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1. Introduction

Duplex stainless steels can be clas-
sified according to their carbon content
into two groups: low carbon duplex
stainless steels and high carbon duplex
stainless steels. The first one contains up
to 0.08 wt.% of carbon and corresponds
to a majority of the world production,
while the second, whose carbon content
is in the range of 0.3-0.5 wt.%, are still
little studied. Among the high carbon
duplex stainless steels, it is possible to
mention some mass compositions of
the German standard, such as those of
material number 1.4464 (C = 0.3-0.5%;
Cr = 26.0-28.0%; Ni = 4.0-6.0%;
Mo = 2.0-2.5%) (Werkstoffnummer,
W. Nr), and 1.4822 (C = 0.3-0.5%;
Cr=23.0-25.0%;Ni=3.5-5.5%) (Padilha
and Plaut, 2013).

The high carbon duplex stainless
steels represent a market niche of Ger-
man foundries, being employed in the
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This study evaluated the as-cast microstructure of three alloys based on
Fe-25%Cr-5%Ni weight (wt.) composition whose carbon content is 0.02 wt.%, 0.12 wt.%,
and 0.37 wt.%, respectively. Thermocalc was applied to predict the possible phases
that could be formed during the cooling of each alloy and then the cross-sections of
the ingots were characterized. The first alloy, with 0.02 wt.%C, presented a micro-
structure composed of ferrite and austenite, which was formed through solid-state
precipitation. The second alloy, with 0.12 wt.%C, showed a microstructure formed by
ferrite, austenite from the peritectic reaction ( L + 6 — y) and M,,,C, (M=Fe, Cr) car-
bide. Finally, the third alloy, with 0.37 wt.%C, exhibited a microstructure formed by

dendrites of ferrite and austenite, also formed according to the peritectic reaction

(L+6—y),withan M,,C_(M = Fe, Cr) and M.C, (M = Fe, Cr) carbide network in
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the interdendritic regions.
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manufacture of cast components like
centrifuges and pump housings for the
mining industry and the chemical sector
(Arnold et al., 2004). As reported by the
work of Pohl and Ibach (1994), the use of
this group of duplex stainless steel can be
justified due to the formation of a carbide
network in its microstructure, which leads
to more resistance to wear compared
to those with low carbon content, like
1.4462 (C < 0.03%; Cr = 21.0-23.0%;
Ni =4.5-6.5%; Mo = 2.5-3.5%).
According to Fig. 1, which illustrates
the pseudo-binary Cr-Ni phase diagram
resultant of a cut in the ternary system
Fe-Cr-Ni, there are four solidification
ways for stainless steels: A — austenitic
(L— L + y— v); AF — austenitic-ferritic
(L= L+y—L+y+8—>y+0); FA—ferritic-
austenitic(L—=L+0—L+d+y—=30+7)
and F — ferritic (L - L + § = 0) (Fu et
al.,2008; Padilha and Plaut, 2013). The
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duplex stainless steels with low carbon
content present a ferritic solidification
mode and austenite is formed through
solid-state precipitation. On the other
hand, the high carbon duplex stainless
steels have a ferritic-austenitic solidifica-
tion mode, with ferrite also being the
first phase to solidify, and then the
remaining liquid — rich in austenitizing
elements — solidifies to form austenite
and M,,C, (M=Fe, Cr) carbide, which
is the most common carbide found in
duplex stainless steels (Padilha and Plaut,
2013; Knyazeva and Pohl, 2013). The
M.C, (M = Fe, Cr) carbide is usually
observed in high-chromium white cast
irons. However, it can be also detected
after solidification of the heat-resistant
austenitic stainless steel with mass-based
composition Fe-0.4%C-25%Cr-20%Ni
(Wieczerzak et al., 2017; Padilha and
Rios, 2002).
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Figure 1: Solidification modes of stainless steels with 70 wt.%Fe represented in the pseudo-binary
Cr-Ni phase diagram. A) L= L+y—>y; AF) L= L+ y—=>L+y+3—>y+0; FA) =L+ §—>L+ 5+ y— d+yand F) L= L+ 5—0. Adapted from Fu et al. (2008).

It is worth mentioning that al-
though there are several published
works on low carbon duplex stainless
steels, such as the book of Robert Gunn
(2003) and recently the articles of Li et
al. (2019) and Guo et al. (2021), there

is still a lack of publications that men-
tion the high carbon ones. It draws
the attention of the reader that even
fundamental aspects of the high carbon
duplex steels, like its microstructure
evolution during solidification, are not

2. Materials and experimental procedure

The alloys studied in this research, de-
signed by the numbers 1,2, and 3 according
to their carbon content, were melted using

a cast-iron mold in a vacuum induction
furnace and cooled to room temperature,
aiming the weight-based composition Fe-

well-known. Accordingly, the present
research aims to study the microstruc-
ture formation of three mass-based
Fe-25%Cr-5%Ni alloys whose carbon
contents is 0.02 wt.%, 0.12 wt.%, and
0.37 wt.%, respectively.

25%Cr-5%Ni. Table 1 shows the chemical
composition of each alloy provided by the
Dorrénberg Edelstahl company.

Table 1 - Chemical composition (wt.%) of the alloys 1, 2 and 3.

Alloy C Fe Cr Ni Mn Si N P S Mo Ti+Nb
1 0.02 67.09 25.62 5.67 0.82 0.64 0.03 0.01 0.02 0.01 0.07
2 0.12 70.35 23.47 4.83 0.46 0.64 0.01 0.01 0.02 0.01 0.08

0.37 66.92 25.75 5.13 0.98 0.71 0.03 0.01 0.02 0.01 0.07
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The first experimental part of this
study consisted of determining the possible
phases that could be formed during the so-
lidification of each alloy based on its chemi-
cal composition, assuming the condition of
thermodynamic equilibrium. To this extent,
Thermocalc software and the TCFES ther-
modynamic database were used.

.2

Water-jet cut 7

-

Next, the ingots (alloys 1, 2, and 3)
were cut in half by water-jet due to its low
degree of heating. The region selected to
be analyzed by microstructural charac-
terization techniques was cut using the
Isomet machine model Buehler 5000 with
diamond disc and water-based coolant.
Fig. 2 illustrates schematically the cuts

made in the ingots of the alloys 1, 2, and
3. The blue-colored area was analyzed by
optical microscopy (OM) and chemical
microanalysis of selected regions using
dispersive energy X-ray spectrometry
(EDS) coupled with scanning electron
microscope (SEM) model FEG Inspect 50
and X-ray diffraction (XRD).

.
-

Xb((\«\ | cut (isomet) |

/I Cut (isomet) I

=

Microstructural
analysis
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Figure 2 - Schematic representation of the cuts made in the ingots of the
alloys 1, 2, and 3. The blue-colored area was analyzed using microstructural characterization techniques.
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The metallographic sample prepa-
ration consisted of grinding, polishing
with diamond suspension of 6, 3, and
1pm and etching. The Marble’s reagent
(20mL of distilled water, 20mL of HCI,
and 4g of CuSO,) was used to reveal
the macrostructures and modified Be-

3. Results and discussion

In this section, the symbol y was
used to designate austenite formed
directly from the solidification of the

3.1 Predicted phases

Fig. 3 exhibits the predicted phases
for the alloys (a) 1, (b) 2, and (c) 3 during
cooling under equilibrium conditions. It

(2)

hara’s etchant (80mL of distilled water,
20mL of HCI, and 1,5g of K,S,0))
the microstructures of the three alloys
studied in this research. The XRD ex-
periments were conducted in a Philips
X'PERT-MPD model using copper tube
radiation, initial and final angles from

molten metal; y, to represent austen-
ite resultant from precipitation in
solid-state (6 — y,), and y, to represent

can be seen that the increase in carbon
content promotes carbide formation
and, as a result, in contrast to alloys 1

Emanuelle Machado Amaral et. al.

10° to 110°, and angular pitch of 0.02°.
Later, an additional XRD analysis was
performed on alloy 3, however, with an
angular pitch of 0.01° and from 40° to
55°. More details about the experimental

procedure are described in the thesis of
Amaral (2021).

austenite formed from the eutectoid
decomposition of ferrite.

and 2, in alloy 3 the M_C, (M=Fe, Cr)
eutectic is formed before the M,,C,
(M=Fe, Cr) carbide.
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Figure 3 - Predicted phases for the alloys (a) 1, (b) 2, and (c) 3 during cooling under equilibrium conditions.

Table 2 describes the phases
shown in Fig. 3 with their respective
formation temperatures. In alloy 1,
austenite is formed through precipita-
tion in solid-state, while in alloys 2

and 3, it follows the peritectic reac-
tion (L + 6 — y). The M,,C_ carbide
growth, as well as sigma phase (0)
in duplex stainless steels, take place
according to the transformations

(6—>M,,C +v,)and (6— o+ y,) respec-
tively, consuming ferrite in the micro-
structure (Ohmori and Maehara, 1984;
Knyazeva and Pohl, 2013; Padilha and
Plaut, 2013).

Table 2 - Formation temperatures of the phases predicted in alloys 1, 2, and 3.

Phase Alloy 1 (0.02%C) Alloy 2 (0.12%C) Alloy 3 (0.37%C)
Ferrite 1484°C 1478°C 1447°C
Austenite 1233°C (6> 7,) 1344°C (L +5—y) 1327°C (L+ 86— 7)
M,C, carbide - - 1287°C(L—=M,C,+7y)
M,,C, carbide 870°C(6—=M,, C. +v,) 1087°C (6 —=>M,, C,+7,) 1193°C(M, C,—~M,, C,)
Sigma 818°C(6—0+7,) 770°C(6—>0+7,) 798°C(6—>0+y,)
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3.2 Characterization of alloys 1, 2 and 3

It should be mentioned that not all
phases predicted in item 3.1 will be pres-
ent in the final microstructure of the three
alloys, since most phase transformations in
duplex stainless steels are time-temperature
dependent, and in Fig.3, the time necessary
for their formation was not considered.

Fig. 4 (a) and (b) shows the as-cast

macrostructure and microstructure ob-
tained for alloy 1, which presented the
ferritic solidification mode (L — 8+ L — §).
Austenite was formed through solid-state
precipitation (6 — y,) and three different
morphologies can be observed according
to the classification proposed by Dubé
(1958) and later extended by Aaronson

_intérgranular; - <

A _\/ :
’/}/‘7 , »iQmaPstVéAi‘tte:ﬁ

S N\ e
intragranular.
s -

intergrénular

1

Intergranular F&Q ~

(1962), which is still used in recent ar-
ticles (Li et al., 2019), for pro eutectoid
ferrite in steels: intergranular; Widma-
nstitten plates; and intragranular. The
presence of M, C_ (M = Fe, Cr) carbide
and sigma phase could not be observed,
since solidification did not occur under
equilibrium conditions.

S

1§Y

Figure 4 - (a) As-cast microstructure of the alloy 1 (0.02 wt.%C) and (b) SEM/BSE image of Widmanstatten austenite.

Fig. 5 (a) exhibits the macrostruc-
ture and microstructure obtained for
alloy 2. According to its microstructure
formation sequence predicted in Fig. 3,
austenite nucleation occurs through the
peritectic reaction (L + é — y). Since so-
lidification occurred out of equilibrium

(2)

conditions, the peritectic transformation
(6— ) did not go to completion and the
resultant microstructure of alloy 2 is
mainly formed by ferrite and austenite,
apart from the presence of carbides.
According to Knyazeva and Pohl (2013)
carbon has a strong affinity to grain

boundaries, which leads to carbide
precipitation on the ferritic-austenitic
interphase. Fig. 5 (b) is an SEM/BSE
image of the carbides formed in alloy
2. Their fraction in the microstructure,
estimated by quantitative stereology, is
around 1.4 = 0.5%.

Figure 5 - (a) As-cast microstructure of the alloy 2 (0.12 wt.%C) and
(b) SEM/BSE image of the carbides formed between ferrite and austenite.

The results of chemical microanaly-
sis in selected regions, shown in Fig. 6,
indicated that carbide is the richest phase

in chromium, followed by ferrite and aus-
tenite. However, it is important to mention
that the electron beam may also interact
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with other adjacent regions in addition to
the one to be analyzed due to its small size,
especially in the case of carbides.
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Figure 6 - Chemical microanalysis in selected regions of alloy 2 (0.12%C). (a) SEM/BSE and (b) SEM/SE images. Others: Mn, Cu, and Si.

According to Fig. 7, alloy 3 does
not have an as-cast structure that can
be observed on a macroscopic scale,
but a microstructure formed by den-

drites of austenite and ferrite with
an extensive network of carbides in
the interdendritic regions, which can
be observed in details by SEM. The

Figure 7 - As-cast structure of the alloy 3 (0.37%C)

The results of the quantitative
chemical microanalysis in selected
points of the microstructure in alloy
3 indicated differences between the
composition of the carbides located

in the center of the ingot (65.8 wt.%
of chromium) and the composition
of those located in the region whose
microstructure is formed by columnar
dendrites (31.6 wt.% of chromium).

REM: Int. Eng, ., Ouro Preto, 74(4), 463-470, oct. dec. | 2021

overall fraction of carbides estimated
in the microstructure by quantitative
stereology is 3.67+1.3%.

with the micrographs of the columnar and equiaxial regions made by SEM/BSE.

As shown in Fig. 8 (a) and (b), the
carbides located in the center of the
ingot of alloy 3 are richer in chromium
compared to those located outside the
central region.
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g} Fe
Ni
v I

“© 3 %

Figure 8 - Chemical microanalysis of the carbides located

(a) in the central region and (b) outside the central region of the ingot of the alloy 3. Others: Mn, Cu, and Si.

Kliauga (1991) found similar
chromium contents in M C, car-
bides present in the mass-based Fe-

26.31%Cr-2.96%C-0.97%Mn alloy.

Table 3 shows the chemical composi-
tion estimated for the M_C, carbide
according to Kliauga's research and
those found in the center of the ingot

of alloy 3. The results strongly suggest
that the carbide with higher chromium
content found in the center of the ingot
of alloy 3 corresponds to M_C..

Table 3 - Approximate chemical composition (wt.%) of M_C, carbides found in literature and that observed in alloy 3.

Source Cr Mn Fe (CrFe,)C,
Kliauga (1991) 69.4% 1.1% 29.4% (Cr, Fe,,)C,
Present authors 65.8% 0.1% 31.5% (Cr,Fe,,)C,

Fig. 9 shows the XRD results ob-
tained for alloys (a) 1, (b) 2, and (c) 3. In the
first alloy’s diffraction pattern, only peaks
compatible with ferrite and austenite were
found. However, in the diffraction pattern
of alloy 2, apart from austenite and ferrite
peaks, three low-intensity peaks compat-

ible with those of the M, ,C, carbide were
found close to the positions 26 = 28°, 38°,
and 48°, which proves that this is the car-
bide observed in the material's microstruc-
ture. In the diffraction pattern of alloy 3,
in addition to the M,,C, carbide peaks, the
peak close to the angle 26 = 46°, indicated

(<) =

(a) __ 1000000

= 0
T oo Alloy 1 (0.02%C)
=

4

2

£

Ey
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£
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by the lilac-colored arrow, is characteristic
of the M_C, carbide, which confirms the
presence of both types of carbides in the
microstructure of the third alloy. The low
intensity of the carbide peaks in the dif-
fractograms can be justified due to its low
volume fraction.
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Figure 9 - Diffraction patterns obtained for alloys (a) 1, (b) 2, and (c) 3.

Considering that the center of the
ingot is the last region to solidify and
that during solidification the carbon
content in the liquid is higher than

468

in the solid, it is estimated that most
of the M_C, (M=Fe, Cr) carbides are
concentrated in that area. However,
the possibility of such carbides be-

REM: Int. Eng, J., Ouro Preto, 74(4), 463-470, oct. dec. | 2021

ing in the other regions of the ingot
cannot be ruled out. Thus, the micro-
structure of the alloy 3 is composed of
ferrite, austenite and by a network of



M.C, (M =Fe, Cr)and M,,C, (M = Fe,
Cr) carbides, taking into account that

those of the M_C, type are formed in the
regions where the C:M ratio is higher.

Emanuelle Machado Amaral et. al.

3.3 Schematic representation of the alloys 1, 2, and 3 microstructure formation

Based on the results obtained for
the three alloys analyzed in this study,
to explain their stages of microstructure
formation, schematic drawings were
proposed. Fig. 10 shows the position of
the alloys 1, 2, and 3 in the section of the
mass-based Fe-25%Cr-5%Ni-0.80%Mn-
0.65%8Si-0.03%N phase diagram and the
schematic representations of each alloy’s
microstructure evolution.

Alloy 1 presented ferritic solidifica-
tion mode (L — L + 6 — ) with austen-
ite formed by solid-state precipitation
(6 = 7,). Its microstructure formation
path can be described as: at the point a)
there is only liquid; at the point b) liquid
and ferrite; at the point ¢) ferritic grains

and at the point d) austenite precipitation
is represented.

In contrast to alloy 1, alloy 2
presented the solidification sequence
(L—=L+ 68— 8+ 7). According to its mi-
crostructure formation path at the point
a) there is only liquid; at b) liquid and
ferrite; at c) austenite is formed accord-
ing to the peritectic reaction (L + 6 — )
between liquid and ferrite and at point d),
located in the 6 + y field, while the peri-
tectic transformation d — y continues in
the solid-state. A fifth stage e) was added
to represent M, C_ carbide precipitation.

On the other hand, alloy 3
showed the solidification sequence
(L=>L+6—=0+y+L—=6+y+M_C,).

According to its microstructure forma-
tion, the path proposed is the following:
at point a) there is only liquid; at point
b) ferrite and liquid, which becomes
rich in austenitizing elements; at point
c) austenite were formed according to
the peritectic reaction between ferrite
and liquid, and it tends to grow during
peritectic transformation consuming
both phases; at point d) the formation
of the M_C, carbide occurs according
to the eutectic reaction (L — y+ M, C,)
from the liquid and as cooling proceeds,
precipitation of the M, ,C_ carbide oc-
curs, preferably at the interface between
ferrite and austenite, which is represented
as stage e).
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Figure 10 - Section of the mass-based Fe-25%Cr-5%Ni-0.80%Mn-0.65%Si-0.03%N
phase diagram and the schematic representations of alloys 1, 2, and 3 microstructure evolution.

It should be noted that the forma-
tion sequences represented in Fig. 10
considered only the phases observed in
the characterization stage of alloys 1, 2,
and 3. Considering the formation of all
the other phases predicted in item 3.1, a
fifth stage e) should be added to represent
M, .C, carbide precipitation in alloy 1

4. Conclusion

Alloy 1, with 0.02 wt.%C,
presented a solidification sequence
(L = L + 6 — 8) with austenite formed
by solid-state precipitation (6 —> y,).

and, for all alloys, a stage f) to represent
the sigma phase precipitation. According
to Ohmori and Maehara (1984), sigma
phase precipitation begins on the new /6
boundaries formed after the growth of
the M, C /y, eutectoid structure.
Finally, it is relevant to mention
that the high carbon duplex stainless

The M, ,C, carbide was not observed in its
microstructure. On the other hand, alloy 2,
with 0.12 wt.%C, showed the solidification

sequence (L — L+ 6 — 8+ y) with austenite

steels investigated herein are used in
the as-cast condition, presenting non-
equilibrium microstructures. On the
other hand, the comparison of non-
equilibrium microstructures with those
provided by computational simulation
for equilibrium conditions proved to be
most helpful.

formed according to the peritectic reac-
tion (L + 6 — 7). The presence of M ,C,
carbides between ferrite and austenite
was observed in its microstructure.
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Finally, alloy 3, with 0.37 wt.%C,
presented the solidification sequence
(L—=>L+6—06+y+L—0+y+M C,)with
austenite formed through the peritectic
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