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Chromium nitrides precipitation in a W-alloyed superduplex stainless steel grade UNS S39274 was studied.
A microstructure of ferrite, austenite and quenched-in nitrides was produced by solution treatment at
1150 °C followed by water quenching. Although the ferrite to austenite ratio was close to 1:1 after solution
treatment, the steel contained a high density of chromium nitrides in the ferrite phase. This intense pre-
cipitation could be detected by optical microscopy (LOM), scanning electron microscopy (SEM) and atom
force microscopy. Different features were observed comparing specimens electrolytically etched with
40%HNO; solution and with 10% oxalic acid solution. The nitrides were also investigated by transmission
electron microscopy (TEM), where two types of chromium nitrides were observed: larger CrN/Cr,N
particles and needle-like nanosized CrN particles. The larger nitrides were those observed by SEM and
LOM. The nanosized nitrides could only be studied by TEM, where three variants of nanosized precipitates
named V1, V2 and V3 were identified. They were found to be coherent with the ferritic matrix and respects
the Baker—Nutting orientation relationship with ferrite ((100)c,n/(100);5—ge; [110]cn/1001]5—-Fge). These fine
precipitates provoke pinning of dislocations which is responsible for some hardening of the ferrite phase.
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1. Introduction

Duplex (DSSs) and superduplex stainless steels (SDSSs) are
corrosion resistant alloys selected for uses in harsh conditions
(Ref 1, 2). The UNS S39274 grade is a W-alloyed 25%Cr-
7%Ni SDSS with pitting resistant equivalent (PREW, (Ref 3))
higher than 40. Cr, Mo, W and N additions provide high
resistance to localized corrosion, but the effects of these
elements are reduced if they are not completely dissolved in
ferritic and austenitic phases.

Nitrogen addition was introduced in austenitic-ferritic steels
in the 1970 s, creating the so-called second generation of DSSs
(Ref 1). Since that time, the alloys contain nitrogen additions
with three main functions: improve the mechanical resistance
by solid solution strengthening of austenite; increase the
localized corrosion resistance; and act as austenitizing element
to obtain a ferrite : austenite proportion close to 1:1 (Ref 4-6).

The chromium nitrides precipitation can occur in modern
austenitic-ferritic steels when heated between 700 and 900 °C
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(Ref 7, 8). In this case, nitrides precipitate with other
deleterious phases, such as the intermetallic phases chi (y)
and sigma (¢). Despite the difficulty to separate the effects of
the different phases, a study of Sathirachinda et al. (Ref 9)
measured the Volta potential of phases precipitated at 800 °C in
DSS 2205 and SDSS 2507, and found that Cr,N is nobler than
sigma and austenite phases. However, Cr,N precipitation
creates an adjacent Cr-depleted zone, as determined by
computational simulation in the work of Petterson et al. (Ref
10).

Chromium nitrides can also precipitate when the steel is
heated to elevated temperatures and rapidly cooled. In this case
they are called quenched-in nitrides (Ref 11). Knyazeva and
Pohl (Ref 12) claims that the quenched-in nitrides are
metastable CrN, and that the precipitation of these particles
cannot be suppressed even at cooling rates as high as 2500 °C/
s. Also, according to these authors, the Cr,N precipitates in
isothermal annealing in the interval of 550-1000 °C, and has
low coherency with the ferrite and austenite phases.

In a recent work of our group (Ref 13), it was found that the
increase of solution treatment temperature from 1050 to
1150 °C caused the increase of quenched in nitrides in the
ferrite phase of a UNS S39274 steel, with consequences on the
corrosion resistance of the alloy. This material is relatively new
and much less investigated than the more usual SDSS grades
UNS 832750 and S32760. In particular, there is a lack of
information about the type, size and morphology of nitrides
precipitated in the UNS S39274.

In the present work, chromium nitride precipitation in the
same steel solution treated at 1150 °C was investigated by
optical microscopy (LOM), scanning electron microscopy
(SEM), atomic force microscopy (AFM) and transmission
electron microscopy (TEM). The main objective was to
characterize the nitrides particles and to show how they are
revealed by different etching procedures and techniques.
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2. Experimental

The chemical composition of the UNS S39274 SDSS
investigated is presented in Table 1.

Specimens of 15 x 15 x 10 mm of the steel were solution
treated at 1150 °C for 1 h and water quenched. Specimens for
light optical microscopy (LOM), scanning electron microscopy
(SEM), and atomic force microscopy (AFM) were prepared by
grinding and polishing with diamond pastes (6, 3 and 1 um)
and different electrolytic etchings. The ferrite and austenite
were measured by LOM quantitative metallography on spec-
imens etched with Behara’s solution (80 ml H,O, 20 ml HCI,
0.3 g potassium metabisulfite). The austenite/ferrite quantifica-
tion was performed with Image J software (Ref 14) analyzing
20 image fields. Electrolytic etchings with 10% oxalic acid
solution (8 V, 60 s) and with 40%HNOs5 solution (2-3 V, 60 s)
were used to prepare specimens for nitrides investigation by
LOM, SEM and AFM. The three etchants used are cited in
ASTM E-407-15 (Ref 15), but some modifications in solutions
compositions, voltage and time of exposition were performed to
optimize the results.

The TEM investigations were performed using a Philips
CM20 transmission electron microscope operating at 200 kV.
The thin foils were prepared by twin-jet electropolishing in a
chemical solution of 10% perchloric acid, 20% glycerin and
70% ethanol at 25 V and — 30 °C.

In addition to microstructural analyzes, Vickers microhard-
ness of austenite and ferrite phases were measured with a load
of 0.245N (25 gf). Vickers hardness with load 10kgf was also
measured.

3. Results and Discussion

Figure 1 shows the LOM image of the specimen solution
treated at 1150 °C with ferrite (dark) and austenite (light)
elongated in the rolling direction. After the solution treatment,
the steel presented a microstructure with (51.3 £ 4.9)% of
austenite and (48.7 & 4.9)% of ferrite, as determined with
Image J software.

The Vickers microhardness of ferrite and austenite phases is
(273 £ 11) HVO0.025 and (246 £ 10) HV0.025, respectively.
The Vickers hardness measured with load 10 kgf was
(279.4 £ 1.7) HV10, which corresponds to approximately
265 HBN, hence in accordance to the specification ASTM
A790-22 for the solution treated UNS S39274 steel (Ref 16).

Figure 2(a-d) shows the microstructure of specimens etched
with 40%HNOj; solution (2-3 V, 60 s) and observed by SEM.
Coarse chromium nitride particles were revealed in the ferrite
phase, as observed with secondary electrons image (Fig. 2a-c)
and backscattered electrons image (Fig. 2d). In Fig. 2(c) and (d)
the particles appear like randomly oriented lamellae. It is worth
noting that, even having an austenite content close to 50%,
which is considered the optimum balance, the UNS S39274

Table 1 Chemical composition (wt.%) of UNS S39274 studied

steel studied has a high density of nitrides as result to the
solution treatment at 1150 °C.

The etching with 10% oxalic acid solution (8 V, 60 s)
provoked intense attack of the ferrite phase where the nitrides
precipitated, creating numerous holes or dimples, as it can be
observed on SEM images from Fig. 3(a-d). Ferrite grain and
sub-grain boundaries were also attacked.

Fig. 4(a-b) shows comparatively how the microstructures
revealed by etching with 40%HNO; (3 V, 30 s) and with 10%
oxalic acid solutions (8 V, 60 s) are observed by LOM. The
intensity of the attack depends on the parameters of electrolytic
etching, such as voltage and etching time. The increase of these
two parameters intensifies the attack around nitrides and
carbides (Ref 13).

When the microstructures are observed by Atomic Force
Microscopy (AFM), it is possible to see that the etching with
40% HNOj; corrodes more the ferrite phase than the austenite
(Fig. 5a-b). Also, the 3-D images show the lamellac of
chromium nitrides inside the ferrite, and the topography
suggests that they were much less corroded by the etching
than ferrite. On the other hand, the AFM analysis of the
specimen etched with 10% acid oxalic solution (Fig. 5c-d)
shows that austenite is preferentially corroded, and that several
pits are present in ferrite due to the chromium nitrides.

The bright-field TEM images of Figure 6(a-d) show that
within the ferrite grains, precipitates of 2 different sizes are
observed: nanosized precipitates as well as coarser precipitates.
The coexistence of 2 kind of precipitates was already reported
by Pettersson et al. (Ref 17) in a SDSS UNS S32750. The
coarser precipitates are shown in detail on Fig. 6(c-d). The
morphology and size are compatible with the lamellae precip-
itates observed by SEM and AFM in specimens etched with
40%HNO3;. Pettersson et al. (Ref 17) identified the coarser
precipitates as a mixture of Cr,N and CrN.

The nanosized particles were investigated in more detail.
TEM bright-field image (Fig. 7a) reveals three variants of
nanosized precipitates named V1, V2 and V3. To our knowl-
edge, this observation has never been mentioned in the
literature for superduplex stainless steels but is well docu-

Fig. 1 LOM image of specimen solution treated at 1150 °C
(Behara’s etching)

C Cr Ni Mo

W S P N Fe

0.028 24.79 6.600 3.220

1.750 0.002 0.017 0.255 Bal.
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Fig. 2 SEM images of the specimen etched with 40% HNO; solution (electrolytic, 3 V, 30 s): (a-c) secondary electrons image (d)
backscattered electrons image
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Fig. 3 SEM images of the specimen etched with 10% oxalic acid solution (electrolytic, 8 V, 60 s): (a-c) secondary electrons image (d)
backscattered electrons image
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Fig. 4 LOM images of specimens etched with electrolytic etching
with: (a) 40%HNO3 solution and (b) 10% oxalic acid solution

mented for nitrided ferritic steels (Ref 18-20). In a nitrided
layer, three CrN variants, orthogonal to each other, coexist and
respect the Baker—Nutting orientation relationship (OR) with
ferrite:

(IOO)CrN//(IOO)d—Fe; [llo]CrN//[OOHd—Fe

The Baker—Nutting (B—N) relation has been previously
observed in the plasma-nitrided layer of a ferritic Fe-18%Cr
steel, among with other ORs, such as Kurdjumov—Sachs (K-S)
and Nishyiama—Wassermann (N-W) (Ref 20). The ORs
between CrN and a-bcc phase were also investigated by
TEM in austenitic stainless steels submitted to nitriding, but
only K-S and N-W ORs were reported (Ref 21, 22).

The B-N orientation relationship matches rather closely the
atomic positions within the habit plane, but induces a strong
misfit in the perpendicular direction, leading to needle-like or
disc-like morphologies for the precipitates (Ref 23).

On Fig. 7(a), variants 1 and 2 appear as rods, whereas
variant 3 appears as points. This indicates that the CrN
precipitates have a needle-like morphology. Moreover, the
comparison of the bright-field image with the electron diffrac-
tion pattern (Fig. 7b) of the same region reveals that the CrN
needles are orthogonal to each other and parallel to ferrite 100
direction. Variant 1 is parallel to the ferrite [100] direction,
whereas variant 2 is parallel to the ferrite [010] direction.
Variant 3 appears as a point on the TEM bright-field image and,
thus, is perpendicular to the thin foil and parallel to the [001]
ferrite zone axis.

Figure 8 shows some dislocations pinned by fine CrN
precipitates. The lengths of the needles are smaller than
100 nm. The « coffee-bean contrast » observed in ferrite
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Fig. 5 3D AFM images: (a) General view and (b) Ferrite phase
and nitrides in specimen etched with 10%HNO5 solution (3 V, 30 s);
(c-d) Specimen etched with 10% oxalic acid solution (9 V, 60 s)
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Fig. 6 Bright-field TEM images: (a-b) coarse and fine nitride particles, identified by arrows and circles, respectively; (c-d) coarse CroN/CrN

particles in detail

regions adjacent to CrN precipitates is due to the strain field
induced by the coherency of the interface between ferrite and
CrN precipitate.

The fact of ferrite is harder than austenite in the steel studied
is curious because it was not observed in other steels. In duplex
UNS S32205 and superduplex UNS S32750 steels, the
austenite was harder than ferrite, and this was attributed to
the effect of solid solution hardening by nitrogen in the
austenite (Ref. 8). However, in the UNS S39274 the high
density of nitrides found in the ferrite makes believe that there
is less nitrogen in austenite and its effect of hardening this
phase by solid solution is somewhat decreased, when compared
to the other steels. On the other hand, coherent precipitation of
nanosized precipitates with respect to the ferritic matrix can
also contribute to explain the higher microhardness of ferrite
compared to austenite in the material solution treated at
1150 °C.

The ferrite phase was also harder than the austenite phase in
samples solution treated at 1100 and 1050 °C (Ref 13).
However, the increase of the solution treatment temperature
caused a decrease of microhardness of ferrite, which is an
unexpected result, since the Cr nitrides density was raised (Ref
13). Further investigation with specimens treated at 1050 and
1100 °C is necessary to understand this behavior.

6690—Volume 33(13) July 2024

4, Conclusion

Specimens of UNS S39274 superduplex stainless steel were
solution treated at 1150 °C followed by water cooling, and
presented a microstructure of 51.3% of austenite, 48.7% of
ferrite, and chromium nitrides precipitated in the ferrite phase.
Two sizes and morphologies of chromium nitrides were
observed by TEM: nanosized precipitates and coarser lamellar
precipitates. These last ones were also observed by SEM in
specimens electrolytically etched with 40%HNO; solution
(3V, 30s). The AFM analysis revealed that this etching
caused a corrosion of ferrite and preserved austenite, while the
lamellar nitrides inside the ferrite were highlighted. Etching
with 10% acid oxalic solution indirectly revealed the presence
of nitrides causing micro-pitting and intergranular attack of the
ferrite phase, as observed by SEM and AFM. Nanosized CrN
precipitates were only observed by TEM. These are needle-like
particles, with less than 100 nm of length. They were found to
be coherent with the ferritic matrix and respect the Baker—
Nutting orientation relationship with ferrite: ((100)cn//
(100)5_gc; [110]cav/1001]5_Fc).
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Data Availability

The raw/processed data required to reproduce these findings
can be shared under demand.
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