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The eftect of processing on the microstructure and mechanical properties of cast duplex stainless steel 2507 is
studied. It is established that the structure of hot-rolled steel contains d-ferrite and austenite (y) bands that
change due to 50% cold rolling to form microstructural constituents of a more refined and fragmented nature
of a duplex (y+d) phase. Austenite grains are most effectively refined (up to 5 um) because of the
recrystallization occurring during aging treatment. The cold-rolled steel has maximum strength and minimum
elongation. The best combination of strength and ductility is achieved after hot deformation + solution treat-
ment at 1040°C with water cooling and after hot deformation + solution treatment at 1300°C with water cool-
ing followed by isothermal aging at 1000°C. Such processing ensures a good formability of the steel.
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INTRODUCTION

Duplex stainless steels have been known since the 1930s.
In the last two decades, their use and development have been
rapidly widening. The duplex microstructure of such steels
consists of ferrite and austenite, which provides an excellent
combination of properties, i.c., an elevated strength, form-
ability, high impact toughness and corrosion resistance, bio-
compatibility and weldability. These steels are applied in
various industries for making water heaters, heat exchangers,
storage tanks for various substances, pressure vessels, impel-
lers and shafts, rotors, cargo tanks in chemical tankers, desa-
linating plants, steam purifiers, seawater systems, etc. [1 — 3].

Duplex steels in cast condition have a high yield strength
(450 — 500 MPa) and ultimate tensile strength (600 —
700 MPa) combined with a high elongation (20 — 25%). The
strength of such steels is raised by cold rolling [4, 5]. Their
stress corrosion resistance in chlorides depends little on the
cold deformation [6]. In addition, the combination of the op-
erating properties of duplex steels is improved by an aging
treatment, which widens the range of their application as
structural materials.
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It is known that the mechanical properties of duplex
steels can also be advanced by controlling the microstructure
by combining the deformation and the heat treatment, i.c., by
a thermomechanical treatment. For example, a proper
thermomechanical treatment of a Fe — Cr — Ni duplex stain-
less steel provides a fine-grained (1 — 3 pm) structure repre-
sented by a- and y-phases. Such microduplex stainless steels
exhibit a superplastic behavior under hot deformation in ad-
dition to a combination of high strength, impact toughness
and fatigue resistance at room temperature [7].

The aim of the present work was to study the effect of
different kinds of treatment on the microstructure and frac-
ture behavior of duplex stainless steel 2507 (02Kh25N7M3)
and the possibility to raise its mechanical properties.

METHODS OF STUDY

We studied cast duplex steel 2507 (02Kh25N7M3). The
results of the spectrum analysis performed with the help on
an ARL 4460 optical emission spectrometer gave the follow-
ing chemical composition (in wt.%): 0.026 C, 24.56 Cr,
6.26 Ni, 4.23 Mo, 0.79 Mn, 0.65 Si, 0.176 N, 0.022 P,
0.004 S, the remainder Fe.

The billets were cut into square bars with cross section
about 20 mm?, which were homogenized and then hot rolled
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Fig. 1. Processing flow chart for steel 2507.

to a final thickness of about 9 mm. Then the steel was solu-
tion treated at two temperatures (1040 and 1300°C) for
30 min with subsequent water quenching. A part of the sam-
ples after the treatment at 1300°C was subjected to isother-
mal aging at 1000°C for 20 min with water cooling. The re-
maining solution-treated samples were deformed by cold
rolling (50 %) to a thickness of about 4.5 mm. The flow chart
of the processing is presented in Fig. 1.

The samples for the metallographic study had a size of
10 x 10 mm. The microstructure was studied using a Carl
Zeiss Axiovert 40 Mat optical microscope after etching in a
solution of aqua regia (75% HCI +25% HNO; ) and a Jeol
JSM-5510 scanning electron microscope at an operating
voltage of 20 kV. The parameters of the microstructure were
also determined by image analysis of optical micrographs
with the use of the Axiovision (version 4.8) software. The
samples for the transmission electron microscopy were pre-
pared from discs with diameter 3 mm stamped from thin foils
(with a thickness of 70 —90 um). These samples were
electropolished in a twin jet electropolisher using an electro-
lyte composed of 90% acetic acid and 10% perchloric acid at
a temperature of 10 — 12°C. These thin electron transparent
specimens were studied under a high-resolution Tecnai G2
transmission electron microscope operating at a voltage of
200 kV.

The tensile tests at room temperature were performed in
a computer-controlled Instron (refitted model 5900R) testing
machine with an extensometer at a crosshead speed of
0.5 mm/min. The samples for the tensile tests were prepared
according to ASTM Vol.03.01:E8M-96 [8].

RESULTS AND DISCUSSION

Figure 2 presents the microstructure of the steel after hot
rolling with air cooling. Both micrographs exhibit elongated
ferrite grains (54.5 £ 1.72 vol.%) deformed and flattened
over the rolling direction. The appearance of a secondary
austenite y'-phase as a result of a & — ¢’ transformation is
well known [9]. This transformation yields nickel-rich inclu-
sions of y-phase inside d-ferrite, which changes the Cr/Ni
proportion and provides thermodynamic conditions for for-
mation of secondary y' austenite. The inclusions of second-
ary austenite differ from the primary austenite by an island
shape [10 — 12]. The formation of secondary austenite inside
ferrite grains results in reduction of the ferrite content in the
hot-rolled steel.

Figure 3a and b present the microstructure of the
hot-rolled sample after the 30-min solution treatment at
1040°C and subsequent water quenching. As a result of this
treatment the elongated ferrite grains acquire a chiefly equi-
axed morphology. It should be noted that the band-shaped
austenite transforms into globular austenite primarily due
to the static recrystallization occurring during the solution
treatment.

Figure 3¢ and d present the microstructure of the
hot-rolled steel after the 30-min solution treatment at
1300°C, water quenching and 20-min isothermal aging at
1000°C. This treatment transforms the elongated inclusions
of ferrite and austenite into chiefly equiaxed ones. Dynamic
retrogression occurs in the ferrite more easily than in the aus-
tenite. In addition, the static recrystallization during the solu-

Fig. 2. Microstructure of steel 2507 after hot rolling with air cooling: @) optical microscope; b) SEM;
RD) rolling direction; TD) transverse direction.
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Fig. 3. Microstructure of steel 2507 after various treatments: a, ) hot rolling + solution treatment
at 1040°C for 30 min with water cooling; ¢, d ) hot rolling + solution treatment at 1300°C for 30 min
with water cooling + isothermal aging at 1000°C for 20 min; e, /) hot rolling+ solution treatment at
1040°C for 30 min with water cooling + cold deformation with 50% reduction; a, ¢, €) optical micro-
scope; b, d, f) SEM.

tion treatment promotes transformation of band-shaped aus-
tenite into a globular one. The microstructure after the aging
at 1000°C has smaller grains (d < 15 pm) than when the steel
is subjected to only solution treatment at 1040°C (d,, ~
21 um) (Fig. 3a and b ). The somewhat higher content of fer-
rite (55.45 £ 0.5 vol.%) than in the hot-rolled steel correlates
well with the results of the previous studies of duplex stain-
less steels [13].

Figure 3e and f present the microstructure of the
hot-rolled steel after the 30-min solution treatment at 1040°C
with water quenching and subsequent 50% cold rolling.
Elongation and fragmentation of the austenite grains and
d-ferrite over the rolling direction tare observable in both mi-
crographs. The higher content of ferrite (57.35 £ 0.4 vol.%)
indicates occurrence of a strain-induced austenite-to-ferrite
transformation during the cold rolling.

Figure 4 presents the microstructure of the hot-rolled
steel (at a high magnification) after the solution treatment at

1040°C and subsequent water quenching. A bright austenite
lath surrounded by grains of d-ferrite [14 — 17] can be seen in
Fig. 4a. The width of the austenite lath is about 2.3 um. The
austenite contains dislocations, the motion of which has been
restricted by the austenite grain boundary. A lenticular aus-
tenite grain can be observed in Fig. 4b. In this case, the aus-
tenite is represented by a virtually dislocation-free recrystal-
lized grain with a width about 1.12 pm.

Figure 5 and the Table 1 present the results of the tensile
tests of the duplex stainless steel after various treatments.
The steel after the hot deformation has a higher yield
strength (c,, =640 MPa) and ultimate tensile strength
(o,=820 MPa) but lower values of the total elongation
(6 =29%) than the hot-rolled steel after the solution treat-
ment at 1040°C (o,, =520 MPa, c,= 750 MPa, & =45%).
This may be associated with the presence of elongated aus-
tenite and ferrite grains in the structure of the not-rolled steel
but mostly equiaxed grains after the solution treatment. In
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Fig. 4. Microstructure of steel 2507 after hot rolling and solution treatment at 1040°C with water

cooling (TEM, bright-background image).

addition, the hot-rolled steel bears residual internal stresses
that are relaxed after the solution treatment simultaneously
with the formation of new recrystallized grains. The
hot-rolled steel subjected to the solution treatment at 1300°C
followed by 20-min isothermal aging at 1000°C has a better
combination of the yield strength (o, = 550 MPa), ultimate
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g, %
Fig. 5. Stress (o) — strain (g) curves in tensile tests of steel 2507 in
various conditions: /) hot rolling; 2') hot rolling + solution treat-
ment at 1040°C for 30 min with water cooling; 3 ) hot rolling + solu-
tion treatment at 1300°C for 30 min with water cooling + isothermal
aging at 1000°C for 20 min; 4) hot rolling + solution treatment at
1040°C for 30 min with water cooling + cold deformation with 50%
reduction.

tensile strength (c,= 770 MPa) and elongation (5 =40%)
than after the solution treatment at 1040°C, which may be at-
tributed to the equiaxed morphology and lower sizes of the
ferrite and austenite grains. The hot-rolled steel subjected to
solution treatment and then cold deformed (50%) exhibits
maximum values of 6,, = 1130 MPa and o, = 1230 MPa but
minimum value of & = 10% as compared to the properties de-
tected after all the other processing variants. This is explain-
able by anisotropy of the structure in the direction of the cold
rolling and by high internal stresses.

The behavior of the stress—strain curves (Fig. 5) shows
that the steel after the cold deformation has a maximum yield
strength and a minimum elongation as compared to the pro-
perties obtained after all the other treatment variants. This is
explainable by the presence of internal stresses appearing in
the material due to the cold deformation. The ductility of the
steel after all the other treatments is higher due to the com-
posite microstructure represented by d-ferrite and austenite.
At a low strain, the d-ferrite deforms and adapts to the ap-
plied load; at a high strain, the deformed component is the
austenite. Such accommodation of the composite structure is
accompanied by elevation of the dislocation density in the
process of continuous deformation [9]. The combination of
the strength and ductility is the best in the hot-rolled steel
solution treated at 1040°C and cooled in water and in the
steel solution treated at 1300°C with water cooling and iso-
thermally aged at 1000°C (o, x &= 33.69 GPa-% and
31.15 GPa - % respectively). The results obtained show the

TABLE 1. Mechanical Properties in Tensile Tests of Steel 2507 in Various Conditions

Treatment mode Gy, , MPa G,., MPa Beq, % S5, % grP z SEA;
Homogenizing (1200°C, 45 min) + hot rolling + air cooling 640 820 21 29 24
Hot rolling + solution treatment (1040°C, 30 min) + water cooling 520 750 30 45 34
Hot rolling + solution treatment (1300°C, 30 min) + water cooling +
isothermal aging (1000°C, 20 min) + water cooling 550 770 24 40 31
Hot rolling + solution treatment (1040°C, 30 min) + 50% cold
deformation at room temperature 1130 1230 2 10 13
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Fig. 6. Fracture surface (a) and microstructure of subsurface layer (b ) in steel 2507 after hot deforma-
tion (SEM).

possibility of good formability of the steel and seem to be ex-
plainable by the transformation of the elongated/acicular
morphology of the austenite into an equiaxed morphology [9].

To determine the micromechanism of fracture of the steel
in tensile tests, we studied the fracture surfaces and surface
layers of the samples with the help of SEM. The presence of
dimples of various sizes and their depths in the hot-rolled
steel indicate a ductile fracture behavior (Fig. 6a). The
subsurface layer has microscopic voids on the austenite/fer-
rite interfaces (marked with the arrows in Fig. 6b). These
micropores stretch in the direction of the tensile load promot-
ing increase in the ductility of the steel.

After the hot deformation and 30-min solution annealing
at 1040°C, the metal fractures in a ductile manner, which can
be inferred from the dimples of various sizes and depths on
the fracture surface (Fig. 7a). In this case, the dimples are
shallower than in the hot-rolled steel, which agrees with the
elevated ductility (45%) [9]. The nucleation, growth and
merging of the microvoids at the austenite/ferrite interfaces
(Fig. 7b) develop at a very low rate, which determines the
ductile fracture behavior.

After the hot deformation and 30-min solution treatment
at 1300°C followed by 20-min aging at 1000°C, the fracture
develops chiefly by a ductile mechanism and yields dimples
of various sizes and depths distributed uniformly over the
whole of the fracture surface (Fig. 7c). The smaller sizes of
the dimples indicate an elevated ductility of the steel (40%)
[9], which is also stimulated by nucleation of microvoids
over the austenite/ferrite interfaces (Fig. 7d ), the merging of
which during the deformation enhances the fracture tough-
ness of the steel [9].

After the hot deformation, 30-min solution treatment at
1040°C and subsequent 50% cold deformation, the fracture
mechanism becomes quasi-brittle (Fig. 7e). The fracture sur-
face exhibits flat facets with several shallow dimples, which
indicate a reduced (10%) ductility [18]. The subsurface re-
gion is characterized by nucleation of voids over the auste-
nite/ferrite interfaces (Fig. 7¢). The quasi-brittle fracture af-
ter such treatment is chiefly a result of the high residual
stresses in the material due to the cold rolling, which acceler-
ate crack propagation in the tensile tests.

CONCLUSIONS

The results of the study of the effect of hot and cold de-
formation and various heat treatment modes (solution treat-
ment followed by water quenching and isothermal aging)on
the microstructure, mechanical properties and fracture be-
havior of cast duplex stainless steel 2507 (02Kh25N7M3) al-
low us to make the following conclusions.

1. The structure of the steel subjected to hot deformation
is represented by different contents of ferrite (about 55 vol.%)
and austenite (about 45 vol.%).

2. The steel exhibits a maximum strength and minimum
ductility after hot deformation, solution treatment and subse-
quent 50% cold deformation. The best combination of
strength and ductility is observed in the hot-rolled steel after
the solution treatment at 1040°C with water quenching and
after the solution treatment at 1300°C with water quenching
followed by isothermal aging at 1000°C (o, xd=
33.69 GPa - % and 31.15 GPa - % respectively).

3. All the treatment modes without subsequent cold de-
formation provide continuous yielding of the steel in tensile
tests and chiefly ductile fracture. The 50% cold deformation
applied after the hot deformation and heat treatment raises
sharply the yield strength, lowers the ductility, and causes
predominantly brittle fracture of the steel.
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