closely related to the distribution of the ferrite and austenite phases
and in particular to the presence of secondary phases such as c-phase,
y-phase and carbides. These microstructural constituents very nega-
tively affect the performance of the material under all service condi-
tions. Consequently, it is essential to conduct an accurate and precise
characterisation of the phase distribution. It is crucial to have a rapid
and common tool to determine these metallographic features as the light
microscope analysis. In particular, after standard metallographic prep-
aration, the etchant was selected to maximize the contrast between
different phases. The scientific literature concerning the different
metallographic etchant to be used to observe the microstructure of DSS
is already relatively abundant [37]. Llorca-Isern et al. [38] tested
Glyceregia, Groesbeck, Marble, modified Murakami, Villela, Electro-
chemical NaOH and Electrochemical HCl/ethanol. Vander Voort [39,
40] as well as Vander Voort and Manilova [41] also compared the use of
numerous chemical and electrolyte etching, e.g. different type of Bera-
ha’s reagent and the Lichtenegger & Bloch’s reagent. Kisasoz et al. [42]
also used chemical etching in a glycerol solution of HNO3, HCl and HF as
well as electrochemical etching in solutions of KOH and NaOH. Varbai
et al. [43] tried Carpenter’s and other reagents. Michalska and Sogariska
[26] used the Murakami’s reagent, which allows excellent contrast be-
tween the phases, although it was shown that for relatively small ferrite
contents it can be not very precise [38].

However, it is important to emphasise that the choice of reagent to
correctly observe and identify all the phases present in a DSS, including
the y-phase and any nitrides and carbides, is far from simple. Most
probably no etchant can satisfy all requirements. In addition, tempera-
ture and contact time with the sample surface are variables that greatly
influence the final result.

In this research, a standard procedure was defined for the etching of
the DSS and the subsequent image analysis, which was performed with
image processing software in a way that was repeatable for all analysed
samples. The data obtained were processed to quantitatively determine
the phase distribution. The results were compared with qualitative
phase analysis by XRD.

This approach represents a major step forward in the knowledge of
the material. In particular, it makes it possible to select the most
appropriate reagents according to the type of analysis to be performed.
The wide choice of etchants and numerous experimental conditions
have made it possible to achieve a remarkably detailed knowledge of
metallographic techniques to be used with this class of materials.

2. Materials and methods
2.1. Analysed material

The material analysed was extracted from a solubilised cast of
SAF2507 SDSS, whose chemical composition is shown in Table 1. The
material was cut into 20 x 20 x 10 mm samples with a refrigerated
grinding wheel. The extracted samples were heat-treated in a Naber-
therm N11/HR laboratory furnace at 850 °C for holding times of 5 min,
15 min, 30 min, 1h, 5h and then quenched in water. The aim of this heat
treatment is to stimulate o-phase precipitation. The temperature and
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Fig. 1. Schematic representation of the 9 analysed areas for each ana-
lysed sample.

Table 2
List of used reagents and etching conditions.

Reagent Composition Etching conditions

Beraha 20 ml HCI few seconds of immersion at room
80 ml H,O temperature
1g KS,05

Carpenter 15 ml HCL 15 min, 30 min, 45 min and 60 min of
85 ml ethanol immersion at room temperature

Groesbeck 4g KMnO4 10 min of immersion at 80 °C
4g NaOH
100 ml H,0O

Kalling No.2 5g CuCl, few seconds of immersion at room

(waterless Kalling) 100 ml HCl1 temperature

100 ml ethanol

Lichtenegger & Bloch ~ 20g NH4FHF 5 min of immersion at 35 °C

LB1 0.5 g K»5,05

100 ml hot H,O

Marble 4g CuSO4 from a few seconds to a few min of
20 ml HCl immersion time at room temperature
20 ml H,O

Murakami 10g NaOH or 5 min, 15 min and 30 min of immersion
KOH at 80 °C
10g K3Fe(CN)g
100 ml H,O

Vilella 1g picric acid 1 min, 5 min, 15 min and 30 min of
5 ml HCI immersion at room temperature

100 ml ethanol

holding times of the ageing heat treatment were chosen in accordance
with the scientific literature [11]. The temperature and the holding
times were chosen in accordance with the typical cooling transformation
curves of this material [44] in order to achieve increasing o-phase
contents.

2.2. XRD analysis

XRD analysis was used to obtain quantitative results of the phase
distribution. In particular, XRD patterns have been recorded in the 26
angular range 15-55° by using the Mo-Ka radiation (A = 0.0709 nm).
XRD spectra were collected in step-scanning mode with 26 angular steps
of 0.05° and counting time per step of 4 s. The phases have been iden-
tified and the corresponding reflections indexed according to the JCPDS
database [45].

To determine the fractions of ferrite, austenite and o-phase present in
DSS in its original condition and after heat treatments, XRD precision
peak profiles have been collected with 20 angular steps of 0.005° and
counting time per step of 4 s. The method to calculate the relative
amount of each phase is described in Appendix A. The obtained results
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are discussed and compared to the scientific literature available on this
topic. The values obtained for a, y and ¢ phases are considered as
reference for this work.

2.3. Microstructural characterization

The calculated phase distribution was compared with the quantita-
tive results obtained from the XRD analysis, taken as a reference. The
phase analysis was performed by observing the etched samples, that
underwent a preliminary metallographic preparation, under a Zeiss Axio
Vert. A1 optical microscope equipped with a Zeiss Axiocam 208 Color
digital camera at 100 x magnification.

On each sample, as illustrated in Figs. 1 and 9 different zones were
identified through microhardness indentation. In these zones, optical
micrographs were acquired and used to determine the quantity of the
different phases through image analysis techniques. The same 9 zones
were used for all the different metallographic etchants investigated. To
determine the accuracy of the experimental data obtained from the
phase analysis, the same procedure was repeated by first analysing a
single image, then averaging the results of 3, 6 and all the 9 images.

2.4. Etchant selection

The etchants, listed in Table 2, were selected according to the spe-
cific scientific literature, as described in the Introduction section. In
particular:

Beraha’s reagent [39,40] colours ferrite and provides high phase
contrast. It is a widely used reagent for image analysis. It requires the
sample to be kept immersed at room temperature until the surface is
coloured. It is recommended to store the solution for at least 24 h
before use. The sample is then rinsed in acidic solution;
Carpenter’s reagent [43] reveals ferrite, phase boundaries and
o-phase. It requires immersing the sample in the reagent for 15-45
min at room temperature;

Groesbeck’s reagent [38] colours the carbides black, the c-phase
dark grey and does not attack either ferrite or austenite. It requires
immersing the sample for about 10 min in the reagent heated from
60 °C to 90 °C. The sample is rinsed in acidic solution and then in
ethanol;

Kalling’s No.2 reagent [43] etches ferrite quickly and austenite very
slowly. No secondary phases can be observed. Etching requires im-
mersion or swabbing for a short time at room temperature;
Lichtenegger & Bloch’s LB1 reagent [40,41] colours austenite and
quickly attacks the secondary phases. It is necessary to immerse the
sample for several min in the reagent heated at about 30 °C;
Marble’s reagent [38] etches the o-phase. It requires immersion or
swab for 5-60 s at room temperature;

Murakami’s reagent [26,38] colours the ferrite orange, the c-phase
very dark blue and the carbides black. Etching requires immersing
the sample in the heated reagent at about 80 °C for up to 60 min;
Vilella’s reagent [38] highlights the deleterious phases. The etching
requires immersion from a few seconds to several min in the reagent
at room temperature.

2.5. Image analysis

The images obtained were processed with the image analysis soft-
ware ImageJ (ImageJ 1.53a, Wayne Rasband, National Institutes of
Health, USA). The procedure used, shown schematically in Fig. 2, consist
of:

e a preliminary image cropping, to remove the part containing the
hardness indentations and the measurement marker, in order not to
consider them in the phase count;

e a greyscale image conversion;
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Fig. 2. Image analysis procedure: (a) original image, (b) image cropping, (c) greyscale conversion, (d) contrast adjustment, (e) three tones binarization.
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Fig. 3. XRD pattern of all samples analysed: (a) solubilised, (b) heat treated at 850 °C.

e an automatic contrast adjustment, in order to obtain the same
average contrast value in all analysed images;

an image binarization, to obtain a number of tones equal to the
number of phases present in the material: two tones, if only ferrite
and austenite are present, or three tones, if the o-phase is also pre-
sent. In the first case, the process uses the greyscale intensity histo-
gram and applies an automatic threshold calculated as half of the
maxima of the peaks, thus corresponding to the maximum contrast.
All pixels lighter than this threshold were coloured white and all
darker pixels black. A similar process was applied to the samples
with three phases.

The same result can be achieved with software such as Gimp or Adobe
Photoshop.

The phase distribution was calculated by extracting histogram data
that quantifies the number of pixels corresponding to each tonal value
present in the image. By importing the histogram data into a calculation
software such as Microsoft Excel, it was finally possible to obtain the
percentage of each phase present by calculating the ratio between the
pixels corresponding to each of them. This procedure is in agreement to

ASTM E562-19¢1 Standard Test Method for Determining Volume Fraction
by Systematic Manual Point Count [46] that suggests the use of grids for
the evaluation of phase content. In this case the grid is composed by a
matrix of vertical and horizontal pixels that corresponds to image
resolution.

3. Results and discussion
3.1. XRD analysis

The samples investigated were analysed by XRD in fully solubilised
condition and after heat treatment at 850 °C with holding times of 5 min,
15 min, 30 min, 1 h and 5 h. The graphs of Fig. 3 show the overlay of the
complete XRD spectra used to identify the phases.

As expected, the untreated material consists only of ferrite and
austenite (Fig. 3(a)) while the c-phase has been detected in all heat
treated samples. Comparing the spectra (Fig. 3(b)), it is possible to
observe that the relative intensities change with heat treatment holding
time indicating a variation in the amount of each phase. In particular,
the 6-phase forms at expenses of ferrite and its relative amount increases
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Fig. 4. Precision peak in the 20 range of 32,0-32.8° of sample heat treated for
15 min at 850 °C.

with heat treatment time [20,21,23,24].

Quantitative analysis was performed from high precision XRD
measurements of each peak, fitting the experimental curves to deter-
mine the peak parameters. An example is reported in Fig. 4, the exper-
imental curve can be fitted with 4 Lorentz peaks (two main peaks and
the two corresponding Ka2 peaks).

All fittings were performed by considering the following conditions:
(i) the full width at half maximum (FWHM) of Kalis equal to the FWHM
of Ka2, (ii) the intensity of the Ka1l peak is two times the intensity of Ka2
peak.

The same procedure has been applied to every peak, to determine the
integrated peak intensity, used to calculate the amounts of each phase by
the method explained in Appendix A. The results are shown in Fig. 5
(dots), where the continuous curves were obtained as a logarithmic
interpolation of the experimental data, in accordance with the kinetics
of phase evolution in this material [47].
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3.2. Etchant selection

The metallographic etchings obtained using Beraha’s reagent, as
illustrated by the micrographs in Fig. 6, are characterised by a very high
contrast. It is important to highlight, that this reagent does not attack the
o-phase, which is therefore indistinguishable from the ferritic phase. For
this reason, Beraha’s reagent can only be used to determine the phase
distribution on completely solubilised samples. It should be noted that
the reagent also has a tendency to stain the austenitic phase, making
image analysis more difficult.

During immersion of the sample in the solution, nothing happens for
several seconds. Afterwards, the film of passivity breaks down and the
surface darkens rapidly. It is necessary to extract and rinse the sample
quickly to avoid excessive etching. Otherwise, a deposit may form on the
surface, which also darkens the austenite. In this case, a light polish of
surface is required to obtain a high quality image.

Another etchant selected for this experience is the Carpenter’s re-
agent. In order to optimize the image quality of the etched surface, the
immersion time of 15 min, 30 min, 45 min and 60 min was used. A
selection of the micrographs obtained is shown in Fig. 7. With a short
immersion time the etchant produces sufficient contrast between ferrite
and austenite in a fully solubilised sample and it does not stain the
surface. In samples with the presence of ¢-phase, as shown in Fig. 7(b1)
and Fig. 7(b2), Carpenter’s reagent reveals all the phases (ferrite,
austenite and o-phase), but the contrast is very low. For longer immer-
sion time the etchant highlights better the phases, but causes a dark halo
around the c-phase that makes its quantification difficult. Increasing the
immersion time, it worsens the resolution already at low amounts of
sigma phase. In the fully solubilised samples (Fig. 7(a2) and Fig. 7(a3)),
only the boundaries of the different phases are highlighted, without any
contrast between them. In conclusion, phase determination with this
reagent is difficult and imprecise.

Another etchant suggested by literature to highlight the phases in
DSS in the Groesbeck’s reagent that darkens the c-phase, as shown in the
images of Fig. 8. For this reason, this reagent is very useful to distinguish
the o-phase even at very low amounts. On the other hand, the austenite
and the ferrite are not clearly resolved.

The Kalling’s No.2 reagent, shown in Fig. 9, etches intensively the
ferrite phase. However, in the fully solubilised sample, as shown in Fig. 9

vol%

—— XRD ferrite
10+ . -XRD austenite ||
1 —— XRD o-phase
0 -1 r r ' J 1 r. & rnr 1717
0 30 60 80 120 150 180 210 240 270 300

heat treatment time [min]

Fig. 5. Volumetric phase distribution of all samples analysed with XRD.
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Fig. 6. Beraha’s reagent: (a) solubilised, (b) 5 min at 850 °C, (c) 15 min at 850 °C, (d) 30 min at 850 °C, (e) 1 h at 850 °C, (f) 5 h at 850 °C.
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Fig. 7. Carpenter’s reagent: (a-) solubilised, (b-) 30 min at 850 °C, (c-) 5 h at 850 °C, (—1) 15 min of immersion, (—2) 30 min of immersion, (—3) 60 min

of immersion.

(a), the etching is very light, even after a long immersion time, mainly
because of the robust passivity film of a c-phase-free SDSS. In samples
with o-phase, ferrite colours quite homogeneously and the c-phase is not
easily resolved. In general, the contrast is not sufficient to perform an
accurate image analysis to distinguish the o-phase.

Etching the samples with Lichtenegger & Bloch’s LB1 reagent re-
quires immersion for about 5 min at 35 °C, until the surface darkens. As
illustrated in the selection of micrographs in Fig. 10, in samples with
little or no o-phase, the austenite darkens. This is not the case in samples
with more content of this deleterious phase, in which the distinction
between ferrite and austenite becomes very difficult due to the low
contrast. When verifying the presence of c-phase, the best practice is to
etch the sample for a long time (several minutes) until the o-phase
darkens, and then polish the surface with the last cloth used in the
metallographic preparation.
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The Marble’s reagent, as shown in Fig. 11, effectively darkens the
o-phase in few tens of seconds of immersion time, when its amount is
very high. When its content is low, etching time have to be prolonged to
tens of minutes, until the film of passivity breaks down. As already
described for other etchants, if the sample is immersed for too long time,
the austenitic phase also starts to darken. After the etching, it is suffi-
cient to light polish the sample to remove the patina and obtain a very
good contrast between the 6-phase and the other phases.

The most widely used etchant for microstructural characterization of
SDSS is the Murakami’s reagent. In particular, by immersing the fully
solubilised samples in the etchant for 5 min, as shown in the micro-
graphs in Fig. 12(al), the contrast between ferrite and austenite is al-
ways quite low. When a small amount of o-phase is present, as in the
micrograph in Fig. 12(b1), the contrast between the c-phase and the
other phases is good. When there is a large amount of o-phase, as
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Fig. 10. Lichtenegger & Bloch’s LB1 reagent: (a-) solubilised, (b-) 30 min at 850 °C, (f-) 5 h at 850 °C, (—1) etched, (—2) etched and polished.
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Fig. 11. Marble’s reagent: (a) solubilised, (b) 5 min at 850 °C, (c) 15 min at 850 °C, (d) 30 min at 850 °C, (e) 1 h at 850 °C, (f) 5 h at 850 °C.

heat
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time

Fig. 12. Murakami’s reagent: (a-) solubilised, (b-) 30 min at 850 °C, (c-) 5 h at 850 °C, (—1) 5 min of immersion, (—2) 15 min of immersion, (—3) 30 min

of immersion.

illustrated in Fig. 12(c1), the o-phase is faded and the other phases
present are very difficult to distinguish.

By increasing the etching time to 15 min (Fig. 12(a2), Fig. 12(b2) and
Fig. 12(c2)), a better contrast between the phases is observed. In the
fully solubilised samples and those with a low c-phase content, it is
possible to identify all phases with good accuracy. On the other hand, in
the samples with a high 6-phase content, the immersion time is probably
still too short to obtain a good contrast.

Extending the immersion time to 30 min in Murakami’s reagent, an
excellent contrast between all the phases is obtained for all the tested
samples. However, when the samples are fully solubilised, as shown in
Fig. 12(a3) the ferrite takes a dark orange colour. This suggests that
etching times longer than 30 min should be avoided due to the loss of
contrast.
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The last reagent is the Vilella’s, widely used to etch martensitic
stainless steels. In the micrographs of the samples etched with this re-
agent, shown in Fig. 13, it can be observed that immersion times shorter
than 15 min highlight only the c-phase with a good contrast.

For longer immersion times, as illustrated in the images from Fig. 13
(a4) to Fig. 13(c4), the ferrite starts to darken heavily, which makes
image analysis in most cases rather complex. Only in the case of the fully
solubilised material it is possible to obtain a good contrast between
ferrite and austenite.

3.3. Image analysis

3.3.1. Ferrite and austenite detection
The image analysis performed on the samples etched with Beraha’s
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Fig. 13. Vilella’s reagent: (a-) solubilised, (b-) 30 min at 850 °C, (c-) 5 h at 850 °C, (—1) 1 min of immersion, (—2) 5 min of immersion, (—3) 15 min of immersion,
(—4) 30 min of immersion.
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Fig. 14. Comparison of volumetric phase distribution of samples heat treated at 850 °C: XRD and image analysis results of samples etched with Beraha’s and
Kalling’s reagents.
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Fig. 15. Comparison of volumetric phase distribution of samples heat treated at 850 °C: XRD and image analysis results of samples etched with Vilella’s (5 min of
immersion time), Marble’s, Murakami’s (5 min of immersion time, 2 tones image analysis), Groesbeck’s and Lichtenegger & Bloch’s reagents.

reagent makes it possible to distinguish only the unetched austenitic
phase from the rest of the microstructure. In fact, both the s-phase and
the ferrite are coloured black. The high contrast makes the analysis easy
and accurate. As reported in the diagram in Fig. 14, the image analysis
shows that as the heat treatment time varies, the quantity of the ana-
lysed phases remains constant. In particular, ferrite has a content of
about 55% by volume and austenite about 45%.

Even from the image analysis of the samples etched with Kalling’s
No.2 reagent, it was only possible to evaluate the amount of ferrite and
austenite present in the samples examined. As can be seen from the di-
agram in Fig. 14, the trend of the two phases is inverse. In particular, the
amount of ferrite decreases as the heat treatment time increases, while
that of austenite increases with the same law.

The constant trend obtained from the Beraha’s reagent may be due to
the fact that the o-phase is produced within the ferritic phase, and, at
least for sufficiently short treatment times, the quantity of austenite
should remain constant. On the other hand, the result obtained from the
Kalling’s reagent is in agreement to XRD data. In fact, the 55-45% dis-
tribution between ferrite and austenite is typical of the solubilization
annealing heat treatment at approximately 1100 °C that the material
analysed has undergone. During the heat treatment at 850 °C performed
to stimulate the formation of the o-phase, for long times the balance
between ferrite and austenite also shifts towards this last phase. This
justifies the trend shown in the graph.

Analysing the results, it can be concluded that the most reliable trend
is obtained from the image analysis performed on the samples etched
with Kalling’s reagent.

3.3.2. o-phase detection

The image analysis of the samples etched with Groesbeck’s reagent,
the results of which are reported in the diagram in Fig. 15, show an
increasing trend of the o-phase with heat treatment time with a loga-
rithmic law, in agreement to the kinetics of formation of this deleterious
phase. The high contrast generated by this type of etching allows for
very precise and accurate image analysis.

In samples etched with the Lichtenegger & Bloch’s LB1 reagent, the
increase of then o-phase over time appears very slow up to 15 min and
then increases more quickly up to 60 min, beyond which the increase
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becomes more moderate again. Also in this case, the high contrast
generated by the reagent allows rapid and accurate image analysis.

As already described for other types of reagents, even in samples
etched with Marble’s reagent, after a short polishing time the contrast
between the o-phase and the rest of the phases is very high and allows a
good image analysis. Again, the increase in c-phase is logarithmic with
time [47].

From the image analysis of the samples etched with Vilella’s reagent
for an immersion time of 5 min, considered the best for this type of
analysis, is evident that even in this case the time increasing of the
o-phase has a logarithmic law, in accordance with the precipitation ki-
netics of this deleterious phase in the material. The analysis is very
simple and accurate due to the high contrast present in the micrographs.

The comparison of the results of the image analysis highlight that
Marble’s, Grossbeck’s and Vilella’s reagents produce essentially com-
parable image analysis results. The 2-tone image analysis performed on
samples etched with Murakami’s reagent for 5 min of immersion time
overestimates the o-phase content, probably due to excessive darkening
of the ferrite. On the other hand, in the samples etched with Lichte-
negger & Bloch’s reagents the 5-phase is underestimated, probably due
to the poorly contrasted etching. It can be concluded that the etching
that best approximates the XRD results is Marble’s reagent. Very similar
results are also obtained with the Groesbeck reagent.

3.3.3. All phases detection

The result of the image analysis of the samples etched with Mur-
akami’s reagent for different immersion times is shown in the diagram in
Fig. 16.

Concerning the ferritic phase, in samples etched for a short time, the
low contrast slightly underestimates the ferrite which is very light and
can be confused with the austenite. In samples immersed for a long time,
probably due to excessive darkening of this phase, the ferrite is under-
estimated as it is confused with the c-phase. Samples immersed for 15
min produce a higher content of this phase.

From a comparison between the three different immersion times, the
most homogeneous results appear to be those relating to the 15 min
etching.

The austenite has a constant trend with different heat treatment
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Fig. 16. Comparison of volumetric phase distribution of samples heat treated at 850°: XRD and image analysis results of samples etched with Murakami’s reagent (a)

ferrite, (b) austenite, (c) o-phase.

time, as the 6-phase is known to precipitate within the ferritic phase. The
etchings performed with immersion times of 15 and 30 min, due to the
good contrast between the unetched austenite and the rest of the
microstructure, allow equal image analysis results of approximately
47% austenite. In the samples etched with a shorter immersion time, on
the other hand, the austenite is slightly higher, probably due to the low
contrast that confuses other clear parts of the micrograph with this
phase.

As regards the c-phase, in samples etched for immersion times lower
than 30 min, probably again due to the low contrast, the image analysis
produces slightly lower results compared to samples immersed for 30
min.

The comparison of the phase distribution obtained with the XRD
technique and the image analysis performed on the micrographs of the
samples etched with Murakami’s reagent for different immersion times
shows that this reagent overestimates both the ferrite and the o-phase,
while the austenitic phase is underestimated. This difference is probably
due to the fact that Murakami’s reagent is a colouring reagent that
probably makes a stain on the surface of the analysed samples. Where
the stains are dark, they are calculated by the image analysis as 6-phase
while where the stains are lighter, they are probably mistaken with
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ferrite. Another source of image analysis error that causes the under-
estimation of the austenitic phase is probably due to the presence of a
certain amount of secondary austenite, typically very small and uni-
formly distributed within the ferritic phase. As is known [20], this phase
forms as a consequence of the formation of the o-phase, which locally
depletes the ferrite of strongly ferritising elements such as Cr and Mo.
This chemical unbalance results in the formation of secondary austenite.
The relatively low resolution of optical microscopy combined with the
possibility of staining of the etching may explain the underestimation of
the austenitic phase.

3.3.4. Accuracy of experimental data

Fig. 17 shows the comparison between the results obtained from the
image analysis of the samples in which Kalling’s reagent, considered the
best for analysing the ferritic and austenitic phases, was used.

As can be seen, the trend lines obtained by interpolating the results of
the analysis of 3, 6 and 9 images with a logarithmic law are very similar
to each other. On the other hand, the result obtained from analysing a
single image significantly differs and generates a larger dispersion of the
data. Furthermore, when analysing a single image, choosing different
areas of the sample surface produces different results. For these reasons,
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with Marble’s reagent: c-phase trend lines.

it is always recommended to perform an image analysis on a minimum
number of 3 micrographs.

The results of the image analysis performed on the samples etched
with Marble’s reagent, the best choice for visualising only the c-phase,
are shown in Fig. 18. In this case, observing the trend lines, it can be
concluded that at least 6 images are required to obtain repeatable
results.

As for the samples etched with Murakami’s reagent, the results of the
image analysis shown in Fig. 19 indicate that the trend lines are very
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similar when analysing a minimum of 3 micrographs.
4. Conclusions

In this research, we proposed a new standardized method for esti-
mating the volume fraction of the phases in a SAF2507 SDSS. The ma-
terial, initially in the solubilised state, was subjected to a heat treatment
at 850 °C for several holding times in order to stimulate c-phase pre-
cipitation. Numerous etchants were compared and their use optimised to
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Fig. 19. Comparison of volumetric phase distribution of samples heat treated at 850 °C, XRD and image analysis with 1, 3, 6 and 9 micrographs of samples etched
with Murakami’s reagent: (a) ferrite trend lines, (b) austenite trend lines, (c) o-phase trend lines.

maximize the contrast between ferrite, austenite and secondary phases.
A standard and reliable procedure for calculating the phase distribution
was established.

From the results of the image analysis, it can be concluded that:

e the easiest etchant to determine the phases in fully solubilised con-
dition is Beraha’s reagent, used for a few seconds of immersion at
room temperature;

the Marble’s reagent (a few seconds to a few min of immersion at
room temperature), Groesbeck’s reagent (10 min of immersion at
80 °C) and Lichtenegger & Bloch’s reagent after polishing (5 min of
immersion at 30 °C) are the most suitable etchants to detect the
o-phase;

the Murakami’s reagent, with an immersion time of at least 15 min
and no more than 30 min, is the best etchant to highlight all the
phases in a single etching.

Comparing the XRD results, used as a reference, with the image
analysis, the most accurate results were obtained with:

o the Kalling’s reagent for the evaluation of the ferrite and austenite
content in fully solubilised condition;

e the Marble’s reagent to detect and quantify only the c-phase at room
temperature operations. On the other hand, the Groesbeck’s reagent,
which produces very similar results, is a possible alternative but
requires immersion at high temperature;

o the Murakami’s reagent used to determine all the phases in one time.
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As a result of accuracy analysis, a minimum number of image fields
to obtain a precise phase quantification is 3. In Marble’s reagent at least
6 images are required for precise evaluation of the phases.

However, it should be highlighted that the image analysis technique
results in an error in the estimation of the phases present in the material.
The phases can be overestimated or underestimated upon the etchant
used. This fact, probably is related to both the resolution limit of optical
microscopy and etching artifacts.

Future developments of this research may involve comparison with
other reagents, e.g. using electrochemical etching techniques. This
would better highlight the amount of deleterious phases studied in this
paper with a low number of images. A useful approach, intermediate
between light microscopy and XRD analysis, to determine the phase
partition may be EBSD analysis with which to compare the results ob-
tained in this research.
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Appendix A

The integrated intensity of each peak can be written as [48]:
_KRC
=

where K is a constant, C the concentration of the phase (C = 1 for a single-phase material), p the coefficient of linear absorption of the material while R
is expressed by:

1 2 {1+ cos? 20)} Y
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being v the volume of the unit cell, F the structure factor, p the factor of multiplicity, 0 the Bragg angle, e 2™ the temperature factor and » the
coefficient of linear absorption of the material.

In the case of a material with different phases (e.g. « and p) and randomly oriented grains (e.g. powder), the ratio between the concentrations of a
and f is proportional to the ratio between the intensities of one peak of a and one peak of p. In a bulk polycrystalline metal, where texture can be
present, preferred orientations can influence relative intensity of the peaks. Therefore, the quantitative analysis must be carried out considering the
integrated intensities of all the peaks [48].

In this case, three phases (ferrite a, austenite y and ¢ phase) have been detected and the integrated intensities of each peak of «, y and ¢ can be
written as:
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Being y, the average coefficient of linear absorption of the material consisting of three phases.
If a, b and c are the number of all XRD peaks of the phases a, y and o, respectively, the phase fractions can be expressed as:

2 2 2
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The phase fractions can be calculated by combining the equation with the relationship Cax + Cy + Co = 1.
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