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Duplex stainless steels are very attractive constructional materials for use in aggressive environments because of their several
advantages over austenitic stainless steels. Duplex steels have excellent pitting and crevice corrosion resistance, are highly
resistant to chloride stress-corrosion cracking and are about twice as strong as common austenitic steels. Better properties are
associated with their microstructures consisting of ferrite and austenite grains. However, with certain thermal treatments, these
excellent properties may be reduced due to undesired changes in the steel microstructure, related mainly to different
solid-state-precipitation processes. The impact toughness of the commercial 2205 duplex stainless steel and the higher-alloy
super-duplex 2507 steel was investigated. Both steels were submitted to the ageing treatment in a temperature range between
500 °C and 900 °C with the exposure times of 6 min, 1 h and 10 h; in addition, light microscope examinations, hardness
measurements and impact-toughness tests were performed. The main objective of the investigations was to determine the effect
of the change in the microstructure on the mechanical properties of the steel.
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Dupleksna nerjavna jekla so zanimiv konstrukcijski material za uporabo v agresivnem okolju, ker imajo nekaj prednosti v
primerjavi z avstenitnimi nerjavnimi jekli. Dupleksna jekla imajo odlicno odpornost proti jamicasti in Spranjski koroziji, so
odporna proti napetostnim korozijskim pokanjem v kloridnem okolju in so okrog dvakrat bolj trdna kot avstenitna nerjavna
jekla. Boljse lastnosti so povezane z njihovo mikrostrukturo iz zrn ferita in perlita. Vendar pa se njihove odli¢ne lastnosti lahko
poslabsajo zaradi nezelenih sprememb v mikrostrukturi jekla, ki so predvsem v povezavi s procesi izlo¢anja iz trdne raztopine.
Preiskovana je bila udarna Zilavost komercialnega dupleksnega nerjavnega jekla 2205 in bolj legiranega super dupleksnega jekla
2507. Obe jekli sta bili starani v temperaturnem obmocju med 500 °C in 900 °C v trajanju 6 min, 1 h in 10 h. IzvrSene so bile
preiskave s svetlobnim mikroskopom in meritve trdote ter udarne Zilavosti. Glavni namen preiskave je bil dolociti vpliv
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sprememb v mikrostrukturi na mehanske lastnosti jekla.

Klju¢ne besede: dupleksna nerjavna jekla, toplotna obdelava, udarna Zilavost

1 INTRODUCTION

The microstructure of duplex stainless steel consists
of austenite and ferrite phases, combining beneficial pro-
perties of both kinds of steel, showing a good corrosion
resistance, a good weldability and a high strength. The
properties of duplex steels depend on their chemical
compositions and microstructures. These steels have
22 % to 27 % chromium, 3 % to 7 % nickel and up to
4.5 % molybdenum and are usually used for chemical
tankers, desalination plants, chemical and petrochemical
units, pipelines and oil and gas separators.'-

Duplex stainless steels are a family of grades with
different corrosion-resistance levels depending on their
chemistry and they are divided into four groups.* The
first group, the lean duplex steels (like 2304) contain no
nominal molybdenum addition, but 21.5 % to 24.5 % Cer,
3% to 5.5 % Ni and 0.05 % to 0.60 % Mo. The second
and the most common group includes the typical 2205
duplex steel with 21 % to 23 % Cr, 4.5 % to 6.5 % Ni
and 2.5 % to 3.5% Mo. The third group includes alloys
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255 and DP-3 with 24 % to 27 % Cr, 4.5 % to 7.5 % Ni
and 2.9 % to 7.5 % Mo. Higher-alloy super-duplex 2507
grades consist of 24 % to 26 % Cr, 6 % to 8 % Ni, 3 % to
5 % Mo.

Two most commonly used duplex steels, 2205 and
2507, were chosen for the investigation. The mechanical
properties of these duplex grades are excellent in the
temperature range from —50 °C to 300 °C. At elevated
temperatures different precipitates may form and cause
detrimental changes in the steel properties, especially the
toughness.> During the tempering in the temperature
range of 500-900 °C changes in the microstructure and a
precipitation of intermetallic phases can be observed;
these reduce the mechanical properties and the corrosion
resistance. In certain temperature ranges the first precipi-
tates form rapidly.®’ In Figure 1 an isothermal precipi-
tation diagram for 2205 and 2507 duplex stainless steels
(2304 grade is presented for comparison) is depicted. It
shows that, in a relatively short time of 1-2 min, the
chromium carbide and nitride precipitation process
starts. The kinetics of the carbide and nitride formation is
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Figure 1: Isothermal precipitation diagram for duplex stainless steels,
annealed at 1050 °C *

Slika 1: Izotermni diagram izlocanja v dupleksnem nerjavnem jeklu,
7arjenem na 1050 °C *

affected by chromium, molybdenum and nickel. This is
why the kinetics of all the nitrogen-alloyed duplex stain-
less-steel grades is similar to that of steel 2205 with re-
gard to these precipitates. A sigma and chi precipitation
occurs at higher temperatures. Super-duplex grades that
are highly alloyed with chromium, molybdenum and
nickel will have more rapid sigma and chi kinetics than
steel 2205.

Table 1: Secondary phases forming in duplex stainless steels (tem-
peratures above 500 °C)8

Tabela 1: Sekundarne faze, ki nastajajo v dupleksnem nerjavnem
jeklu (temperature nad 500 °C)3

Type of precipitate Nomllg(l)z;lnillllzmlcal Temper(e})tg;e range
Ferrite (a) - -
Austenite (y) - -

o Fe-Cr-Mo 600-1000
Chromium nitride Cr)N 700-900
Chromium nitride CrN 1000

X Fe, Cr,Mo,, 700-900

R Fe-Cr-Mo 550-800

T Fe Mo, N, 550-600

T - 550-650

M.C, - 550-650
M»3Ce -

The most important secondary phases during the
manufacturing and welding of duplex steels are o, yx, se-
condary austenite and chromium nitrides. All these
phases are formed above 500 °C. The sigma and chi
precipitation occurs at slightly higher temperatures but in
approximately equal precipitation time as the carbide
and nitride precipitation. Table 1 lists the secondary
phases found in duplex stainless steels and weld metals
above 500 °C.? Below 500 °C the precipitation reactions
are comparatively slow, having little effect on the em-
brittlement. The 475 °C embrittlement is due to the de-
composition of ferrite between 350 °C and 525 °C, into
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the o' phase which precipitates in the ferrite phase and
causes a hardening and embrittlement of the ferrite.*

Numerous research studies describe the precipitation
phenomena in Cr-Ni stainless steels;**-'3 however, there
is yet no clear evidence on the amount of acceptable
secondary phases in a steel microstructure. The objective
of the investigations was to study the effect of heat treat-
ment of duplex and super-duplex steels on their mecha-
nical properties, impact toughness and strength, and to
analyze the changes in the steel microstructure.

2 EXPERIMENTAL PROCEDURE

Commercial grades 2205 and 2507, with their chemi-
cal compositions shown in Table 2, were investigated.
The specimens were cut from plates 12 mm, pre-
annealed at 1050 °C and isothermally tempered in a
vacuum furnace for 6 min, 1 h and 10 h at temperatures
from 500 °C to 900 °C and water quenched. The micro-
structure was examined after chemical etching in Mura-
kami and Beraha’s reagents. The amount of the phases
was assessed with a magnetic ferritoscopic analysis and
a quantitative microstructure analysis.

Table 2: Chemical compositions of tested 2205 and 2507 duplex
stainless steels

Tabela 2: Kemijska sestava preizkuSanih dupleksnih nerjavnih jekel
2205 in 2507

w/%
C Mn Cr Ni Mo N
0.017 | 1.50 | 21.9 | 5.7 3.0 | 0.17
0.030 | 0.87 |25.12| 5.82 | 3.59 | 0.29

Duplex grade

2205 S31803
2507 S32550

The initial Vickers hardness of the base materials was
254 HV 10 for the 2205 steel grade and 270 HV 10 for the
2507 steel grade. Charpy V impact tests were performed
at ambient temperature (+20 °C) on the specimens with a
notch that was orthogonal to the plate’s longitudinal
direction. The as-delivered specimens had high fracture
energy (= 300 J).

K

Figure 2: Microstructure of the as-delivered 2205 duplex stainless
steel

Slika 2: Mikrostruktura dupleksnega nerjavnega jekla 2205 v dobav-
ljenem stanju
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3 RESULTS AND DISCUSSION

Due to the used treatments different phases (interme-
tallic phases, Cr,N and secondary austenite) were
formed, with the o-phase as the most important one
beside ferrite and austenite and with the largest volume
fraction. Figure 2 presents the microstructure of the
as-received 2205 duplex steel with an elongated lamellar
shape of the rolled ferrite and austenite (the light etched
phase is austenite and the dark etched one is ferrite). In
the as-received state, the microstructure of grade 2507 is
similar to that of grade 2205. The ferrite content in the
microstructure of steel 2205 was 44-47 % and in steel
2507 it was 52-55 %. The specimens of both steels being
aged at 500 °C, even in the case of the longest aging
time, do not exhibit any significant phase transformation;
only the amount of ferrite is slightly decreased due to the
nucleation of secondary austenite y,.

In duplex steels, the ferrite is unstable at elevated
temperatures (600 °C and 900 °C) because of the high
diffusion rates of dissolved alloying elements, which
were 100 times faster than in the case of austenite. More-
over, the ferrite is enriched in chromium and molybde-
num, thus promoting the formation of intermetallic
phases.

On the other hand, the formation of secondary
austenite is independent of the o-phase precipitation
although these two transformations occur simultaneously
and are both related to the ferrite phase. The mechanism
of the o-phase formation depends on the temperature;
below 900 °C and after a longer ageing period, the
o-phase is formed by the eutectoid reaction & = 0 + y».
First, the o-phase forms inside the ferrite grains, then it
starts to form at the ferrite/ferrite or ferrite/austenite
grain boundaries. At 900 °C and above this temperature
ferrite transforms into the o-phase without an austenite
formation and the composition of the o-phase is close to
ferrite.

Comparing the two considered duplex steel grades, it
is evident that grade 2205 is less prone to the o-phase
precipitation than grade 2507. In grade 2205, the
precipitation of the o-phase is observed after 10 h of
ageing at the temperatures of 600 °C and 700 °C. The
specimens of grade 2205 aged at 800 °C show the
o-phase precipitation after less than 1 h (Figure 3) and
due to the ageing at 900 °C the o-phase formation occurs
in less than 6 min. In the case of super-duplex steel 2507,
the precipitation of small aggregations of the o-phase
was observed already after 6 min of ageing at 700 °C.
The specimens aged at 800 °C and 900 °C (Figure 4)

Figure 3: Formation of o-phase (eutectoid reaction) in 2205 duplex-
steel grade aged at 800 °C for: a) 6 min, b) 1 h

Slika 3: Tvorba o-faze (evtektoidna reakcija) v dupleksnem nerjav-
nem jeklu 2205, staranem na 800 °C: a) 6 min, b) 1 h
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Figure 4: Formation of o-phase (directly from ferrite) in 2507 duplex
steel grade aged at 900 °C for: a) 6 min, b) 1 h

Slika 4: Tvorba o-faze (neposredno iz ferita) v dupleksnem nerjavnem
jeklu 2507, staranem na 900 °C: a) 6 min, b) 1 h
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Figure 5: Influence of the ageing time and temperature on the hard-
ness of 2205 duplex stainless steel

Slika 5: Vpliv ¢asa in temperature staranja na trdoto dupleksnega
nerjavnega jekla 2205

show, already after 6 min, advanced ferrite-phase disin-
tegration. In the cases of lower ageing temperatures (500
°C, 600 °C) and shorter aging times (6 min, 60 min) no
o-phase was observed in the microstructures.

The next detailed investigations were conducted to
determine the correlation between certain mechanical
properties (hardness and embrittlement) and the micro-
structure. The «’-phase precipitations caused a slight
hardness increase in both investigated duplex steels
being aged at 500 °C. In steel grade 2205 the ageing at
600 °C and 700 °C caused a small decrease in the steel
hardness (Figure 5), probably due to the creation of the
y>-phase. Further ageing at higher temperatures causes a
precipitation of the o-phase and a significant hardness
increase. The maximum hardness values were 348 HV10
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Figure 6: Influence of the ageing time and temperature on the hard-
ness of 2507 super-duplex stainless steel

Slika 6: Vpliv Casa in temperature staranja na trdoto super dupleks-
nega nerjavnega jekla 2507
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Figure 7: Influence of the ageing time and temperature on the impact
energy of 2205 duplex stainless steel

Slika 7: Vpliv Casa in temperature staranja na energijo udarca
dupleksnega nerjavnega jekla 2205

for steel 2205 after 10 h of ageing at 800 °C and 94
HV10 for duplex steel grade 2507. The ageing at 600 °C
caused a small decrease in the steel hardness, while the
ageing at 700 °C significantly increased the hardness
(Figure 6). The super-duplex 2507 steel showed the
highest hardness of 438-441 HV10 after 10 h of ageing
at 700 °C and 800 °C and the hardness increase for steel
grade 2507 was 171 HV10. The ageing of both analyzed
steel grades at 900 °C increased the hardness less than
the ageing at 800 °C, probably due to a smaller amount
of precipitates. Unlike the hardness, the embrittlement
behavior of the analyzed specimens of duplex steel gra-
des was different and the 2205 duplex was less sensitive
to embrittlement (Figure 7). A short time (6 min) of
ageing at the temperatures up to 800 °C did not remark-
ably decrease the impact energy. At 900 °C the impact
energy fell to a value of 150 J. The ageing for 1 h caused
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Figure 8: Influence of the ageing time and temperature on the impact
energy of 2507 super-duplex stainless steel

Slika 8: Vpliv Casa in temperature staranja na energijo udarca super
dupleksnega nerjavnega jekla 2507
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Figure 9: Fracture surface of the specimen aged at 500 °C for 1 h
Slika 9: Povrsina preloma vzorca, staranega 1 h na 500 °C

a decrease in the impact energy starting at 700 °C and
the greatest change occurred at 800 °C. During the
ageing for 10 h at 500 °C the high toughness remained at
the level of 300 J, while at higher temperatures a
significant decrease in the impact energy was observed.
The 2507 super-duplex steel showed a high toughness
after the ageing for 6 min at 500 °C and 600 °C (Fig-
ure 8) and at 700 °C the impact energy decreased by
more than half. With the average ageing time (1 h), the
impact energy decreased from about 250 J at 500 °C to
almost zero at 800 °C and 900 °C. Finally, after 10 h of
ageing the impact energy was on a decrease from 200 J
at 500 °C to 100 J at 600 °C, approaching zero at the
temperatures above 600 °C. It should be stated that
higher temperatures remarkably reduce the steel plasti-
city and may cause an almost complete decrease in the
toughness.

The change in the mechanical properties was investi-
gated with scanning electron microscopy with the main
aim to determine the correlation between the impact
toughness and fracture mode by examining the fractures
of Charpy V specimens. The macroscopic observation of
fracture surfaces showed many secondary cracks or
splits. The literature information'¥, according to which

Figure 10: Fracture surface of the specimen aged at 700 °C for 1 h
Slika 10: Povrsina preloma vzorca, staranega 1 h na 700 °C
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Figure 11: Fracture surface of the specimen aged at 900 °C for 1 h
Slika 11: PovrSina preloma vzorca, staranega 1 h na 900 °C

the splits propagate through the ferrite phase or ferrite-
austenite boundaries, was confirmed. The fractures of the
samples tempered at 600 °C and 700 °C for up to 1 h
were ductile and had dimpled fracture surfaces, with the
dimples being elongated in the stress direction (Fig-
ure 9). With higher ageing temperatures and longer
annealing times the fractures were mixed. The sample
annealed at 700 °C showed a cleavage fracture and small
areas with dimples (Figure 10). Brittle fracture was
found on the samples treated at 800 °C and 900 °C (Fig-
ure 11).

4 CONCLUSIONS

The research was focused on the potential and future
applications of duplex steels,!” as for many of them the
mechanical properties are of an essential importance.
The results indicate a negative effect of the changes to
the mistrostructures of duplex steels on their mechanical
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Figure 12: Influence of the o-phase content on the impact energy of
2205 duplex stainless steel

Slika 12: Vpliv vsebnosti o-faze na energijo udarca pri dupleksnem
nerjavnem jeklu 2205
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Figure 13: Influence of the o-phase content on the impact energy of
2507 super-duplex stainless steel

Slika 13: Vpliv vsebnosti o-faze na energijo udarca pri super dupleks-
nem nerjavnem jeklu 2507

properties. Precipitates, mainly the o-phase, decrease the
plasticity of duplex 2205 and super-duplex 2507 stain-
less steels as, due to small amounts of the o-phase in the
steel microstructures, the toughness of both steels
decrease considerably. This is a result of the brittleness
of the closed-packed o-phase lattice. Figures 12 and 13
show diagrams of the influence of the o-phase amounts
in the microstructures of the 2205 and 2507 duplex steels
on the impact energy. To determine the amounts of this
phase a multi-scan image-analysis system and metallo-
graphic specimens were used.

The obtained results can be analyzed with respect to
the requirements of Ship Classification Societies.
According to the common material-design criterion for
wrought products, the impact energy obtained on the
Charpy V specimens should be higher than 27 J or 40 J,
depending on the testing temperature and the transverse
or longitudinal direction of the specimens. It is obvious
that the examined 2205 steel could be used at room tem-
perature provided its o-phase content accounts for up to
14 % (KV > 40 J) and the super-duplex 2507 steel could
be used with the o-phase accounting for up to 8 % of the
microstructure (Figures 12 and 13). The usually
accepted amount of the g-phase is about 4 % 2 but some
researches!¢ claim that even smaller amounts of the
o-phase lead to a significant decrease in the toughness
and a rapid decrease to the value unacceptable for indu-
strial applications. This statement is compatible with the
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results presented in our work. Even a very small amount
of the o-phase in a microstructure caused a measurable
decrease in the toughness of the two analyzed steels. The
2507 super-duplex steel is more prone to embrittlement,
which is an important criterion for the design and
exploitation of steels for the maritime and energy-related
technical applications. An undesired and unpredictable
temperature growth over 500 °C, lasting for a longer
time could cause errors during the processing of duplex
stainless steels and accidents during the use of the pro-
ducts.

The results of these investigations confirm that high-
temperature service of duplex stainless steels should be
avoided. The precipitation of secondary phases strongly
influences the mechanical properties, and for the use of
steel grade 2205, only limited amounts of the o-phase
are acceptable.
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