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Abstract: Due to their unique combination of properties, Super Duplex Stainless Steels (SDSSs) are
materials of choice in many industries. Their applications and markets are growing continuously,
and without any doubt, there is a great potential for further volume increase. In recent years,
intensive research has been performed on lean SDSSs improving mechanical properties exploiting
the lack of nickel to generate metastable y-austenite, resulting in transformation-induced plasticity
(TRIP) effect. In the present work, a commercial F55-UNS S32760 SDSS have been studied coupling
its microstructural features, especially secondary austenitic precipitates, and tensile properties,
after different thermal treatments. First, the investigated specimens have been undergone to a
thermal treatment solution, and then, to an annealing treatment with different holding times, in
order to simulate the common hot-forming industrial practice. The results of microstructural
investigations and mechanical testing highlight the occurrence of TRIP processes. This feature
has been related to the Magee effect, concerning the secondary austenitic precipitates nucleated via
martensitic-shear transformation.

Keywords:  steel; austenite; mechanical characterization; martensitic transformations;
phase transformation

1. Introduction

Duplex stainless steels (DSSs), and consequently, Super Duplex stainless steels (SDSSs) consist
of austenite and ferrite phases. The resultant microstructure exhibits good combinations of strength,
ductility, and corrosion resistance, since it takes advantages of the single-phase counterparts [1], with
the main difference from more common austenitic stainless steels [2,3]. The steels not only inherit the
mechanical properties of the completely ferritic or completely austenitic alloys, but they also exceed
them. A factor of economic importance is the low content of expensive nickel, usually 4-7% compared
with 10% or more in austenitic grades, as a result of which the life cycle cost of the DSSs is the lowest
in many applications [4-7]. In DSSs, the two structure components b.c.c «-ferrite and f.c.c. y-austenite
lies as crystals of the same size statistically distributed next to each other [8]. However, adjustment
of the two-phase microstructure of duplex stainless steels is complicated because a balanced phase
ratio does not only depend on alloy components [9]. Indeed, the decomposition of ferrite to austenite
can occur over a wide temperature range. This phenomenon can be understood on the basis that
the duplex structure is quenched from a higher temperature, at which the equilibrium fraction of
a-ferrite is higher. There appear to be three mechanisms by which austenite can precipitate within
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a-ferrite grains: By the eutectoid reaction, as Widmannstétten precipitates, and via a martensitic shear
process [9-11]. Martensitic transformation in solids provides an unusual mechanical behavior ranging
from the superelastic behavior typical of shape-memory alloys to non-thermoelastic behavior where
the transformation induced plasticity (TRIP) phenomenon allows the development of steels with
a good compromise between ductility and toughness [12-15]. This typical property of TRIP-aided
steels results from the strong couplings between plasticity by dislocation motion and martensitic
phase transformation through the internal stresses generated by both inelastic processes. The TRIP
mechanism is based on deformation-stimulated displacive transformation of a metastable former
phase. In such materials, the overall behavior depends deeply on the so-called chemical energy, which
leads the martensitic shear transformation. The motivation for that is twofold. First, the former phase
should be sufficiently unstable such that a transformation-induced plasticity effect is initiated upon
loading. Second, the former phase should be sufficiently stable that the TRIP effect occurs over a
wide strain regime, specifically at high strains, where strain-hardening reserves are usually more
desirable than at low strains. In order to obtain this phenomenon in DSS steels, different studies
have been recently performed; designing new alloys compositions [16-18]. The aim of this work is to
achieve the occurrence of the TRIP effect in SDSSs commercial alloys, exploiting the martensitic shear
transformation of the y-austenite within x-ferritic grains, just by tuning the proper thermal treatment.

2. Materials and Methods

This study has been performed on a commercial F55-UNS S32760 super duplex stainless steel,
which had a chemical composition, as designed by standards and measured via optical emission
spectroscopy (OES), is reported in Table 1. Samples have been drawn from a bulk ingot and
thermally treated. First, a solution thermal treatment (STT) at 1573 K (1300 °C) for 145 s/mm has
been executed, in order to erase the previous thermal and stress history of the specimens and to
provide the super-saturation of the x-ferritic matrix with y-formers elements, such as Ni, Mn, Cu,
and N. Then, an annealing thermal treatment (ATT) has been performed at 1353 K (1080 °C) for
different holding times: 36, 72, 215, 355, 710, and 1135 s/mm (Figure 1). The purpose of this heat
treatment is the supply of the energy needed to trigger the y-austenite precipitation within the
a-matrix. This temperature range grants to avoid precipitation of embrittling phases within x-ferritic
grains, such as o (Fe-Cr-Mo), x (Fe3sCr12Mo1p), and nitrides (CrN and Cr,N). Both thermal treatments
have been followed by water quench [19]. Afterwards, specimens have been machined into Round
Tension Test Specimen shapes and tensile tests have been performed; both these operations have
been executed, following the ASTM E8/E8M standard. The specimens have been treated for the
microstructural examination using Beraha'’s tint etching (5 mL H,O, 1 mL HCI, 0.06 g K,5,0s5, 0.06 g
NH4FHF). Subsequently, the samples have been analyzed via stereoscopy, optical microscopy, and
electron microscopy. The volume fraction of y-austenite within the material has been calculated
through automatic image analysis of 10 micrographs measuring 1 mm? randomly taken on the
samples, following ASTM E1245 standard. Electron microscopy has been used in order to obtain
morphological information via Secondary Electron (SEM/SE) imaging, chemical composition data
through Energy-Dispersive X-ray Spectroscopy (SEM/EDS), and crystallographic data by Electron
Backscatter Diffraction (SEM/EBSD) analysis. The beam spot has 1 pm radius. The chemical
composition data have been obtained, averaging five measures. The Electron Backscatter Diffraction
(SEM/EBSD) analysis has been calculated through the software INCA provided by Oxford Instruments
(INCA Oxford Instrument, Oxford, UK). The crystallographic data have been used to highlight the
influence of grain boundary distribution on the onset of secondary recrystallization. The presence
of special Coincidence Site Lattice (CSL) boundaries between primary and secondary grains the
development of recrystallization.
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Table 1. UNS S32760 super duplex stainless steel chemical composition (expressed in wt.%), as designed
by standards and measured via optical emission spectroscopy (OES).

Wt. %
F55-UNS S32766
Mn Si Cr Ni Mo N Cu W Fe
Designation <0.03 <1.00 <1.00 24.0-26.0 6.0-80 3040 02-03 05-1.0 05-1.0 Bal
OES measure 0.027 0.63 0.51 24.37 6.69 5.45 0.22 0.72 0.85 Bal.
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Figure 1. Diagram representing the thermal treatments parameters.
3. Results

Optical microscopy analysis of the F55-UNS 532760 super duplex stainless steel samples have
been performed after the execution of the heat treatments. The resulting microstructures of the different
specimens have been reported in Figure 2. Micrographs display different phase fraction ratios in
accordance with the different holding time of the heat treatments (Table 2).

b
b A

Figure 2. vy-Austenite content variation during isothermal annealing treatment assessed via
metallographic method and sample micrographs of each stage of UNS S32760 evolution.
The precipitation of y-austenitic nuclei, as Widmannstatten precipitates (a) and via a martensitic

shear process (b) within the x-ferritic matrix, is displayed in Reference [7].
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Table 2. vy volume fraction of the y-austenitic grains during the isothermal annealing at 1353 K

(1080 °C).
Annealing Soaking Times [s/mm] 0 36 72 215 355 710 1135
v Volume Fraction 0.36 0.49 0.54 0.40 0.54 0.41 041

Error 0.03 0.02 0.05 0.01 0.01 0.04 0.02

The scanning electron microscope through Energy-Dispersive X-ray Spectroscopy (SEM/EDS) can
investigate the chemical features of the phases belonging to the material. In particular, the way in which
alloying elements distributes inside ferrite rather than inside austenite and can be appreciated [20,21].
The most significant results of the chemical composition analysis are hence briefly reported in the
following (Table 3), considering that the concentration of each element is expressed as a percentage
by weight.

Table 3. SEM/EDX chemical analysis of the «-ferritic matrix. The profile of Ni concentration, with
the ongoing of the annealing thermal treatment, testifies the supersaturation of x-ferritic matrix with
y-formers elements, such as Ni, Mn, and Cu.

Wt.%
Fe Cr Ni Mo w Cu Mn Si

STT 1300 °C a-ferrite  60.854+0.31 24924046 623+028 5114033 0804011 090+007 0.67+032 0524019
ATT 36 s/mm a-ferrite  61.68 +0.42 23454034 498+032 7.02+028 080+012 0.88+09 061+019 058+0.17
ATT 1135s/mm  o-ferrite 63.37 2035 2324 +£041 437+027 649+022 1.08+08 054+015 051+014 040=£0.10

Specimen Area

The tensile tests results, provided in Table 4, show the interesting mechanical features typical
of SDSSs, which not only match the mechanical properties of the completely ferritic or completely
austenitic alloys, but also overcoming them. A wide strain regime, specifically at high strains (¢ > 0.15),
where strain hardening reserves are usually more desirable than at low strains, is displayed by all the
annealing treated samples, resulting in good plastic behavior [22]. These specimens all result in a good
compromise between ductility, toughness, and elastic regime properties. Thus, the best combination of
both strength and plasticity is displayed by the samples annealed treated for 36 s/mm.

Table 4. UNS 532760 tensile test results: the specimen annealed thermal treated at 1353 K (1080 °C) for
36 s/mm holding time show the best combination of elastic and plastic properties.

T?S:?:/lrl:ri] Y% oy [MPa] OMax [MPa] ER E [GPa] Eng(gi;()[r]l/);il 3
0 35.7 653 828 0.225 255 176
36 49.3 603 849 0.334 211 260
72 54.0 572 839 0.302 211 230
215 39.7 533 826 0.315 112 237
355 53.8 554 827 0.282 181 212
710 414 560 803 0.293 190 215
1135 41.3 547 824 0.300 245 226

Further, a post-mortem morphological analysis of the tensile specimens has been performed.
A visual inspection and stereoscopic analysis, as reported in Figure 3a, can highlight that all the
samples show a cup-cone fracture and surface orange peel features. These results are in a good
agreement with the highly ductile behavior observed during the tensile tests. Fully ductile fractures,
showing very high dimples densities, are observed in all the specimens via SEM/SE morphological
imaging, as reported in Figure 3b. Again, these results confirm the tensile tests data. Via optical
micrographic analysis of the fracture surface sections, different features can be observed. As shown in
Figure 3c, the crack path should be highlighted; the growing cracks appear to preferentially contour
the y-austenitic grains, or eventually, to cross them in a straightforward way. As a consequence, it can
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be pointed out that a lower cohesive strength of the « /vy interfaces, with respect to the y /vy internal
interfaces or twinning interfaces within y grains, and even more, with respect to the continuous lattice
of the grains interior. Further, as reported in Figure 3d, along the fracture surface, a greater density of
small y-austenitic nuclei within the x-matrix with respect to the un-deformed areas of the specimens
has been observed.

Finally, dislocations slip bands, generated by the great-imposed strain, became visible even
through optical microscopy, underlining the local direction of the stress field and the response of the
single grains. As expected, y-austenitic grains show a much higher density of dislocations slip bands,
testifying to the intense strain experienced preferentially by y-grains, as displayed in Figure 3e [23].

Figure 3. Post-mortem analysis of the tensile samples: stereoscopy morphological imaging of the
sample annealing treated for 355 s/mm (A), SEM/SE morphological imaging of the specimen annealing
treated for 710 s/mm (B), optical micrography of the fracture surface section of the specimen annealing
treated for 1135 s/mm (C), optical micrography of the fracture surface section of the sample annealing
treated just solution heat treated (D), and optical micrography of the fracture surface section of the
specimen annealing treated for 36 s/mm (E).

Finally, the occurrence of a transformation induced phenomenon can be definitively confirmed
by the assessment of the newly nucleation of the martensitic shear y-nuclei along dislocations slip
bands aligned to the dislocations structure via SEM/EBSD analysis, occurring after high strains have
been experienced by the material. Taking into account the infinity of possible orientations of two
grains relative to each other, some special orientations may be found. When some lattice points
of the two lattices exactly coincide, a kind of superstructure, called coincidence site lattice (CSL),
develop. The coincidence site lattice (CSL) model can be used as a standard for the characterization
of grain boundary structure for poly-crystals. The frequency of occurrence of a particular type of
CSL grain boundary is inherently associated with the newly recrystallized grains form a preferred
crystallographic orientation relative to the deformed grains. The CSL frequency occurrence has been
determined for the martensitic shear y-nuclei aligned to the dislocations structure shown in detail in
Figure 7 and for other martensitic shear y-precipitates present within un-deformed «-ferritic grains,
as reported in Figure 4. In detail, CSL boundaries £13 for f.c.c. lattices are associated to fast moving
boundaries, testifying to the occurrence of nucleation and growth phenomena [24-26].
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Figure 4. Comparison between CSL frequency occurrences of the martensitic shear y-nuclei aligned
to the dislocations structure shown in Figure 6 (a) and for other martensitic shear y-precipitates
present within un-deformed «-ferritic grains (b). The increase in CSL boundaries >13, testifying
to the occurrence of nucleation and growth phenomena, and thus, of transformation induced
plasticity phenomena.

4. Discussion

From the results of the experimental campaign, it is possible to express different considerations
pointing out the occurrence of a TRIP phenomenon during the deformation of a commercial
F55-UNS 532760 SDSS. In detail, micrographs, collected through optical microscopy, display different
microstructures in accordance to the different holding time of the heat treatments. After the solution
thermal treatments, the samples show a strong misproportion in the phases volume fraction from
the ideal 1:1. The ferritic phase has a strong increase, as reported in Table 2. Further, specimens are
featured by y-austenite grains, embedded in a-ferrite matrix, supersaturated in y-stabilizers elements,
such as Ni, Mn, Cu, and N (Table 3). A consequence of this super-saturation is the segregation
of y-stabilizers elements, resulting in y-austenite thick plates located at «-grain boundaries, which
interconnect the y-austenitic grains. Another result of the super-saturation is the presence of the early
stages of the x-intragranular y-nuclei nucleated during the cooling path; both Widmanstétten grain
boundaries saw-teeth structures and Martensitic Shear products nuclei can be detected (Figure 2) [8,27].
The annealing thermal treatment produces the precipitation of y-austenitic nuclei as Widmannstitten
precipitates and via a martensitic-shear process within the a-ferritic matrix. Further, the y-precipitates
display different sizes, which result in becoming larger with the ongoing of the annealing thermal
treatment, according to the well-known Ostwald ripening model [7,10,28,29]. The super-saturation
of the a-matrix with y-formers elements has been proven via SEM/EDX chemical analysis (Table 3).
The data show a very high nickel concentration within the a-matrix after the solution thermal treatment.
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Further, after the 36 s/mm long annealing heat treatment, the nickel concentration still results much
higher with respect to the 1135 s/mm long annealing heat treatment, which can be considered as
an equilibrium value due to such long holding time at a constant annealing temperature. Such a
strong difference in nickel concentration testifies to the residual presence of the chemical free-energy,
which leads the martensitic shear transformation from «-ferrite to y-austenite [30]. This condition
would allow further nucleation and growth phenomena of the y-austenitic precipitates, generated
by martensitic shear transformation. Since this kind of phase transformation can also be activated
at room temperature by the presence of a stress or strain field within the former lattice. Thus, the
a-ferritic matrix could act as a former phase, via a deformation-stimulated displacive martensitic shear
transformation, of a transformation induced plasticity (TRIP) phenomenon [18,21,31].

Focusing the attention on the tensile tests results reported in Table 4, the best combination of both
strength and plasticity is displayed by the samples annealed treated for 36 s/mm. In these specimens,
as shown before (Figure 2), the precipitation phenomena of the y nuclei within the a-ferritic matrix
via martensitic shear transformation have already occurred. However, since the Oswald ripening
processes have just started during the annealing thermal treatment, the y-former elements are still
enriching the a-matrix and they are still present within the a-matrix at high concentrations (Table 3).
This condition allows the material to undergo further phase transformations, suggesting, coupled
with the mechanical response in the plastic field of the other annealed treated samples, the occurrence
of a transformation induced plasticity effect. Further, combining the mechanical data with the main
microstructural feature, the austenitic phase volume fraction allows for the observation that there is
not a good correspondence between them. Moreover, no specific trends or correspondences can be
highlighted, as shown in Figure 5. Indeed, the different microstructural phase ratio deeply influences
the mechanical properties, since the two constituent phases own different micromechanical features,
but their influence acts in a complex way [32].

Different hardening mechanisms are known to act in DSSs. In keeping with the additivity law,
ferrite hardens the austenitic matrix. Additionally, DSSs usually have a fine grain microstructure,
which additionally contributed to the hardening effect, according to the Hall-Petch relationship. In the
present case, the y-precipitation within the a-matrix in both its forms leads to a grain refinement.
Moreover, SDSSs additionally harden due to the increased percentage of alloying elements, such as
chromium and molybdenum in solid solution [33,34].

While these hardening phenomena have been taken into account, again, a good correspondence
with the tensile tests results cannot be pointed out. Thus, the high mechanical response during
the tensile tests has to be investigated under a different point of view, in order to explain the
obtained results.

Regarding the data of the morphological observation of the specimens undergone to the tensile
tests, it is possible to observe other aspects featuring the behavior of this material. As shown in
Figure 3¢, the crack path preferentially contours the y-austenitic grains. As a consequence, a lower
bonding strength of the «/7y interfaces can be seen, with respect to other sites (y/y internal interfaces,
twinning, and the lattice of the grains interior). Since the extremely ductile behavior displayed by the
studied steels, this lower resistance of /vy interfaces has to be linked to two different mechanisms.
The presence of tiny particles, usually carbides or nitrides, at the grain boundaries generates the
dimples that will cause the final rupture; however, no particles have been detected, and then, this
mechanism would not be the main one involved (Figure 3b). The second possible process is intrinsically
related to the duplex structure nature: Dislocations in y-austenite pile up against the «/vy phase
boundaries and create a local stress concentration, which generates both dislocations in a-ferrite
or steps at the surface grains near the oc/y phase boundaries, which coarsen into the dimples [35].
Moreover, as reported in Figure 4d, the density and the dimensions of the small y-austenitic nuclei
within the a-matrix drastically increase along the fracture surface with respect to the un-deformed
areas of the tensile specimens. These areas are subjected to very intense strains. A much higher density
of dislocations slip bands have been generated, especially within y-grains, testifying the intense strain
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experienced preferentially by y-grains, as displayed in Figure 4e, underlining the local direction of the
stress field and the response of the single grains. Coupling these last two considerations, the definition
of the Magee effect can be obtained, which is one of the two possible causes of a transformation
induced plasticity phenomenon. This event consists in a stress-assisted nucleation or growth of
crystallographic variants, which are favorably aligned with the orientation of the applied stress, and it
may be predominant in particular for the diffusion-less martensitic shear phase transformations in
steels [32,36].
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Figure 5. UNS 532760 tensile test results combined with the evolution of the phase ratio with the
ongoing of the annealing thermal treatment. No specific trend appears; moreover, no correspondence
can be underlined.

The phase fraction ratio of the un-deformed areas of the samples and of the highly deformed area
next to the fracture surface has been evaluated via metallographical analysis, as reported in Figure 6.
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A robust increase in the y-austenite content has been measured in all the samples with a lower
phase fraction ratio than the ideal equilibrium relationship of 50:50 ferrite:austenite microstructure.
Moreover, in all the samples has been recorded a increment of the y-austenite phase ratio associated to
the diffusion-less growth martensitic shear precipitates. These increases match with a strain-assisted
nucleation and growth phenomenon described by the Magee effect, testifying to the occurrence of
a transformation induced plasticity event. Since martensitic phase transformation occurs without
diffusion through a cooperative shear movement of atoms, it is recognized that the applied, as well as
internal stresses, assist the transformation.
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Figure 6. Comparison the y-austenite phase ratio between the un-deformed and the deformed areas of
the frature surface sections of the tensile samples. The increase in y-austenite volume fraction between
the two examinated ares, in particular regarding the Martensitic Shear precipitates, testifies to the
occurrence of a strain-aided phase transformation phenomenon.

The presence of newly nucleated martensitic shear y-nuclei, as can be stated by the much lower
dimensions with respect to the other martensitic shear precipitates present nearby, along dislocations
slip bands and the alignment of these particles to the dislocations structure testify to the occurrence of
the Magee effect characteristic of TRIP effect phenomena, as reported in Figure 7.

Figure 7. Newly nucleated martensitic shear y-nuclei along dislocations slip bands and the alignment

of these particles to the dislocations structure on the fracture surface section of specimen annealing
treated for 355 s/mm at 1353 K (1080 °C), due to the Magee effect.
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Since this phenomenon is related to the ability to nucleate martensitic shear y-nuclei, it is
consequently linked to the o-matrix super-saturation in y-former elements. Thus, the greatest ductility
shown by the sample annealed for 36 min/inch at 1353 K (1080 °C) has to be attributed to its ability
to exploit the TRIP effect due to the highest x-ferritic matrix supersaturation. Moreover, as could be
expected by the relationship between the TRIP effect and the a-matrix super-saturation, there are
fewer occurrences of these processes in the samples corresponding to the maxima in the phase fraction
ratio evolution during the annealing thermal treatment at 1353 K (1080 °C) can be explained.

Further, the particular microstructural features, shown in Figure 7, evidences the strain-induced
character of the occurring martensitic shear transformations, since the lattice defects generated by the
strain act as nucleation and growth sites for the diffusion-less phase transformation. It can be confirmed
also by the fact that the strain-induced martensitic transformation owns preferential shear directions,
relative to the applied stress in just two variants accompanying the larger shear strain. Since this
transformation results to be strain-induced, it can be remarked its occurrence at high strains regimes,
where strain hardening reserves are usually more desirable [37,38]. Finally, the presence of newly
nucleation of the martensitic shear y-nuclei along dislocations slip bands can be definitively proven
by the SEM/EBSD analysis (Figure 4). Since the frequency of occurrence of CSL boundaries 213 for
f.c.c. lattices is associated to the fast moving boundaries, testifying to the occurrence of nucleation and
growth phenomena. Thus, the strong increase in CSL boundaries £13 for f.c.c. y-austenitic martensitic
shear precipitates aligned to the dislocations structure shown in Figure 7, proves the occurrence of
transformation induced plasticity phenomena [26,39].

5. Conclusions

The microstructure and deformation mechanisms of the commercial Super Duplex stainless steel
F55-UNS 532760 were analyzed and discussed, after thermal heat treatments and tensile tests. The best
combination of mechanical properties have been displayed after a solution thermal treatment at 1573 K
(1300 °C) for 145 s/mm and an annealing thermal treatment performed at 1353 K (1080 °C) for 36 s/mm
holding time. These high results have been related to the occurrence of a transformation induced
plasticity (TRIP) phenomena. This feature is generated by the Magee effect during the deformation.
In detail, it results as a strain-induced martensitic shear transformation, triggered by the high density of
lattice defects (as slip bands). Since this TRIP phenomenon results need to be strain-induced, it would
occur at high strains regimes, where it is usually more desirable. Further, these effects are observed for
the first time in commercial SDSSs, involve the martensitic shear precipitation transformation ax—y,
and occur in a favorable phase ratio range for the corrosion resistance properties. All these aspects and
easy thermal processing could grant the industrial exploitation of this phenomenon in the near future.
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