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HIGHLIGHTS

e New composite duplex stainless steels were developed by spark plasma sintering.
o Different mass fractions of austenitic and ferritic powders were blended.

e Martensite forms at the austenite/ferrite interfaces in sintered steels.

e Chromium and nickel diffusion affect the width of the martensitic regions.

o The size of ferritic and austenitic domains corresponds to powders’ particles size.

ARTICLE INFO ABSTRACT
Keywords: This study focuses on the elaboration of duplex stainless steels (DSS) from powder mixtures using spark plasma
Powder metallurgy sintering (SPS). Different mass fractions of an austenitic 316L powder and a ferritic 410L one were blended and

Duplex stainless steels
Spark plasma sintering
Phase transformation

then sintered by SPS. Microstructural characterizations of the sintered samples obtained from different powder
mixtures were performed. They were coupled with marking experiments of the powder particles’ surface. The
results showed the formation of martensite within the ferritic powder and at the austenite/ferrite interfaces,
following two different mechanisms. In addition, it was found that the width of the martensitic regions is mainly
influenced by the diffusion of Cr and Ni from the austenitic to the ferritic powder during sintering. The char-
acterizations revealed that the originality of this approach lies in the particular microstructure obtained after
sintering. The characteristic size of the ferritic and austenitic domains in the final material is that of the initial
powder particles (up to some hundred microns). Moreover, each domain is formed by equiaxed and isotropic
grains, having a size ranging from some microns to some tens of microns. This particular microstructure justifies
the use of the term “composite duplex stainless steels” (COMPLEX) for this kind of new DSS.

1. Introduction austenitic steels [2,3]. Contemporary DSS exhibit a mixed microstruc-
ture with approximately equal volume fractions of ferrite and austenite.

In 1927, Bain and Griffiths documented the discovery of a duplex This particular microstructure combines the advantages of both
microstructure in iron-chromium-nickel alloys [1]. The first duplex austenitic and ferritic stainless steels, thus creating a corrosion-resistant
stainless steels (DSS) were elaborated in 1930 in Sweden and used in the material while providing excellent mechanical strength [3,4,6,7]. The
sulfite paper industry [2-5]. These steels were developed to address lower content of costly nickel in DSS compared to austenitic steels offers
intergranular corrosion issues, commonly encountered in high-carbon similar protection against pitting and crevice corrosion [4,6,8]. Thanks
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to the well-balanced mechanical properties, corrosion resistance, and
economic advantages compared to austenitic stainless steels, the use of
DSS in the industry has increased since their discovery. DSS are widely
used in many marine and petrochemical applications due to their high
resistance to chloride-induced corrosion [4,8]. They are also found in
the nuclear, oil and gas, chemical processes, mineral processing, civil
and structural engineering industries [4,9]. The manufacturing of DSS
with conventional methods such as forging or rolling, requires a tight
control of the chemical composition and the temperature. Indeed, phase
transformations occurring in DSS can give rise to undesirable brittle
phases such as sigma phase, chromium carbides, and nitrides, which can
decrease the ductility and the corrosion resistance [3,7,8]. Powder
metallurgy (PM) processes, especially pressure-assisted sintering tech-
niques such as spark plasma sintering (SPS) and hot isostatic pressing
(HIP), represent alternative and innovative methods for the develop-
ment of new materials with controlled microstructure and chemical
composition. One strategy consists, for example, in mixing powders of
different natures to independently control the chemical composition and
phase proportions in the final material [10,11]. This is not achievable
with conventional elaboration methods. In such techniques the phase
equilibrium diagram and the lever rule impose a relationship between
the chemical composition and phase proportions in a solid material. The
homogenous and fine microstructures achieved through PM
manufacturing processes contribute to improving the properties of the
final material [12]. Moreover, pressure-assisted sintering techniques
allow the elaboration of near-net-shape parts, even with complex
shapes. In addition, due to the high heating and cooling rates achieved
especially during SPS [13], the precipitation of brittle phases (sigma
phase, carbides, and nitrides) can often be reduced [12,14,15].

Different approaches are reported in the literature to elaborate DSS
from metal powders. Dobrzanski et al. [16] used, as starting materials,
316L or 410L powders mixed with varying amounts of pure elements
such as Ni, Mo, and Cu. The blends were sintered in a vacuum furnace
with argon backfilling at 1260 °C for 1 h. They compared the results to
those obtained from a blend of 410L and 316L in a 1:1 ratio. They found
that the addition of pure elements in the blends leads to lower me-
chanical properties compared to DSS obtained by mixing a ferritic and
an austenitic powder in equal fractions. Other authors sintered mixtures
of ferritic and austenitic powders by pressure-assisted sintering tech-
niques such as SPS [17,18], HIP [17,19,20], and field-assisted hot
pressing (FAHP) [12]. They all observed, after sintering, the formation
of a fine martensite-like microstructure at the austenite/ferrite in-
terfaces. Because of the elementary diffusion due to the use of powders
of different chemical compositions, this fine microstructure presents a
varying chemical composition [12,17-20]. Finally, Ardigo-Besnard et al.
[21] obtained an austenitic-ferritic stainless steel starting from 316L
powders coated by a thin chromium layer deposited by physical vapor
deposition (PVD) technique and then consolidated by SPS.

In the present study, SPS was used to elaborate DSS by mixing
austenitic 316L and ferritic 410L powders, whose mass fractions range
from 10 to 90 %. The selection of SPS as the manufacturing method was
motivated by the possibility of elaborating samples in a time-efficient
manner due to its rapid heating and cooling rates. Moreover, the for-
mation of undesired phases is limited. Diffusion mechanisms and phase
transformations occurring during sintering were investigated and
correlated to the final observed microstructures. In addition, an inno-
vative approach based on the use of marked 410L powder particles has
been employed to identify the initial austenite/ferrite interfaces.

2. Materials and methods
2.1. Raw materials and sintering conditions
The austenitic 316L and ferritic 410L powders were supplied by

Aubert & Duval and MP Tech International, respectively. They were
both produced by argon atomization. Their chemical composition is
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Table 1
Chemical composition of 316L and 410L powders.
Element (wt. C Cr Ni Mo Mn Si (0] Fe
%)
316L <0.02 17.7 11.9 2.44 1.88 0.83 0.02 Bal.
410L <0.02 12.6 0.17 - 0.28 0.35 <0.01 Bal.
Table 2

Mass fractions of powder mixtures.

Mass fraction (%)

410L 0 10 25 50 75 90 100
316L 100 90 75 50 25 10 0
ID sample 0-100 10-90 25-75 50-50 75-25 90-10 100-0

reported in Table 1. Particle size ranges from 0 up to 500 pm for the 316L
powder, and from 45 up to 150 pm for the 410L one.

The powders were sintered using an HPD-125 apparatus (FCT Sys-
teme GmbH). Powders were consolidated under vacuum (0.3 mbar),
using a cylindrical graphite die with an inner diameter of 60 mm. The
obtained cylindrical pellets were 10 mm in height. The sintering process
was performed with a heating rate of 50 °C/min from the ambient
temperature up to 1100 °C. The heating step was followed by a dwell
time of 15 min at 1100 °C, and a holding pressure of 70 MPa. The
samples were naturally cooled (approximately 40 °C.min"" from 1100
down to 600 °C and 20C min~! from 600 down to 400 °C). Firstly, the
austenitic and ferritic powders were individually sintered. Then, five
powder mixtures containing different austenite/ferrite mass fractions, as
indicated in Table 2, were prepared. The powders underwent an 8-h
mixing process in a Turbula© mixer before sintering. This process en-
sures homogenization and prevent particle agglomeration which is
known to hinder densification during the sintering [22].

The sintered samples were cut into pieces of 10 mm x 10 mm x 5 mm
for X-ray diffraction (XRD), hardness measurements, and microstruc-
tural observations. Square bars of 20 mm x 5 mm x 5 mm were core-cut
for dilatometric tests. For microstructural observations, the powders and
the sintered samples were polished with SiC papers (down to 1200 grit),
diamond paste (down to 1 pm), and colloidal silica (0.03 pm). Additional
superfinishing steps were performed with vibratory polishing for 4 h
using the Buehler Vibromet 2, followed by 15 min of ionic polishing
using the Hitachi IM4000.

2.2. Characterization methods

Phase identification in powders and sintered samples was performed
by X-ray diffraction (XRD) using a Bruker D8-A25 diffractometer with
Cu Ka radiation (A = 0.154056 nm). Phase quantification was performed
by the Rietveld method. Microstructural examinations of both powders
and sintered samples were conducted using a JEOL JSM-7600F scanning
electron microscope (SEM) equipped with a field emission gun (FEG)
and coupled with an energy-dispersive X-ray spectrometer (EDS).
Elemental EDS analyses and profiles were performed at 15 kV. Phase and
orientation maps were generated by electron backscattered diffraction
(EBSD) analyses. EBSD measurements were carried out with a JEOL
JSM-7600F SEM with an accelerating voltage of 20 kV. The SEM was
coupled with an EDAX-TSL acquisition system featuring a Digiview V
camera. Transmission electron microscopy (TEM) was used to charac-
terize the microstructures of samples at the nanometric scale. A thin
cross-section was taken from a sintered sample by focused ion beam
(FIB), using a Thermo Fischer HeliosNanoLab 600i apparatus and gal-
lium ions. TEM characterizations were performed with a JEOL JEM-
2100F operating at an accelerating voltage of 200 kV.

Phase transformations were investigated through dilatometry tests.
The sintered samples were heated up to 1100 °C, held at this tempera-
ture for 20 min, and then cooled at a rate of 16 °C/min. The dilatometer
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Cellular structure

Fig. 1. 316L powder particles: (a)-(b) backscattered electron images; (c) cross section.

used was a L75 platinum series supplied by Linseis. Data processing was
carried out with Linseis TA evaluation software.

Tantalum coating on 410L powder particles was synthesized by a DC
magnetron sputtering system using a circular (50.8 mm in diameter, 6
mm thick) tantalum metallic target (purity 99.99 %). The powder was
continuously stirred in a dedicated reactor during deposition to ensure a
complete covering of each individual particle. Before deposition, the
chamber was pumped down to reach a residual pressure of 3.5¢10~° Pa.
A DC Ar etching was performed at 3 Pa, and the deposition took place at
1.3 Pa to achieve an expected film thickness of around 80 nm.

100 pm

EE Ferrite I Austenite

3. Results and discussion
3.1. Powders characterizations before sintering

3.1.1. 316L

316L powder particles are almost spherical, as shown in Fig. 1 (a). A
significant number of satellites can be observed mainly on larger par-
ticles” surface. These satellites are the results of the collisions between
partially solidified particles in the spray chamber during the atomization
process [23-26]. Fritsching [27] and Achelis et al. [28] explained that
these satellite particles are due to the re-circulation of fine particles

Fig. 2. EBSD maps of 316L powder particles: (a) phases and (b) orientations.
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Fig. 3. 410L powder particles: (a)-(b) backscattered electron images; (c) cross section.

within the gas streams inside the spray chamber, promoting particle
contact through surface tension. It is reported in the literature that
satellite particles negatively impact the compactness and flow of pow-
ders [25,29,30].

At the microstructural level, the 316L powder presents a cellular and
a so-called “dendrite fragments” structure [31] (Fig. 1 (b)). The cellular
structure can be easily identified in the cross-section observation (Fig. 1
(c)). The microstructure of the powders strongly depends on the atom-
ization process, the nature of the heterogeneous nucleation in the
molten metal, and the subcooling of the droplets [31,32]. Grgac et al.
[31] studied the microstructure of a Ch12MF4 steel (2.37 wt% C, 12.06
wt% Cr, 1.2 wt% Mo and 4.0 wt% V) during non-equilibrium solidifi-
cation of liquid metal drops. They found that the final microstructure is
determined by the thermodynamic and thermokinetic conditions during
cooling. The dendritic microstructure would result from rapid cooling,
while during slow cooling the cellular microstructure is favored. On the

I Ferrite

contrary, Pengjun et al. [23] demonstrated that during gas atomization
(using argon and nitrogen) of a nickel-based superalloy, a cellular
microstructure is favored when rapid cooling rates are employed.
Similarly, Kumar et al. [33] observed that in a Ni-based superalloy a
cellular microstructure is obtained for small-sized grains where heat
transfer is rapid, resulting in a fast cooling rate. Although the formation
of cellular and “dendrite fragments” structures remains controversial, it
is evident that the variations in morphology and microstructure
observed within 316L powder particles are directly influenced by the
atomization process.

The XRD analysis carried out on the 316L powder (see supplemen-
tary materials S1) reveals that it contains 97 % austenite (face-centered
cubic structure, f.c.c.; PDF 04-002-1864) and 3 % residual ferrite (body-
centered cubic structure, b.c.c.; PDF 04-004-6353), which is typical of
316 steels. The EBSD phase map (Fig. 2 (a)) confirms these results. The
EBSD orientation map (Fig. 2 (b)) shows polycrystalline particles with

Fig. 4. EBSD maps of 410L powder particles: (a) phases and (b) orientations.
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equiaxed grains and random orientations. A greater grain density is
observed in larger particles, due to multiple dendrite nucleation sites,
unlike smaller particles [33]. In addition, larger particles present finer
grains. According to Kumar et al. [33], this phenomenon can be attrib-
uted to a higher probability of dendrite remelting during the reca-
lescence phase. This subsequently leads to their fragmentation and
results in grain refinement. Satellite particles exhibit a fine-grained
microstructure similar to the particles they are attached to.

3.1.2. 410L

410L powder particles are almost spherical and regular, with a
smooth surface (Fig. 3 (a)). The sphericity of particles is influenced by
the spherization and solidification time [23]. When the spherization
time is shorter than the solidification time, particles tend to adopt a
regular shape and a smooth surface, as observed in the present study for
the 410L powder [23]. The spherization time t; (s) is given by Ref. [23]:

ty=(3.x.V.0).0*.(d} - d3) €))

where py, is the viscosity of the liquid metal (Pa.s), V the volume of the
drop (m®), d; and dj the diameters of the drop respectively before and
aftelr spherization (m) and o the surface tension of the liquid metal (N.
m ).

This equation illustrates that the spherization time increases with the
particles’ diameter. Consequently, 410L particles are more likely to have
a spherical shape compared to 316L ones. 410L powder particles also
contain defects, notably splat-caps (Fig. 3 (b)), which form when a liquid
drop spreads on the surface of a particle completely solidified [26,33].
Cross-section observations (Fig. 3 (c)) show that some particles have a
cellular microstructure with equiaxed grains, and some others seem to
be monocrystalline.

XRD analysis (see supplementary material S1) reveals that the 410L
powder is fully ferritic (PDF 04-004-6353). This result is confirmed by
the EBSD phase map (Fig. 4 (a)). The EBSD orientation map (Fig. 4 (b))
shows the existence of both monocrystalline and polycrystalline parti-
cles with random grain orientations, confirming cross-section observa-
tions. Unlike 316L, 410L powder particles have a low grain density.
Moreover, these grains are larger compared to the ones observed in the
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using TCFE12 (Thermo-Calc steel and Fe-alloys) database.

316L powder. This microstructure is probably due to the reduced
amount of available nucleation sites within the fine particles during the
grain formation process [33].

3.2. Individually sintered powders

3.2.1. 316L

The core-microstructure of the sintered 316L is shown in Fig. 5 (a). It
is composed of equiaxed grains and twins, as commonly observed for f.c.
c. materials. This fine microstructure is in agreement with previous
studies performed on 316L elaborated by SPS under similar experi-
mental conditions [34,35]. Moreover, the comparison with these works
confirmed that the sintering parameters used in the present study
(1100 °C - 75 MPa) ensure optimal densification. The black spots
correspond to either porosities or oxides. The XRD analysis (see sup-
plementary material S2) indicates the exclusive presence of austenite
(PDF 04-002-1864). On the other hand, the calculated isopleth section of
316L as a function of Ni mass-fraction (Fig. 5 (b)) predicts the presence
of mere austenite at the sintering temperature (1100 °C), and of

austenite, ferrite, My3Cs-type carbides and ¢ phase below 600 °C. These
differences between thermodynamic calculations and experimental re-
sults can be attributed to the fact that SPS is a non-equilibrium process. It
is reasonable to suppose that the cooling rate during SPS is high enough
to preserve at room temperature the f.c.c. phase formed at 1100 °C.

The EBSD phase map confirms the presence of mere austenite with a
random grain orientation (see supplementary material S3 (a) phases and
(b) orientations).

3.2.2. 410L

The core microstructure of the sintered 410L is composed of a
random combination of two different microstructures: coarse equiaxed
grains and a finer microstructure (Fig. 6 (a)). XRD indicates that the
sample is only composed of a b.c.c. phase (PDF 04-004-6353; see sup-
plementary material S2). Ferritic steels with low carbon content such as
410L are designed to undergo the two-phase transformation, consisting
of ferrite and austenite [36]. This is also indicated in the calculated
isopleth section of 410L as a function of Cr mass-fraction at the sintering
temperature of 1100 °C (Fig. 6 (b)). On the other hand, at 327 °C, the
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Fig. 7. Dilatometric curve of sintered 410L.

thermodynamic calculations predict the presence of the b.c.c. phase and
M33Ce-type carbides. This is not in agreement with the XRD results. The
possible reasons are the non-equilibrium conditions during sintering or
the eventual formation of nanocarbides not detectable at the XRD/SEM
scale.

The presence of two different microstructures in the sintered 410L is
obviously linked to phase transformations occurring during sintering. To
better understand their formation mechanisms, a dilatometric analysis
was performed. The results are presented in Fig. 7. During heating, a
phase transformation can be observed at about 820 °C. By comparison
with the data from the isopleth section (Fig. 6 (b)), this transformation
corresponds to a partial austenitization of ferrite. During cooling, two
phase transformations are visible: a first one at about 730 °C, corre-
sponding to the austenite to ferrite transformation, and a second one at
350 °C, corresponding to a martensitic transformation of the remaining
austenite. Indeed, Dadé et al. [37] performed a dilatometric test on a
ferritic steel (0.012 wt% C, 13 wt% Cr, and 1 wt% W) previously HIPed
at 1100 °C under 1900 bar with a holding time of 2 h. They observed a
martensitic transformation at 330 °C, with a cooling rate of 12 °C.min" !,
very close to the one used in the present study of 16 °C.min"*. Therefore,
the fine microstructure observed in the sintered 410L in the present case
corresponds to martensite.

BN Ferrite

The distinction between ferrite and martensite is challenging, due to
the low degree of tetragonality of martensite in low-carbon steels [38].
This is the reason why XRD exclusively detects the b.c.c. phase in the
sintered 410L (see supplementary material S2). However, the distinction
between martensite and ferrite in EBSD phase map was performed
following the approach reported by Nowell et al. [39] and Vunnam et al.
[40], based on the image quality (IQ) parameter. The authors showed
that EBSD patterns in martensite are generally of lower quality
compared to those in ferrite. As IQ decreases, the areas on the map
appear darker, and are typically assigned to martensitic regions. As
pointed out by Nowell et al. [39], IQ is a qualitative parameter
depending on several variables, including EBSD pattern acquisition
parameters. Based on ref. [39and40], the following conditions were
used to collect data for map construction: 0 % gain setting, 70° tilt, and
standard background subtraction. Moreover, points near grain bound-
aries were omitted from the analysis to reduce the impact of the
generally lower IQ values observed in those areas. Finally, as suggested
in Ref. [39], IQ data were smoothed by calculating the average IQ within
a kernel of a specified size. This procedure minimizes errors and ensures
the best differentiation. EBSD phase map in Fig. 8 (a) is a combination of
IQ map and b.c.c. ferrite phase map. The darkest regions (with low IQ
values and fine microstructure) correspond to martensite. Opposite, the

Fig. 8. EBSD maps of sintered 410L: (a) phases and (b) orientations.
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Fig. 9. (a) SEM-EDS Cr map and (b) SEM-EDS elementary profiles in the sintered 410L.

lighter areas (with high IQ values and equiaxed grains) correspond to
ferrite. On the other hand, EBSD orientation map (Fig. 8 (b)) shows that
both ferrite and martensite grains have a random orientation.

The chromium SEM-EDS mapping of the sintered 410L (Fig. 9 (a))
indicates that the equiaxed regions corresponding to ferrite exhibit a
higher Cr content than the finer microstructure corresponding to
martensite. The elemental EDS profiles in Fig. 9 (b) display a chromium
depletion (approximately 1 wt%) in martensite. At the same time, the
distribution of the other alloying elements remains uniform, in agree-
ment with the results reported by Dadé et al. [37]. According to these
authors, the partial transformation of ferrite into austenite during
heating induces a chemical partitioning of alphagenic elements Cr and
W from the transforming ferrite. This phenomenon explains the forma-
tion of Cr and W-enriched segregated areas in the final microstructure.
Additionally, they attribute the martensite formation to the Cr and W
depletion and carbon diffusion (0.012 wt% before HIP and 0.03 wt%
after HIP in the matrix), which favors the extension of the austenite +
ferrite domain. Auger et al. [41] studied the microstructural trans-
formations of a Fe-14 wt% Cr steel sintered using SPS at 1100 °C under
36 MPa for 4 min. The sample’s microstructure consists of equiaxed
grains, martensite laths, and chromium precipitates. The authors
attributed the formation of martensite to three factors: (i) carbon
diffusion from the graphite die, (ii) chromium depletion in the matrix
due to the formation of Cr-rich precipitates, and (iii) a rapid cooling rate.

In the present study, core-cut samples (approximately 5 mm from the
sample edges in contact with graphite tooling parts) were used to avoid
regions in contact with graphite tools, where carbon diffusion effectively
leads to carbide formation. Therefore, the formation of martensite

cannot be explained by carbon diffusion from graphite tools.

XRD analysis reveals the presence of the mere b.c.c. phase. However,
it is generally difficult to detect a phase by XRD when its volume fraction
is less than 5 % [42]. To verify the presence of carbides or
chromium-rich precipitates in the sintered 410L, TEM analyses were
carried out. Fig. 10 (a) shows martensite laths measuring about a hun-
dred nanometers. No carbides or chromium-rich precipitates that could
explain the Cr depletion were observed between martensite laths, at the
ferrite/martensite interface (Fig. 10 (b)), or in the ferrite phase (Fig. 10
().

A plausible explanation for Cr depletion in martensite formed in the
present study is that during partial austenitization occurring during
heating, ferrite releases Cr (alphagenic) in favor of the formation of f.c.c.
austenite phase. This phase transformation is illustrated by the 410L
isopleth section (Fig. 6 (b)). Subsequently, during cooling, this austenite
transforms firstly into ferrite at about 730 °C, and the remaining
austenite transforms into martensite at 350 °C. The chromium amount of
the resulting martensite is inherited from its parent austenite, which is
lower than that of the initial ferrite.

As the temperature decreases, the transformation of austenite occurs
through a cooperative atomic movement shorter than interatomic dis-
tances, resulting in a new crystal structure known as martensite [43,44].
It is a common belief that the germination of martensite is closely
associated with a rapid cooling rate, and requires the segregation of
carbon to create a carbon-supersaturated solution in deformed a-Fe
[44]. 410L steel is classified in the literature within group 1 of ferritic
stainless steels (Cr = 10-14 wt%). These steels are known for their
capability to undergo a ferrite-to-austenite transformation when heated.
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Ferrite

Fig. 10. TEM images of (a) martensite, (b) ferrite/martensite interface and (c) ferrite in sintered 410L.

They also present the possibility of austenite transforming into
martensite when rapidly cooled to ambient temperature [45]. In the
present study, the martensitic transformation begins at 350 °C (as

Fig. 11. Core microstructure of 50-50 blend.

illustrated in Fig. 7); at this temperature the cooling rate during SPS is
20 °C.min"!. Tsai et al. [46] investigated phase transformations in 410
steel (0.12 wt% C, 12.8 wt% Cr and 0.12 wt% Ni) austenitized at 1100 °C
during 10 min and cooled at various cooling rates ranging from 9 °C.
min~! up to 600 °C.min"!. Their findings indicate that an increase in the
cooling rate primarily lowers the temperature at which martensitic
transformation begins (Ms. Nevertheless, they observed that even at the
slowest cooling rate of 30 °C.min ! (close to the one measured in the
present study), martensite formation occurred. This proves that Ms is not
only influenced by the cooling rate, but also by the alloying elements
content, following the Andrews formula [47]:

Ms (°C) = 539-423 (wt.% C) — 17.7 (wt.% Ni) — 12.1 (wt.% Cr)
—7.5 (wt.% Mo) — 30.4 (wt.% Mn) 2)

Moreover, Zheng et al. [48] studied the microstructure of a low
carbon steel (8.39 wt% Cr, 0.093 wt% C and 0.44 wt% Mn) heated at
1350 °C, held at this temperature for 1 min, and cooled at rates ranging
from 3600 °C.min"! down to 1 °C.min . After a rapid cooling rate of
3600 °C.min"?, the sample exhibits a complete martensitic microstruc-
ture. However, at a cooling rate of 60 °C/min and below, ferrite grains
begin to form, ultimately resulting in a fully ferritic microstructure at a
cooling rate of 1 °C.min"!. Based on these observations, it can be
inferred that the SPS conditions used in the present study can lead to
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Fig. 12. EBSD phase maps of the five blends: (a) 10-90, (b) 25-75, (c) 50-50, (d) 75-25, and (d) 90-10.

martensite formation in 410L. However, the cooling rate of 20 °C.min"*

during SPS does not lead to a fully martensitic microstructure. On the
other hand, it is reported in the literature that the martensitic trans-
formation in steels can also be induced by the application of external
stress [43]. The role of pressure on martensite formation in the sintered
410L in the present study was investigated via a conventional sintering,
without any applied pressure (1100°C-15 min). SEM characterizations
(see supplementary material S4) revealed the presence of martensite,
suggesting that the formation of martensite in the 410L sintered by SPS
is not strain-induced.

3.3. Sintering of 316L-410L powder mixtures

3.3.1. Microstructural characterizations
Five powder mixtures containing different 316L/410L mass fractions
were prepared (see Table 2). As an example, the core microstructure of

10

the 50-50 blend is shown in Fig. 11. The microstructures of the other
sintered powder mixtures are presented in the supplementary material
S5. For the five sintered samples, the core-microstructure is composed of
equiaxed grains of ferrite and austenite, as confirmed by XRD analyses
(PDF 04- 004-6353 and PDF 04-002-1864, respectively; see supple-
mentary material S6). Moreover, a fine lath-shaped microstructure can
be observed. It likely corresponds to martensite, compared to the 410L
sintered alone. It is known in the literature that the PM elaboration of
DSS via the blending of a ferritic and an austenitic powder leads to the
formation of a new constituent located at the austenite/ferrite interfaces
[11,12,17-20,49,50]. Various denominations have been used to refer to
this constituent: interphase [10], interdiffusion zone [16,49,51], and
mixed constituent [11,18,50]. However, in the literature, the nature of
this interface remains still unclear.

Fig. 12 displays the EBSD phase maps of the five 316L-410L powder
mixtures. The identification of martensite was done by using the same
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Fig. 13. EDS maps of Cr and Ni in the 50-50 blend.

approach explained for the sintered 410L, based on IQ parameter.
Martensite forms preferably at the 316L/410L interfaces and is charac-
terized by a fine microstructure. Further away from the 316L/410L in-
terfaces, large ferritic and austenitic grains can be observed. It is worth
noting that under the sintering conditions used in the present study, the
starting 410L powder particles strongly deform. On the contrary, the
initial 316L powder particles undergo less important deformation and
are still observable. The differences in crystal structure and hardness
between ferrite and austenite (190 £+ 15 HVO0.1 and 226 + 15 HVO0.1
respectively, as measured in the present study) may explain the more
significant 410L particles deformation. Therefore, this kind of DSS can
be defined as a composite, as the characteristic size of both the ferritic
and austenitic domains formed after sintering corresponds to the one of
the initial powder particles (up to some hundred microns). These do-
mains are composed of equiaxed grains, having a size ranging from some
microns to some tens of microns. In contrast, in duplex steels elaborated
by conventional methods, the typical size of the austenitic and ferritic
domains is smaller, of the order of some tens to one hundred microns,
but each domain corresponds to a single grain [52-54].

This “composite effect” has also been mentioned by Villaret et al.
[17] in the case of a 50-50 blend of 316L and Fe-9Cr-1Mo sintered by
SPS (1100°C-76 MPa-10 min) and HIP (1160°C-102 MPa-180 min). The
authors stated that the initial powder particles are visible in the powder
mixtures because of the short diffusion time and the absence of a liquid
phase, limiting the homogenization of the alloying elements. The ease of
deformation and flow of 410L in the blends can be attributed to its b.c.c.
structure. Indeed, it intrinsically offers lower resistance compared to the
f.c.c. structure of 316L, as also reported in the case of other ferritic
powders mixed with 316L and then sintered [12,17-20]. Stavroulakis
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etal. [19,20] explained that the ferritic powder SA508 has intrinsically a
lower flow strength than 316L at high temperatures (1120 °C and
1160 °C). They also pointed out that this reduced strength can be
attributed to the lack of alloying elements that contribute to solid so-
lution strengthening. This, in turn, leads to the deformation of SA508,
forming a surrounding matrix around 316L particles.

In the 10-90 and 25-75 samples elaborated in the present study
(Fig. 12(a) and (b)), it is possible to observe the presence of islands of
ferrite surrounded by the austenitic matrix. This “island” effect is less
evident in the 50-50 blend (Fig. 12 (c)), because of a more balanced
initial mass fraction of 316L and 410L. In the 75-25 and 90-10 mixtures
(Fig. 12(d) and (e)), martensite does not only form at the austenite/
ferrite interfaces, but also at grain boundaries inside the ferritic regions.
This is in agreement with what was observed for the 410L sintered alone.
The EBSD orientation maps (see supplementary material S7) display a
random grain orientation in the blends and confirm the isotropic natures
of the 316L-410L mixtures.

3.3.2. Diffusion mechanism

When powder particles of different chemical compositions are in
direct contact, diffusion phenomena of elements occur during sintering
at the heteromaterial interfaces. In the following of the study, only the
50-50 blend will be considered to investigate the diffusion phenomena
leading to the final observed microstructure. The EDS maps illustrating
the distribution of Cr and Ni in the 50-50 sample are shown in Fig. 13.
Austenite is richer in Ni and Cr and can be easily distinguished from
ferrite. Additionally, a decrease of the Cr content is manifest in the
martensitic regions between austenite and ferrite.

An EDS line scan (Fig. 14 (a)) was performed from a ferritic to an
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Fig. 14. (a) EDS line scan of the 50-50 blend; (b) Schaeffler diagram.

Table 3
Diffusion coefficient of elements in b.c.c. and f.c.c. phases at 1100 °C (Dictra
MOBFE?7 database).

D (m?%/s) b.c.c. f.c.c.
Cr 47210718 1.25.1071°
Ni 2.67.1071% 3.03.1071¢

austenitic region separated by a martensitic zone. The diffusion profiles
reveal that Cr, Ni, Mn, Mo, and Si diffuse from austenite (with higher
alloying element concentrations) to ferrite. These results are supported
by Cr and Ni calculated diffusion coefficients at 1100 °C (Table 3), which
are higher in b.c.c. (ferrite and martensite) than in f.c.c. (austenite). This
is in agreement also with the values reported by Seki et al. [55]. In
contrast, Fe diffuses from ferrite to austenite, due to the higher Fe
content in 410L. The Cr diffusion profile exhibits a slight decrease close
to the ferrite/martensite interface. This is likely due to the partial aus-
tenitization of ferrite during heating, which results in the rejection of Cr.
During cooling, a part of austenite transforms into ferrite. At the same
time, the remaining austenite transforms into martensite at a lower
temperature, following the mechanism already described for the 410L
sintered alone.

In addition, EDS profiles revealed that Cr and Ni diffuse over a total
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length of 26 and 20 pm respectively. This difference can be attributed to
the Cr diffusion coefficient, which is roughly twice that of Ni in b.c.c.
phases at 1100 °C. The Schaeffler diagram (Fig. 14 (b)) can be used to
predict the phases likely to form. This is based on the chromium and
nickel equivalent values calculated using the following equations [56]:

3
4

Creq = wt.% Cr + wt.% Mo + 1.5 wt% Si
Nieq = wt.% Ni + 30 wt% C + 0.5 wt% Mn

The calculated Creq and Nieq along the scan line of Fig. 14 (a) are
reported on the Schaeffler diagram of Fig. 14 (b), using the same color
code. The varying chemical composition in the martensite region leads
to the simultaneous presence of different phases.

- martensite + ferrite + austenite in the areas near the interface with
austenite;
- martensite + ferrite near the interface with ferrite.

To better understand the martensite formation mechanism in
316L-410L mixtures, 410L particles were coated with tantalum, sub-
sequently mixed with 316L in equal mass fractions, and sintered by SPS.
The resulting sample is denoted 50Ta-50. Ta is employed as a marker to
identify the initial interface between 316L and 410L. The microstructure
of the 50Ta-50 sample is shown in Fig. 15. Due to Z-contrast, Ta appears
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Fig. 15. Core microstructure of 50Ta-50 blend: (a) global view; (b)
magnification.

in white in backscattered images. Ta is located either at the junctions of
two ferrite grains or at the interfaces between austenite and martensite
on the austenite side (Fig. 15 (a). It is worth noting that a martensitic
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region can be observed close to the initial interface in the 316L particles
(Fig. 15 (b)).

EDS line scan of Cr and Ni was performed and overlapped to those of
the 50-50 sample (Fig. 16). Ta does not diffuse and has no significant
effect on the diffusion of Cr and Ni. The use of Ta as a marker indicates
that the martensite formation mechanism at the 316L-410L interfaces
can be elucidated as follow.

- In the 410L, austenite forms following the partial austenitization of
ferrite. During cooling, a part of the resulting austenite transforms
into ferrite and the remaining austenite transforms into martensite at
a lower temperature, following the mechanism previously described
for the 410L sintered alone.

In the 316L, austenite undergoes a reduction of Cr and Ni until
reaching Creq and Nieq values of 18 and 10 respectively, corre-
sponding to a composition of 16 wt% Cr, 8.9 wt% Ni, 1.7 wt% Mo,
1.4 wt% Mn, and 0.8 wt% Si. This elementary composition leads to
the partial transformation of austenite into martensite. This is in
agreement with the existence of an A + M + F region in the Schaeffler
diagram near the interface between martensite and austenite (Fig. 14
(b)). It is possible to claim that Cr and Ni diffusion influence the total
width of the martensitic region.

4. Conclusions

In the present work, duplex stainless steels were elaborated via SPS
(1100°C-70 MPa-15 min) by sintering mixtures of 316L and 410L. The
originality of this approach is that the characteristic size of the ferritic
and austenitic domains in the final sintered material is that of the initial
powder particles (up to some hundred microns). These domains are
formed by equiaxed isotropic grains, having a size ranging from some
microns up to some tens of microns. This microstructure is different from
the one observed in duplex steels elaborated by conventional methods.
Indeed, in this case, the typical size of the austenitic and ferritic domains
is the size of the metallurgical grains (of the order of some tens to one
hundred microns).

This particular microstructure justifies the use of the term COMPLEX
(i.e. composite duplex stainless steels) to describe the DSS elaborated in
the present study. The main findings can be summarized as follow.

o In the case of 410L sintered individually, the heating step induces a
partial transformation of ferrite into austenite, with subsequent

Initial interface

Martensite

P T T D

Martensite /

Distance pm 3

=sxs 50Ta-50

= 50-50

Fig. 16. EDS line scan of 50Ta-50 and 50-50 blends.
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rejection of Cr (alphagenic element). During cooling, this austenite
transforms firstly into ferrite at about 730 °C, and then into
martensite at 350 °C. The formation of martensite is associated with
chromium depletion occurring during the partial austenitization of
ferrite. Opposite, the 316L sintered individually is fully austenitic;
In the 316L-410L powder mixtures, the initial powder particles are
always visible, because of the short diffusion time and the absence of
a liquid phase, limiting the homogenization of elements. During
sintering, densification is mainly achieved by the deformation of the
410L particles, as the 316L ones do not undergo noticeable defor-
mation. This may be explained by the differences in crystallographic
structure, alloying element amount and hardness between ferrite and
austenite.

e Ta marking experiments revealed that in the 316L-410L blends,
martensite forms at the austenite/ferrite interfaces mainly in 410L
but also in 316L, following two distinct mechanisms. On the 410L
side, martensite formation follows the same mechanism as described
for individually sintered 410L. On the 316L side, austenite is desta-
bilized due to the diffusion of Cr and Ni towards ferrite. 316L reaches
Creq and Nieq concentrations leading to the formation of martensite.
Therefore, the width of the martensitic region depends on Cr and Ni
diffusion.
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