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Abstract: The impact of microstructure evolution on mechanical properties in superduplex stainless
steel UNS 532750 (EN 1.4410) was investigated. To this end, different thermomechanical treatments
were carried out in order to obtain clearly distinct duplex microstructures. Optical microscopy and
scanning electron microscopy, together with texture measurements, were used to characterize the
morphology and the preferred orientations of ferrite and austenite in all microstructures. Additionally,
the mechanical properties were assessed by tensile tests with digital image correlation. Phase
morphology was not found to significantly affect the mechanical properties and neither were phase
volume fractions within 13% of the 50/50 ratio. Austenite texture was the same combined Goss/Brass
texture regardless of thermomechanical processing, while ferrite texture was mainly described by
a-fiber orientations. Ferrite texture and average phase spacing were found to have a notable effect
on mechanical properties. One of the original microstructures of superduplex stainless steel obtained
here shows a strength improvement by the order of 120 MPa over the industrial material.

Keywords: superduplex stainless steels; thermomechanical treatment; morphology; texture; mechan-
ical properties

1. Introduction

Among the different types of stainless steel, duplex grades, which are two-phase alloys
consisting of equal volume fractions of austenite and ferrite phases in their microstructure,
provide the best compromise between mechanical properties and corrosion resistance [1-4].
These materials have attracted great interest due to their outstanding properties, which are
desirable in offshore, construction and energy generation applications [1-4]. Superduplex
stainless steel is, for instance, the material of choice for offshore rig umbilicals and for heat
exchangers in power generation.

As with any other metallic alloy, the mechanical properties of duplex stainless steel
(DSS) grades are intimately related to their microstructure [5]. Previous studies [6] proved
that thermomechanical processing, which combines heat treatments and rolling, is con-
sidered an effective approach to tailor the microstructure of DSS. In the literature, two
thermomechanical treatments can be identified: the first, as shown in Figure 1a, is based
on an industrial development [7] that consists of a succession of both hot and cold rolling
steps followed by annealing. As a result, a strongly oriented microstructure aligned along
the rolling direction is obtained.

The second treatment, as described by T. Maki et al. [6], is shown in Figure 1b. It
differs from the first process by the application of a solution treatment at high temperature
in the ferrite single-phase region after the hot rolling and annealing steps are performed,
which leads to the formation of an equiaxed microstructure.
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Figure 1. Schematic illustration of the two types of thermomechanical treatments leading to the
formation of microduplex structure in duplex stainless steel. (a) Industrial processing and (b)
thermomechanical treatment described by Maki et al. [6].

The mechanical properties of duplex steel 2205 (EN 1.4462) as a function of annealing
temperature were investigated by De Lacerda et al. [8]. In this study, duplex steel 2205
was elaborated by industrial processing with three final annealing temperatures: 1060 °C,
1200 °C and 1300 °C. It was shown that the tensile properties decrease as the annealing
temperature increases due to the variation of different factors including phase volume
fractions, grain size and nitride precipitation. This study did not consider the effects of
either morphology or texture evolution.

Two recent studies have been carried out in order to investigate the mechanical prop-
erties of superduplex stainless steel as a function of the evolution of its microstructure. In
the first work [9], the authors performed several annealing treatments at low temperatures
between 400 °C and 600 °C after the hot rolling step. It was shown that the two most
influential occurring phenomena are represented by the stress relief and the secondary
phase precipitation. In the second one [10], the effect of controlled cold rolling on the mi-
crostructure and mechanical properties of the rare earth Ce-modified superduplex stainless
steel was investigated. It is shown that with the increase in deformation, the strength of
Ce-modified superduplex stainless steel increases rapidly and the elongation decreases dra-
matically. It should be noted that in both works, the grain morphology is mainly elongated,
as well as additional phases besides ferrite and austenite being present.

The textures of the different phases obtained after the thermomechanical process-
ing can be mainly described by a rolling texture that is characteristic of cubic struc-
tures [6,11-13]. On one hand, ferrite texture is described by «-fiber orientations and
especially by the {100}<011> orientation. On the other hand, austenite texture is described
by the Goss ({011}<100>) and Brass ({011}<112>) orientations.

Hutchinson et al. [14], and Komenda and Sandstrom [15] reported anisotropic tensile
properties in duplex structure 2205 produced by rolling. They compared the mechanical
responses in different directions in the plane according to their morphologies. It was demon-
strated that the observed anisotropy is controlled mainly by the crystallographic texture,
while the morphology showed no measurable impact on the overall mechanical response.

However, there are few reports in the literature regarding the relationship between
microstructural evolution and mechanical properties in superduplex stainless steel 2507
(EN 1.4410). Those properties are a critical advantage of this alloy in its various applica-
tions over competing materials, and it is thus highly desirable to understand how these
properties can be tailored, notably through microstructure control. With this in mind, it is
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important first to understand the effect of the various microstructural parameters of the
alloy on its mechanical properties.

The objective of the present work is to investigate the impact of microstructural evo-
lution on mechanical tensile properties in flat superduplex stainless steel. To this end,
samples of the same superduplex stainless grade were treated according to a set of thermo-
mechanical schedules specifically designed to produce clearly distinct microstructures. The
crystallography, phase morphology and mechanical properties were thoroughly character-
ized. The results were analyzed to identify the relationship between the microstructural
features and the mechanical properties.

2. Experimental Procedures
2.1. Material

The material used in this study is UNS 532750 superduplex stainless steel, usually
known as 2507. It is provided by Aperam as hot-rolled, annealed and pickled (HRAP)
plates of 5.5 mm thickness, and cold-rolled (CR) or cold-rolled and annealed (CRA) sheets
of 1.5 mm thickness. The chemical composition of the material is given in Table 1.

Table 1. Chemical composition of UNS 532750 superduplex stainless steel (wt %) measured by
combustion (infrared absorption for C), combustion (conductimetry for N), and by X-ray fluorescence
for the rest.

Fe Cr Ni Mo Mn C N Other
62 26 7 3.8 0.8 0.017 0.27 <0.051

2.2. Thermomechanical Processing

The base material presented in Section 2.1 is subjected to different thermomechanical
schedules in order to produce the five microstructures on which the study is based: the
industrial microstructure (IM), the modified annealed microstructures (MAM1 & MAM?2),
the ultrafine microstructure (UM) and the equiaxed microstructure (EM).

2.2.1. Industrial and Modified Annealed Microstructures

The microstructure obtained by industrial processing is called the industrial mi-
crostructure, which corresponds to the microstructure of the final industrial product. As
described before, the industrial processing is mainly composed of five steps. The first
step is continuous casting, during which superduplex, as with all types of DSS, solidi-
fies in ferrite, followed, in the solid state, by the precipitation of austenite in the form of
Widmanstédtten patterns. In the 1370-1050 °C range, ferrite (5) and austenite (y) are the
only thermodynamically stable phases in SDSS. These temperatures are representative of
hot-rolling, i.e., conditions under which the lamellar duplex microstructure is obtained
through the plastic deformation of Widmanstatten austenite. After first annealing operation
aiming at recrystallizing this microstructure, leading to the so-called HRAP state, a cold
rolling step with 72% thickness reduction is performed, as shown in Figure 1a, providing
the CR state. The last step consists of continuous annealing to recrystallize the two phases
of SDSS and to obtain equal volume fractions, corresponding to the CRA microstructure.

From the CR microstructure, modified annealed microstructures are obtained by
applying two final annealing conditions. In this study, heat treatments at 1100 °C for 0 s
(MAM1) and at 1180 °C for 300 s (MAM?2) are carried out on a Gleeble 3500(VPG Brand),
as shown in Figure 2. The annealing treatments are carried out in air and with a heating
rate of 100 °C/s. To ensure temperature homogeneity, three equidistant thermocouples are
used during the annealing treatments, where one is placed on the center of the sample and
the two others on both sides. At the end of the treatment, the samples are water cooled to
freeze the microstructure.
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Figure 2. Final annealing treatments carried out on a Gleeble 3500 to obtain modified annealed microstructures at (a) 1100 °C
for 0 s (MAM1) and at (b) 1180 °C for 300 s (MAM?2).

2.2.2. Ultrafine and Equiaxed Microstructures

The ultrafine microstructure (UM) is elaborated according to the thermomechanical
treatment described by Maki et al. [6]. The main task is to determine the conditions
appropriate for a solution treatment and cold rolling in the case of SDSS. As shown in
Figure 3a, following the HRAP step, the sample is first solution-treated in the temperature
range of the ferrite single-phase region, i.e., above 1370 °C, and water quenched in order
to obtain supersaturated ferrite at room temperature. The solution-treated specimen is
then cold-rolled with a 90% thickness reduction, and subsequently annealed at 1100 °C
for 4 min in the ferrite + austenite two-phased region to recover the duplex microstructure
with a phase ratio close to 50/50.

) Solution treatment Solution treatment  High temperature flash annealing
S+Y T=1380°C Final annealing T=1380"C Final annealing
t=30s t=30s L 1s20c
T=1100°C t:lﬂ T=1100°C
t=4min =0 t=4min
Cold rolling Cold rolling
T=90% T=90%

Figure 3. Thermomechanical treatments used to elaborate an (a) ultrafine microstructure and (b) equiaxed microstructure
of superduplex stainless steel 2507.

As shown in Figure 3b, an additional step is added after cold rolling, which consists
of a flash annealing treatment at high temperature, 1320 °C, for 10 s, followed by water
quenching, resulting in the formation of the equiaxed microstructure.

2.3. Microstructure Characterization

The microstructures resulting from each of the above-listed thermomechanical process
are characterized on sheet cross sections (RD-ND).

Samples for light microscopy are first ground with silicon carbide papers from P320
to P2400. They are then polished using diamond pastes with particles of 3 pm then 1 pm.
They are finally etched with Beraha’s reagent, composed of 0.27g of K»5,05, 20 mL of HCI
and 100 mL of HyO, to reveal the two phases of SDSS. This etching leaves ferrite grains
in dark and austenite ones in light. The samples are observed using an Olympus DSX500
light microscope.
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Electron backscattered diffraction (EBSD, EDAX) in the scanning electron microscope
(SEM, Zeiss Ultra 55) is used to determine the crystallographic texture of both phases. In
order to improve the specimen surface quality for EBSD analysis, samples were ground and
polished, as described for light microscopy, with an additional final step of mechanochemi-
cal polishing using colloidal silica in order to remove the residual deformation or stress
resulting from mechanical polishing. The acquired EBSD maps are 2 mm long and cover
the whole thickness of the sheet samples. They were recorded in a Zeiss Ultra 55 SEM
using an EDAX EBSD detector and the following settings: voltage: 20 kV; step size: 150 nm;
acquisition speed: 250 fps.

2.4. Morphological Analyses

The aim of morphological analyses is to describe the shape evolution of both phases
across the various SDSS microstructures and to determine their volume fraction. In order
to carry out this task, the morphological measurements are performed using the public
domain programm Image] (NIH) and Aphelion software packages(ADCIS, 4.4.0). To do
so, light micrographs are binarized using the “Minimum” thresholding method before the
surface fractions of phases are measured with Image].

Two parameters are used to characterize the austenite-ferrite microstructure: the mean
chord size and weighted average Feret’s diameter. The Feret’s diameter is weighted using
the particle surface areas. The first parameter is measured with the Aphelion software
package and the second one with the Image] software package. The size of the measuring
frame is 4 mm long over the entire thickness. The chord size, which is the length of an object
intersection with the test line, is used to measure the characteristic length for both phases of
SDSS [15,16]. The measurement of the chord size in the normal direction (ND) is performed
by counting the intersections between the particles and the test grid, which consists of an
equal number of lines and pixels, determined by the length of the light micrograph. This
measurement makes it possible to calculate the layer thickness of both phases of SDSS, as
described by the ASTM E1268 standard [17]. Feret’s diameter along the rolling and normal
directions are used to characterize the austenite particles’ length and shape (aspect ratio).
To this end, after binarizing the light micrograph, the austenite particles are identified
using the “Analyze particle” macro before Feret’s diameter is measured by Image].

2.5. Tensile Tests

The mechanical characterization is carried out by tensile tests with image correlation.
The experimental device consists of a servo-hydraulic Zwick (ZwickRoell) machine with a
CCD camera (6 MPixel) pointing at the area to be observed. The tensile tests are performed
in the rolling direction at room temperature, and with displacement control, at a rate of
2 mm/min. Sample elongation is measured with a virtual extensometer using Digital
Image Correlation. GOM Correlate 2.0.1 software (GOM GmbH, ZEISS company) is used
to process the images taken during the test. The uniaxial tensile tests use rectangular
cross-section samples machined by electrical discharge machining to minimize plastic de-
formation. Their dimensions comply with ASTM 8 [18] (length = 12.5 mm, width = 3.1 mm,
1/w = 4) with thickness that varies between 0.5 and 1.5 mm. For each microstructure,
five to seven tensile tests are performed in order to ensure the reproducibility of their
strength properties.

3. Results
3.1. Microstructure Evolution

The industrial microstructure and modified annealed microstructures are strongly
oriented and aligned with the rolling direction, as shown in Figure 4. This morphology
results from the rolling processes.

A characteristic pancake microstructure is observed, consisting of flattened, widened
and elongated ferrite and austenite bands, whose mean thickness (dimension in ND) is
between 2 and 4 um. Figure 5 presents the grain maps for the industrial microstructure.
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It should be noted that the ferrite and austenite layers in microstructures of this type are
essentially one grain thick, which makes it possible to consider the layer spacing in ND as
a good approximation of the grain size.

Figure 4. Industrial (a) and modified annealed (b) 1100 °C—O0 s and (c) 1180 °C—300 s microstructures where ferrite grains
appear in dark and austenite ones in light.

Figure 5. (a) Ferrite and (b) austenite grain maps of the industrial microstructure with a minimum misorientation of 15°.

The main differences between these three microstructures are the lengths of austenite
layers, the thickness of ferrite layers and the phase volume fractions. As reported in
Table 2, an increase in the ferrite volume fraction and ferrite layers” thickness by 13% and
100%, respectively, and a decrease in the austenite layers’ length by 91% are observed with
increasing of the annealing conditions. This evolution is governed by thermodynamic
considerations and the surface energies of the interfaces and grain boundaries [19].

In the case of the ultrafine microstructure shown in Figure 6, austenite particles in the
form of relatively short bands are precipitated along and within ferrite grains, as shown in
Figure 6. As in previous cases, and as can be noticed in Figure 6, they are oriented along the
rolling direction and are one grain thick. Morphological measurements in ND show that
the mean thickness, taken as the mean chord size along ND, is about 2 pm. Furthermore,
the mean length of austenite particles measured in the rolling direction is about 40 um.

From Figure 7, the comparison between ferrite grain maps with minimum misorienta-
tion of 5° and 15° reveals a structure of subgrains in the ferrite matrix. In addition, it can
be seen that the ferrite matrix grains are much larger, about a hundred times, than in the
industrial microstructure.
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Table 2. Microstructures morphological characteristics of superduplex stainless steel.
Parameters Industrial Modified Annealed Modified Annealed Ultrafine Equiaxed
Microstructure (1100 °C—0 s) (1180 °C—300 s) Microstructure Microstructure
Ferrite volume 50% =+ 1% 49% + 1% 62% + 1% 50% =+ 1% 50% + 1%
fraction
Mean Chord
size in ND 24 +0.2 um 2.0+ 0.2 um 4.0£0.2 pm 23402 um 51+0.2 um
(ferrite)
Mean chord
size in ND 2.3+0.2 um 21+0.2 um 2.6 £0.2 um 2.0+ 0.2 um 5.0 £0.2 pum
(austenite)
Feret’s 291 + 5 um 1633 + 58 um 140 4+ 1 um 39.4 + 0.4 um 46.0 + 0.2 um
diameter in RD K K K ’ s ’ s
Aspect ratio 18+1 25+1 15+1 33+07 23+0.1

Figure 6. Ultrafine microstructure of superduplex stainless steel. Ferrite grains appear in dark and

austenite ones appear in light.

Figure 7. Ferrite grain maps with minimum misorientation of (a) 5° and (b) 15° of the ultrafine microstructure.

In order to obtain an equiaxed microstructure of SDSS, it proved necessary to modify

the thermomechanical treatment described by Maki et al. [6]. For this reason, a flash
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annealing treatment at high temperature is added after the cold rolling step. The resulting
microstructure is illustrated in Figure 8, where austenite particles in the form of equiaxed
grains are precipitated in the ferrite matrix. Morphological measurements show that the
mean length of austenite particles is about 45 pm and the mean chord size in ND measured

is about 5 um.

Figure 8. Equiaxed microstructure of superduplex stainless steel. Ferrite grains appear in dark and

austenite ones appear in light.

The ferrite matrix grains, as presented in Figure 9b, have a size similar to those of the
ultrafine microstructure but with a more equiaxed morphology. Contrary to the ultrafine
case, however, there are much fewer differences between ferrite grain maps, presented in
Figure 9, with minimum misorientations of 5° and 15°.

Figure 9. Ferrite grain maps with minimum misorientations of (a) 5° and (b) 15° of the equiaxed

microstructure.

3.2. Texture Evolution

The textures of ferritic and austenitic phases in three microstructures of SDSS—
industrial, ultrafine and equiaxed microstructures—are presented in Figures 10 and 11. It
should be noted that the texture of modified annealed is not shown here as it is highly
similar to that of the industrial microstructure. Textures appear with a marked intensity in
ferrite, mainly described by x-fiber (<110>//RD) spread from {001}<110> to {112}<110>.
Ferrite textures along o-fiber show a maximum on {001}<110> in the industrial microstruc-
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ture and on {011}<011>, {112}<110> in the equiaxed microstructure. An interesting feature
is the weakness of {111}<110> in the case of all the components of the y-fiber, which are
normally the dominating textures for BCC structures after rolling and annealing [6,12].

In the case of ultrafine microstructure, ferrite presents strong {001}<110> and {111}<011>
textures.

0° 90°
{100}<011 - L [0
{115)}<011>p afiber
{112}<011>p
l Y-fiber
{111}<011 a
{111}<112>
@ Y @, = 459 (a)
a0°

IS
~ PP O

I\
lp2=45" Max Level=8 (b)] |@2=45" MaxLlevel=8 (c)| |@2=45" Max Level=16 (d)

Figure 10. (a) Orientation distribution function section with select fibers and orientations in BCC
metals. Ferrite textures of superduplex stainless steel are presented in the same section for the
(b) industrial, (c) ultrafine and (d) equiaxed microstructures.

Cube ®4
0° P90°
o
Goss _ |
B
{011}=<211>
900! Pp=0° (a)

@
-

@2=0" Max Level=4 (b) @,=0" MaxLevel=2 (c) @,=0" Max Level=2 (d)

Figure 11. (a) Orientation distribution function section with select fibers and orientations in FCC
metals. Austenite textures of superduplex stainless steel are presented in the same section for the
(b) industrial, (c) ultrafine and (d) equiaxed microstructures.
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Austenite textures in all microstructures of SDSS, as shown in Figure 11, are mainly
described by Brass {011}<211> and Goss {011}<100> orientations. These results are in
agreement with previous studies carried out on duplex stainless steels [7,14].

3.3. Mechanical Properties

Mechanical properties for all microstructures of SDSS are characterized by uniaxial
tensile test with digital image correlation. Figure 12 shows the true stress—strain curves
obtained for the different microstructures of the study. The main mechanical properties
obtained from the engineering stress—strain curves are presented in Table 3.

5 10
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True strain (%)
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1000 _— i
— 800 A
g ]
2
— ]
2 600 -
o ]
w
L]
3 ]
= 400

] ——1100°C-0s 1180°C-300s
200 m EM
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0 — . .

20

25

Figure 12. Tensile true stress—strain curves for all microstructures of superduplex stainless steel.

Table 3. Tensile mechanical properties for all microstructures of superduplex stainless steel 2507. oyg: Offset yield stress; oyyrs:

Ultimate tensile stress; e: Uniform elongation.

Parameters Annealed State Annealed State Industrial Ultrafine Equiaxed
(1100 °C—0s) (1180 °C—300 s) Microstructure Microstructure Microstructure
oys (MPa) 710 + 13 643 + 3 653 +7 772 + 13 695+ 8
outs (MPa) 920 + 10 857 +7 952 + 12 1000 £+ 5 918 + 15
e (%) 20+ 0.9 225409 202 £0.9 165+ 1.6 17.7 £ 0.2

Mechanical properties of the industrial microstructure are characterized by a yield
stress (¢ = 0.2%) and an ultimate tensile stress of the order of 650 and 950 MPa, with
a uniform elongation of the order of 22.5%. In comparison with other microstructures,
the mechanical behavior of industrial microstructure is bounded at the top by that of
ultrafine microstructure and at the bottom by that of equiaxed microstructure and modified
annealed microstructure.

The comparison between industrial, ultrafine and equiaxed microstructures in terms
of mechanical properties shows a maximal difference of about 120 MPa regarding yield
stress, 80 MPa regarding ultimate tensile strength and 3.7% regarding uniform elongation.
In the case of modified annealed microstructure, the strength properties decrease as the
annealing conditions, time and temperature increase.

4. Discussion

The different microstructures elaborated in this study by thermomechanical treatments
show that in the case of SDSS, the implementation of the thermomechanical processing
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described by Maki et al. [6] does not allow the obtaining of an equiaxed microstructure. In
fact, the resulting microstructure is characterized by austenite particles that are oriented
along the rolling direction. This remarkable change can be attributed to the presence of
austenite after solution-treatment, as shown in Figure 13, where the austenite volume
fraction measured at the skin and at the core are 2% and 30% =+ 1%, respectively. This
amount of austenite is related to the quenching rate, which is controlled by the heat
diffusion through the thickness. On the other hand, it is worth noting that this amount is
the smallest amount possible given the capabilities of the heat treatment facilities used for
the solution treatments of the present study.

Figure 13. Microstructures of (a) the skin and (b) the core of a solution-treated sample. Ferrite grains appear in dark and

austenite ones appear in light.

The results of EBSD analyses show that in the case of microstructures obtained through
the industrial process shown in Figure 5, ferrite grain size is similar to that of austenite. In
the case of ultrafine and equiaxed microstructures, ferrite grain size is much larger than that
of austenite, as shown in Figures 7b and 9b. This difference is introduced by the solution
and flash-annealing steps, during which the absence of austenite enables rapid growth
of ferrite grains. The large difference in ferrite grain sizes observed between these two
groups of microstructures highlights the effectiveness of the duplex structure at inhibiting
grain growth.

During final annealing, the elastic energy stored in the material due to the plastic
deformation from cold rolling leads to the recrystallization of both phases of the industrial
microstructure. This is illustrated in the case of ferrite by the grain maps where changing
the minimum misorientation between grains from 5° to 15° changes little.

In the case of ultrafine microstructure, the EBSD observations presented in Figure 7
reveal a structure of subgrains in ferrite formed by recovery. As for austenite, which has
a low SFE [12,13], grains have been recrystallized. It is interesting to note that, despite
the cold-rolling reduction in the ultrafine microstructure (90%) being larger than that of
the industrial microstructure (72%), the ferrite of the former was recovered, while that of
the latter was recrystallized during the final annealing treatment, which was carried out
under the same conditions in both cases. This observation is justified by a pinning effect
due to austenite particles [6]. In fact, during the final annealing treatment in the case of
the ultrafine microstructure, it is characteristic that the recovery of deformed ferrite matrix
occurs rapidly and the subgrain structure of ferrite matrix is formed readily prior to the
precipitation of austenite phase in the earliest stage of aging. By further holding at 1100 °C,
the volume fraction of austenite is increased to about 50%. The precipitation of austenite
particles, which preferentially occurred in the subgrain structure, prevents the migration of
ferrite subgrain boundaries and, consequently, the recrystallization of ferrite.

Unlike ultrafine microstructure, the two phases of equiaxed microstructure are re-
crystallized. In the case of ferrite, this is illustrated by the grain maps shown in Figure 9,
where changing the minimum misorientation between grains from 5° to 15° changes little.
This outcome is due to the flash annealing treatment at 1320 °C where the recrystallization
of ferrite occurs in the absence of austenite precipitation. Another consequence of the
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flash annealing treatment is that the precipitation of austenite during the final annealing
treatment occurs in a recrystallized ferritic microstructure, which leads to the obtaining of
an equiaxed morphology.

It is already known in the literature [11,12] that, on the one hand, in the case of
ferritic materials, the recovery texture is described by deformation orientations which
are x-fiber orientations, especially {100}<011> and {112}<011>, while recrystallization
texture is described by y-fiber orientations, especially {111}<112>. On the other hand,
austenitic materials are likely to recrystallize and, as a result, they develop a particular
Brass Recrystallization orientation {236}<385>. In this study, and from the orientation
distribution functions shown in Figures 10 and 11, it can be seen that regardless of the
outcome of the competition between recovery and recrystallization, the textures are mainly
described by deformation orientations in all conditions. In fact, the ferrite texture in all
microstructures of SDSS is mainly described by x-fiber orientations, and one can notice
the absence of the Brass Recrystallization orientation in recrystallized austenite. All in
all, this finding means that the duplex structure influences the development of the phase
textures. As suggested in [12], texture development in austenite during annealing may be
attributed to oriented nucleation or strain induced boundary migration, which leads to
recrystallization textures similar to the deformation textures.

From tensile tests shown in Figure 12, differences in mechanical properties between
the microstructures of SDSS can be observed. In the following, an attempt is made to relate
these differences to the microstructural parameters that were observed to vary across the
microstructures, including austenite particle morphology, phase volume fraction, grain
size and texture.

The effect of morphology can be identified by comparing ultrafine and industrial
microstructures. As reported in Table 3, the strength properties of the former are higher than
those of the latter. This outcome, associated with the fact that the aspect ratio value reported
in Table 2 is much lower in the case of ultrafine than industrial microstructure, suggests that
the phase morphology of SDSS has no effect on its overall mechanical response. Indeed,
according to the Shear-lag theory [20], the flow stress of the composite (c¢) is given in the
form of:

U'fZU'a—‘r-%(TaV (1)
where 0, is the flow stress of the matrix, and V and % are the volume fraction and the
aspect ratio of the second phase. Based on Equation (1), a higher value of flow stress is
expected in the industrial microstructure rather than in the ultrafine microstructure if phase
morphology has an effect on mechanical properties in SDSS. This result is in agreement
with previous works [14,16] carried out on rolled duplex stainless steels, which show that
the phase morphology has no effect on their mechanical properties.

It is already shown in duplex steels that ferrite is the resistant phase at the beginning of
plasticity at room temperature [21,22]. Consequently, a larger ferrite volume fraction would
be expected to result in a higher yield stress. Among the microstructures studied here,
a maximum difference in ferrite fraction of 13% is found between the samples annealed
for 0 s at 1100 °C and for 300 s at 1180 °C. However, it is found that the former, contain-
ing less ferrite, is stronger than the latter. This suggests that limited variations around
the 50/50 phase fractions characteristic of DSSs have a negligible effect on mechanical
properties compared to grain size and texture.

The difference in strength properties between modified annealed microstructures,
which is about 70 MPa, can mainly attributed to grain size effect. It can be seen from this
comparison that the grain size has an important effect on strength properties of SDSS,
even with small variation. This result could be understood by the small grain size due
to the duplex structure on one side, and the high Hall-Petch coefficient of ferrite and
austenite materials on the other side. In fact, it is reported in the literature that the Hall-
Petch (MPa. mm~%?) coefficient of ferritic steel is of the order of tens [23,24]. In austenitic
material, it is less than ten, which is clearly low compared to the Hall-Petch coefficient of
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ferritic steel. However, the study carried out by Norstrom [25] on the influence of nitrogen
and grain size on yield stress in 316L austenitic stainless steel shows that the total effect of
nitrogen on yield strength is composed of two different contributions: one independent
of grain size and the other markedly dependent upon it. As seen in Table 1, SDSS 2507
contains a significant amount of nitrogen that should lead to austenite contents in excess of
0.5wt %. In fact, based on the Norstrom equation, the expected hardening according to
grain size in austenite should be of the order of 550 MPa in terms of nitrogen concentration
in SDSS, which is six times higher than without it. This value is an extrapolation, as
Norstrom’s coefficient was determined for much lower nitrogen contents, and should,
therefore, be used with caution. However, it does reveal the strong synergy between
austenite grain size and nitrogen content. However, comparing the 1180 °C—30 s modified
annealed microstructure with the slightly coarser equiaxed microstructure shows that
the latter is stronger, indicating that, on the one hand, the approximation of grain size in
coarser microstructures by average phase spacing, which is measured by chord size, is a
good way to characterize the size effect. On the other hand, it is clear that at least one other
factor measurably influences the mechanical properties, and potentially more so than the
microstructure size.

Texture characterization of all samples shows that on the one hand, the texture of
austenite, which is described by the Goss and Brass orientations, is the same in all mi-
crostructures. On the other hand, the main difference in ferrite texture lies in the intensity
of the a-fiber and {111}<011> orientation. As presented in Table 2, the ultrafine and the
1100 °C—0 s modified annealed microstructures show almost the same characteristic sizes,
but the former is noticeably stronger, as shown in Figure 12. It was noted from Figure 10
that the ferrite textures of these two microstructures are markedly different, notably with a
strong {111}<011> component in the ultrafine case that is entirely absent from the industrial
and modified annealed microstructures. Major ferrite texture differences can also be noted
in the above-mentioned case of the 1180 °C—30 s modified annealed microstructure and
the equiaxed microstructure. Again, in these cases, the {111}<011> component is found
in the stronger material, although far less so than in the ultrafine case. The equiaxed
microstructure also shows a stronger {112}<011> component than that in the industrial and
modified cases.

Critical resolved stress shear (CRSS) calculations for ferrite oriented as {100}<011>,
{112}<011> and as {111}<011> show that the active slip systems present similar Schmid fac-
tors in both cases. This implies that it is not ferrite texture alone but its varying interaction
with austenite that leads to pronounced changes in mechanical properties, as suggested by
Hutchinson et al. [14].

Finally, it is worth noting that differences in the microstructural features of SDSS,
induced by thermomechanical processing, can lead to a strength improvement of the order
of 120 MPa over the industrial microstructure. The associated loss in ductility remains
limited, with a minimum uniform elongation of 16.5%.

5. Conclusions

The effect of microstructural evolution on mechanical properties was investigated in
superduplex stainless steel UNS 532750.

In order to modify the microstructure of SDSS, three main thermomechanical schedules
were carried out to generate different morphologies ranging from banded to equiaxed.

In all conditions, austenite was recrystallized and showed a combined Brass/Goss
texture. Ferrite was either recrystallized or recovered and displayed a texture with « and y
fibers of varying intensities. The main difference in ferrite texture lies in the intensity of the
two orientations, {100}<011> and {111}<011>.

The studied SDSS microstructures have clearly different morphologies. In particular,
the aspect ratio values for austenite particles vary between 2 and 25. Despite these signifi-
cant morphological differences, the average phase spacing of all microstructures measured
is less than 5 um.
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It was observed that the insertion of a high-temperature annealing step in the thermo-
mechanical schedule, where the austenite volume fraction is reduced to a few percent, leads
to a large ferrite grain size. The large difference between the materials where the austenite
fraction remained high and those where it was almost entirely dissolved highlights the
effectiveness of the duplex structure in the inhibition of grain growth.

Comparison of the mechanical properties of the different microstructures revealed
that the two microstructural parameters that have the strongest effect on tensile strength
are ferrite texture and average phase spacing.

One of the original microstructures of SDSS obtained here showed enhanced strength
compared to the industrial material with limited ductility loss, suggesting that SDSS
thermomechanical processing can be tuned to tailor the properties of the resulting material.
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