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Abstract

Recovered metallic waste can be used in additive manufacturing as a feedstock if the subsequent steps of the waste-to-
product process are sufficiently mastered. In this study, impact of recycling of Z100 duplex steel mixed with 316L steel on
the resulting powders microstructure and chemical composition was investigated. The utility of the original method of recy-
cling stainless steels into a high-grade powder suitable for additive techniques has been demonstrated. By examining three
gradations of powders, namely 20—50 pm, 50-100 pm and 125-250 pm, differences in selected properties in relation to the
average particle size are shown. The results suggest that with increasing the particle diameter, fine-crystalline y-austenite is
favoured to precipitate at the boundaries and within the volume of the originally formed large d-ferrite grains. It is reflected
by a decrease of &/y fraction ratio from 0.64 in the 20—50 pm powders to 0.20 in the 125-250 pm, respectively. Obtained
results indicate non-diffusional, shear or semi-shear character of d — v+ phase transformation. The resulting fine-crystalline
austenite is characterised by a significant dislocation density, which induces dislocation strengthening effect, responsible
for an increase in Vickers hardness from 145 HV and Young's modulus from 29 GPa in the 20-50 pm group to 310 HV and

146 GPa in the 125-250 pm fraction, respectively.

Keywords Duplex stainless steel - Recycling - Rapid solidification - Powder feedstock - Ferrite austenite transformation

1 Introduction

Manufacturing and other materials processing technologies
of steel components are associated with the production of
the significant quantities of metallic waste. These scraps,
in a variety of forms, shapes and often coated with various
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organic lubricants, require special handling and additional
processing before they can be successfully reused. On the
other hand, they still contain valuable elements and their
recycling is increasingly profitable. Metallic waste is becom-
ing an important raw material for the production of new
alloys and cast products, with a positive impact on raising
the profile of sustainability. The use of scrap as a raw mate-
rial in the steel industry saves several tonnes of iron ore,
coking coal and limestone for each tonne of steel recycled
[1]. The issue is even more relevant when stainless steels
are being considered, due to their chemical composition.
Popular austenitic 304 and 316 grade steels or family of
duplex steels can withstands corrosive high-temperature gas-
eous environments mostly due to the presence of chromium,
nickel and molybdenum, which are distinguished as Critical
Raw Materials by a recent European Commission report [2].

One of the greatest challenges regarding sustainable
steels recycling technologies is scraps contamination [3].
The introduction of undesired elements may occur uninten-
tionally due to the incomplete parts dismantling or during
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sorting. The type and scale of tramp elements incorpora-
tion depends on many factors. An example is the finding
of increased copper and tin content in scrap processed in
Western European countries, compared to metallic waste
from China, which appeared to correlate strongly with the
predominance of mechanical or manual sorting methods [4].

The presence of steel impurities are reflected in the
altered mechanical properties and corrosion resistance of
the materials as well as the components formed from it.
Daigo et al. [5] have identified the influence of impurities
on the major mechanical properties of carbon steel. Tramp
elements show detrimental effect on properties such as max-
imum elongation, fracture toughness or soundness in the
welding area, but at the same time, they improve a tensile
strength. Liou et al. [6] have shown that Ni and N surpluses
cause decrease in strength and an increase in the material
toughness, while additional presence of Cr and Mo improves
strength but becomes detrimental to the toughness of the
2205 duplex stainless steel.

Regarding a hot corrosion resistance, the effect varies
depending on the chosen contaminant. Incorporation of
Cu impurities causes one of the most serious issues in the
recycling stainless steel industry. It may induce a hot short-
ness, which is surface cracking during high temperature
deformation and oxidation. The phenomenon occurrence is
associated with appearance of the liquid Cu-enriched phase
and its penetration into the austenite grain boundaries [7].
Yesiltepe and Sesen [8] have studied the high-temperature
oxidation behaviours of Cu bearing steel and have reached
similar results. They have corelated the higher corrosion
rates with the formation of liquid copper layer at the steel/
scale interface. The copper impurities may promote corro-
sion degradation in the salt-chloride containing solutions.
Wang et al. [9] have studied copper-containing (3% wt.)
304 steel through neutral salt spray and FeCl; pitting cor-
rosion tests. They have shown that Cu presence decreases
a long-term corrosion resistance in both NaCl and FeCl,
solutions, by increasing the number of non-penetrating and
the size of penetrating pits on the steel’s surface. Additional
tin inclusions foster hot shortness by promoting signifi-
cant grain-boundary liquid penetration and their broaden-
ing, after a relatively short-time exposure to the oxidizing
atmosphere [10]. A microstructure of duplex stainless steel
can be affected by incorporating elements such as Ni, C, N
and Cu, known for being y-austenite phase stabilizers, or Cr,
Mo and Nb, which stabilize 8-ferrite [11]. Contamination
with Cr, Mo, W and Si may promote intermetallic phases (¢
and <) precipitation on the y—> grain boundary [12], with
detrimental effect on the steel mechanical performance [13].

The traditional approach for scrap recycling is either
based on a direct introduction to liquid steel during smelting
and casting or based on downcycling them into lesser value
cast materials. The latter approach assumes that processed
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materials are more tolerant of chemical composition varia-
tions [14]. In the present work, the possibility of recycling
through casting and gas atomisation of mixed scraps of aus-
tenitic 316L and ZERON®100 (Z100) duplex stainless steels
(DSS) into high-quality powder feedstock exclusively from
metal waste, for use in obtaining anti-corrosion coatings and
high temperature corrosion resistant additively manufactured
parts, was investigated. The main advantage of the proposed
process is the efficient management of steel waste in various
forms, allowing the implementation of the European Com-
mission's recommendations on the realization of circular
economy policies in industries within the European Union.
For companies involved in producing the feedstock for addi-
tive techniques, the use of scrap as a raw material can be
economically attractive through, for example, a reduction in
the energy consumption. Set proportions of mixed materi-
als were 30-35%wt. of 316L and 65-70%wt. of Z100, and
the main goal was to maintain the extraordinary corrosion
protection offered by the DSS family in diluted state. By
addition of cheaper 316L steel, the possibility of increasing
recycling yield without making concessions in the valued
characteristics of DSS-type materials was demonstrated.
From an economic point of view, 316L and Z100 steels were
chosen because of their wide usage in various industries
for forming corrosion-resistant components, consequently
having the potential to generate significant amounts of post-
processing scraps. Furthermore, the addition of austenitic
steel made it possible to study the effect of changing the
chemical composition of duplex steel on the austenite and
ferrite phases formation trends. The effect of the manufac-
turing route on the chemistry of the recycled materials and
their microstructure was assessed using current state-of-
the-art characterization techniques, while microindentation
technique was applied to correlate microstructural features
with mechanical response of the powders.

2 Materials and methods
2.1 Batch materials (scrap processing)

The post-processing, metallic chips of the 316L and Z100
alloys were collected, crushed and cold pressed (press pres-
sure up to 160KN) into cylindrical compacts of 10 cm in
diameter and 15 cm in height in 30-35/70-65 ratio by weight
by GESCRAP (Basque country, Spain). Then, scraps were
further treated at Lukasiewicz-Krakow Institute of Technol-
ogy (Krakéw, Poland) At first, they were degreased using an
semi-industrial ultrasonic bath with capacity of 100 litters
at 40 °C for at least 30 min. The process was carried out
in isopropanol and up to three times due to high degree of
organic contamination of the delivered, pressed scrap mate-
rial. The alcohol was replaced after each cleaning round. The
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degreased pressed coupons were pre-heated at 150-200 °C
in air for at least 24 h using a chamber furnace, to remove
any residual moisture and to carbonize remaining organic
compounds.

Subsequently, scraps were melt in an induction furnace by
heating to 100-150 °C above melting point, using foundry
crucibles with a capacity of 50 kg each. Compacts were
added gradually, as soon as the metal bath appeared on the
surface to avoid boiling and contamination. Slag was col-
lected and around 20 g of aluminium was added to deoxi-
dize the metal bath prior to casting. Melted steels were cast
into bentonite moulds, giving several 30 kg truncated cone-
shaped ingots. These were sand-blasted in order to remove
oxide-layer presented on the surface.

2.2 Fabrication of powders

The atomization process of stainless steel ingots was per-
formed by an in-house manufactured gas atomization setup
with a melting capacity of approximately 4 litters. The sys-
tem is schematically presented in Fig. 1. The main parts
of an experimental setup included: tilt-able induction alloy
melting system (1), six-meter long atomization tower (2),
tundish and atomization nozzle system (3), high-pressure
gas system for atomization and atomization tower pouring,
cyclone separator (4), filtration system (5) and water cool-
ing system.

The atomization process was carried out following few
steps. Firstly, the feedstock ingots were melted under nitro-
gen atmosphere. After obtaining proper melt homogeneity,

4

Fig.1 Scheme of gas atomization system used for powders produc-
tion (details in text)

the furnace was tilted and the melt was poured into a
tundish. The high-pressure flow of argon, as an atomization
gas, was activated afterwards. The gas was supplied under
approximately 20 bar pressure and was purging the tower
until the fine stream of melt flew through the 8 mm tundish
orifice. Then, the stream was atomized by several micro jets
formed by the axisymmetric atomization nozzle system. The
micro-droplets solidified in-flight in the atomization tower
and were finally collected in the cyclone separator.

The overall manufacturing route is described in more
details under two pending patents relating to recycling of
stainless steel [15] and nickel-based steel [16] chips.

The powders were sifted into three different fractions,
using sieves with a mesh size corresponding to the aimed
extremes of powder size in the group, namely 20-50 pm,
50-100 pm and 125-250 pm. Powders size distribution (vol-
ume weighted) was established by using Anton Paar PSA
1190 particle size analyser, by dispersion of the powders in
water. Table 1 and Fig. 2 show the averaged results of five
measurements for each group. In Table 1, D10, D50 and D90
are percentile values corresponding to the size below which
10%, 50% and 90% of all particles can be found.

Table 1 Characteristics of the atomised powders (details in text)

Powders Statistics (volume)
fraction -
[um] Dy [pm] Dy, [pm] Dy, [pm] Mean size
(nm]
20-50 20.39+0.1  3296+0.2 48.86+0.5 35.59+0.3
50-100 51.11+0.6  72.92+0.7 103.15+13 77.98+0.9
125-250 119.97+14 20527+19 341.34+4.7 232.97+2.7
124 .
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Fig.2 Particles size (volumetric) distribution of the gas atomised
powders from recycled steels. In color on the web
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In the 125-250 pm fraction, there is a noticeable dis-
crepancy between the mesh of the sieve used and the upper
limit of the powder size (Table 1, Dyy=341.34 pm). This is
due to the irregularity of the shape of the material and the
defects present on the surface, the volume of which increases
as the average grain size increases, effect addressed in the
“Results” section. The used granulometer operates based on
the phenomenon of laser diffraction. When the laser beam is
diffracted during measurement, a perfectly spherical shape
of the particle is assumed in order to calculate the diameter
of the powder under test. When defects are presented on a
particle’s surface or the shape of the powder deviates from
spherical (it has a finite number of axes of symmetry), the
measurement result begins to depend on the spatial orienta-
tion of the particle in question, i.e. on its position relative
to the laser light source. For this reason, inflation of the
average powder grain size in this group is observed. In this
study, the mesh of the sieves used is included in the name to
distinguish the powder fractions tested.

2.3 Characterization methods

Chemical analysis was conducted with a Bruker S8 TIGER
WDXRF spectrometer, equipped with an X-ray tube with Rh
anode, using 50 kV accelerating voltage. The data were ana-
lysed by Quant-Express program of Spectra Pluss software.
For the determination of carbon and sulphur, LECO CS-200
apparatus with two separated infrared (IR) cells, was used.
The measuring uncertainties are: C: 20%, S: 25%, P: 25%, Cu:
20%, Mo: 8%, Si: 20%, Mn: 20%, Ni: 3%, Cr: 3% (in weight
percentages). Results are presented in Table 2. Specimens for
metallographic investigations were hot mounted using con-
ductive AKASEL phenolic resin. The metallographic mounts
were polished using 220-1200 grade SiC papers, followed
by a mechanical polishing in diamond suspensions. Micro-
structural features of the powders were revealed by chemical
etching with Agua Regia. Microstructural and surface mor-
phology investigations were conducted by using Carl Zeiss
Axio Observer ZM 10 light microscope (LM) and FEI Scios™
field emission gun scanning electron microscope (FEG SEM)
coupled with energy-dispersive X-Ray spectroscopy module
(EDS) and electron backscatter diffraction system (EBSD).

Through the possible limitation of the adopted strategy for the
analysis of the surface of the powders, resulting, among other
things, from their rough topography, the results of the EDS
analysis presented in Table 4 are given to the nearest unit for
oxygen and to one decimal place for the other elements. Prior
to the EBSD investigations, mounts were polished using fine
colloidal silica suspensions. For each powders fraction sieved,
a single representative particle was selected and X-ray scans
were carried out on its cross-section. For a particle 49 pm in
diameter, from 20 to 50 pm fraction, analysis step 0,067 was
chosen, while for both particles, 89 pm in diameter (from 50 to
100 pm fraction) and 248 pm in diameter (from 125 to 250 pm
fraction) analysis step 0.2 was applied.

The XRD study was carried out on a Empyrean Series 2
diffractometer (PANalytical instrument) equipped with a cop-
per target (Cu K, radiation with a wavelength of 0,15,418 nm).
The analysis was conducted within the 26 range of 20—-100°,
with a step size of 0.02°. The following empirical formula was
used for the phase volume content determination [17]:

1 n P
- -~
n 2j=1 RJi

Vi= i i
Ivn g Ivn L
ni=ig t ;ZJ'=1R_Jy

1

ey

where i is a designed symbol for either austenite or ferrite,
V, is the volume fraction of the i phase, Ii is the integrated
intensity for the next (hkl) planes considered, distinguished
by j. Three highest peaks for each phase were taken into
account: y(111), y(200), y(311) and §(110), 6(200), 5(211).
The number of peaks considered for the each phase is repre-
sented by n, which means n = 3. R]; is a theoretical integrated
intensity for the next d;, planes, calculated following the
ASTM E975-13 standard [18]. Using the Bragg’s relation,
interplanar spacing dy,; were calculated, from which lattice
parameters for cubic systems presented (bcc and fcc) were
determined:

a

dpyy = ——
Ve 2+ P 2)

The primary crystallization route was assessed using the
@-value model [19]:

Table 2 Chemical composition
of the used scraps and resulting

Powder frac- Element (wt%)

tion [pm]

powders C S
20-50 0.11 0.005
50-100 0.13 0.006
125-250 0.11 0.003
Used scraps
316L 0.017 0.024
7100 0.018 0.005

0.024 0.56 35 0.8 0.7 8.2 22.5 bal
0.023 0.49 34 0.85 0.82 8.5 21.5 bal
0.025 0.56 3.8 0.99 0.85 8.1 23.1 bal

0.030 0.43 1.8 0.5 0.97 9.9 17.5 bal
0.022 0.57 3.6 0.72 0.71 7.8 24.6 bal
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¢ = Nig, — 0.75Cr,, + 0.257, 3)
where

Ni,, = Ni+ 0.31Mn + 22C + Cu 4)
Crey = Cr + 1.37Mo + 1.5Si 3)

are namely nickel—equivalent (Nieq) and chromium—
equivalent (Cr,) factors, basing on elements known for
having y-austenite and d-ferrite phases stabilisation effect,
calculated on the basis of the weighting percentages of the
consecutive components. Finally:

¢ < 0 : ferriticprimarysolidification
¢ > 0 : austeniticprimarysolidification

¢ = 0 : ferritic — austeniticsolidification. 6)

All these results are presented in Table 3.

The selected mechanical properties, namely Vickers hard-
ness and Young’s modulus, were investigated using Anton
Paar Micro Combi Module for ultra-nanoindentation tests
(UNHT). The diamond Vickers type intender in quadrilateral
pyramid shape was used. The measuring program applied:
the maximum load of 0.2 N and loading/unloading rate of
0.4 N/min, with pause at contact of 10 s. At least ten meas-
urements were done on the several particles cross-sections,
for each powder fraction. Ten percent of the high and low
results end were discarded, and the trimmed means were
used for the further discussion. The standard deviation was
used to mark errors bars on Fig. 9.

3 Results
3.1 Morphology of atomized powders

Table 2 outlines chemical composition of initially used
scraps and resulting atomised powders, without significant
variations with different powder fractions. The wt.% for
each alloying element diverge between the extreme values
in the following matter: S: 0.001%, P: 0.001%, C: 0.01%,
Cu: 0.07%, Mn: 0.15%, Si: 0.19%, Mo: 0.4%, Ni: 0.4%, Cr:
1.6%, which show that most significant disparities regard
Cr, Ni and Mo content. Comparing these to the constitution
of standard 316L steel, one can notice higher Cr, C, Si, Cu
and Mo content, at the same time with lower Ni, Mn, P and
S concentrations. Regarding standard Z100 steel, C, Ni, P,
Si and Mn concentrations are higher, while Cr and Cu con-
tents are lower. This is reflected in the calculated (Table 3)
chemical composition characteristics, with the highest Cr./
Ni, ratio for 125-250 pm fraction and lowest for 50-100 pm
fraction. No significant correlation was found between pow-
ders chemistry and powder size distribution.

Figure 3 presents the results of SEM observations car-
ried out on powders surface, while the corresponding EDS
results are collected in Table 4. Images shown in Fig. 2a, c,
e were acquired in the secondary electrons (SE) mode, while
these in Fig. 2b, d, f in the backscattered electrons (BSE)
mode, respectively. The SE mode reveals powders morphol-
ogy. The powders had a spherical shape, but with a variety
of defects observed, such as metallization, bonded together
and elongated particles, “clip-cap” and “satellites”. The
number of observed defects increases with the powder size.
The weight content of the elements decreases in the order of
Fe, Cr, Ni, O, Si and Mo. Some copper impurity is revealed
in Fig. 3a, b; spot 2. Generally, the EDS results concerning
contents of particular elements (Table 4) are comparable to
those given in Table 2, with only slightly higher contents of
Cr and Si (Creq), and lower contents of Mo and Ni and with
no traces of Mn (Ni,). Surface defects vary in composition,
depending on the type. Satellites (Fig. 3a, b; spot 3) and

Table 3 Determinc?d chemical Powder Ni, Cr, Cr. /Ni,, @ Phases o&/y a [A]' Boundaries length

and crystallographic features of fraction 4 q arm e volume [um??

the powders [um] (%]

8 y 2°-15° 15°-180°
5 v 5 v 5 v

20-50 11.40 28.50 2.50 —-10.23 39 61 0.64 290 3.64 1 197 735 87
50-100 12.10 2743 227 -873 22 78 0.28 743 1040 215 166
125-250 11.34  29.79 2.63 —-11.26 17 83 0.20 8 485 325 772

The a is value calculated using Eq. 2 and averaged over the each determined dyq plane. Standard devia-

tion: £0.01 A

Determined for microscopic fields presented on Figs. 6, 7, 8
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Fig.3 SEM micrograph of the powders surface. a, ¢ and e: SE mode, b, d and f: BSE mode. a, ¢. 20-50 pm fraction, ¢, d. 50-100 pm fraction

and e, f 125-250 pm fraction. In color on the web

Table 4 Results of the

. Subfigure Element [wt. %]
EDS analyses obtained for
spots marked in Fig. 3. a, O Si Mo Cr Fe Ni Cu
b: 20-50 pm fraction, ¢, d:
50-100 pm fraction and f, g: a,b Spot 1 2 2.7 1.5 19 64.9 9.8 -
125-250 pm fraction Spot 2 1 1.1 1.7 23.8 62.4 8.7 1
Spot 3 2 29 2 18.5 65.2 9 -
c,d Spot 1 1 1.7 1.8 23.1 63.6 60.1 -
Spot 2 14 7.4 0.5 30.4 423 5.7 -
Spot 3 2.5 2.1 21.7 62.7 9 -
e, f Spot 1 3 1.4 0.4 20.1 66 8.7 -
Spot 2 20 8.3 - 57.1 15 - -
Spot 3 4 2.5 1.6 214 62.8 8.1 -

elongated particles (Fig. 3c, d, spot 3) had similar constitu-
tion to the spherical particles. The “clip-cap” flaws (Fig. 3e,
f; spot 2) contains mostly chromium, oxygen and silicon.
Atomic content suggests the formation of chromium and
silicon oxides. The BSE micrographs show the differences
(contrast) in surface composition of powders. Dark areas
indicate a decrease in the atomic weight of the quantified
elements, which may suggest a local increase in the concen-
tration of oxygen and silicon. Point SEM analysis (Fig. 3c,
d; spot 2) confirms it.

3.2 Microstructure

Figure 4 presents microstructure of powders. The duplex
structure consisting of dendritic austenite with interdendritic
inclusions of ferrite, is clearly distinguished.

Dual-phase structures can be topologically characterized
depending on the relative orientation of the phases formed.
In this case, the net structure is observed. It would suggest

@ Springer

presence of only two types of phase boundaries, namely y/y
and d&/y [20]. Both types of phases are indicated in the cor-
responding colours in Fig. 4d. A formation of columns by
austenite grains (Fig. 4c) is also noticeable. Their longitu-
dinal axis is oriented towards the particle centre, pointing
out heat flow directions during solidification, since austenite
columns preferably grow towards highest temperature gra-
dients presented [21]. There are no signs of precipitations
of -, x-phases or carbides from the M¢C,; group, reported
elsewhere [12]. On the other hand, sparse pores, as well as
a thin layer of oxide on the particle surface are presented,
what is confirmed by the results of surface EDS analysis
(Fig. 3 and Table 4).

Figure 5 shows the results of XRD investigations. These
confirm dual-phase character of material, by denoting lattice
planes characteristic for austenite: y(111), y(200), y(220),
y(311), y(222) and for ferrite: 5(110), 5(200), 6(211), 5(220).
The 6(220) plane was not recorded for the 125-250 pm
fraction. Intensities of these planes vary with powder size
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Fig.4 Cross-sections of pow-
ders, aqua regia etched. Pictures
sizes adjusted. a particle from
20-50 pm grade, b 50-100 pm
grade, ¢ 125-250 pm grade, d
zoom on the c particle. In color
on the web

—— Fraction 125-250um

~

? 5(200)
= y(220)
> 5(211)
y(311
?v(ZZZ)
5(220)
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—— Fraction 20-50um
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.
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20 (deg)

Fig.5 XRD spectra for investigated powders. Normalized in relation
to the highest peak present, y(111), after baseline subtraction. In color
on the web

distribution: the smaller the particle diameter, the higher
the peaks specific for ferrite and the smaller the peaks spe-
cific for austenite. This observation was used to estimate
the d/y content ratio for powders in each particular frac-
tion (Table 3). The results indicate that the highest 8/y con-
tent ratio, namely 0.64, was obtained for the powders with
the smallest diameter size distribution, 20-50 pm, which
(among all examined powder fractions) is the closest to the
ideal duplex stainless steel proportion (6/y=1). The smallest
6/y content ratio, namely 0.20, is for the 125-250 pm frac-
tion, while for the 50-100 um powder, the ratio is 0.28. It
points towards a rise in the &/y proportion with the decrease
of the average powder size.

Figures 6, 7, 8 present the results of EBSD analyses car-
ried out for each powder fraction. Figure 6a—c shows distri-
bution of phases over the investigated area, proving lack of
precipitations and material’s duplex character. Two types
of grain boundaries are distinguished here: low angle grain
boundaries (having a misorientation of 2—15°) marked with
a thin black line and high angle grain boundaries (15-180°)
marked with a thick black line. It is worth noting that a sig-
nificant proportion of low-angle boundaries was detected
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Fig.6 EBSD and EDS investi-
gation results. Distribution of
phases (ferrite and austenite),
and chosen elements (Cr and
Ni) within the volume of the
selected, representative particle
from the each powder fraction.
In color on the web

I Ferrite
[ Austenite
Boundaries:
rotation angle
—2-15°
m— 15 - 180°

Fig.7 EBSD investigation
results. Inverse pole figure (IPF)
maps for representative parti-
cles cross-sections from each
powder fraction investigated. In
color on the web

Ferrite

Austenite

Fig.8 EBSD investigation
results. Geometrically Neces-
sary Dislocations (GND) maps
for representative particles
cross-sections from each pow-
der fractions investigated. In
color on the web

Ferrite

Austenite

in the volume of austenite grains, with no equivalent in the
ferrite phase. Figure 7 presents Inverse Pole Figure (IPF)
maps for ferrite and austenite, respectively. As the same
colour in the subfigure indicates the same crystal orienta-
tion (in accordance with the colour code of inserted “basic
triangle”), the maps (Fig. 7) show the presence of crystals
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IPF legend
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GND max density
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[ 420
1 490
[ 560
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B 700

with different crystallographic orientations, except for fer-
rite in the 120-250 pm fraction (Fig. 7c), where numerous
small crystals appear to share a common crystal structure.
In Fig. 8 are shown the EBSD Geometrically Necessary Dis-
locations (GND) maps for ferrite (a, b, ¢) and austenite (d,
e, f), respectively. They indicate dominance of dislocation
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densities up to 70-10'2 m~2, with local sharp increases
within grains volume and at boundaries. Such density can
be considered as high compared with literature data [22].

Figure 9 presents the relationship between mechanical
properties and the powders phase composition. There is an
apparent increase in the hardness and Young modulus (E)
of the materials as the ferrite content decreases. For the fin-
est powders fraction, the Vickers hardness is 145HV, and
Young’s modulus 29 GPa. With the decrease in the d/y ratio
for 50-100 pm fraction, from 0.64 to 0.28, there is a hard-
ness increase of 63%, to 237 HV, and E increases of 121% to
64 GPa. With the further 6/y ratio decrease for 125-250 pm
fraction to 0.20, hardness increases by 27% to 301 HV, while
elastic modulus by 128% to 146 GPa.

4 Discussion

The target phase composition of duplex stainless steel, fer-
rite to austenite, is 1:1 by volume fraction, since this compo-
sition ensures a good resistance against pitting corrosion, as
well as attractive mechanical properties. It can be achieved
by a strictly tailored chemical composition and by select-
ing the appropriate cooling rate of the heat treated material.
Changing one or another factors affects the final phase frac-
tions. Therefore, differences in the y and 6 phases content
between the different powder grades (Fig. 5 and Table 3)
observed in the present work, can be correlated with differ-
ent cooling rates of powders. During gas atomisation pro-
cess, a melt stream is disrupted by a high velocity gas, which
results in droplets formation having a wide size distribu-
tion. The volume of the formed particles affects the rate of
heat transfer with the environment [23]. It can, therefore, be
assumed that the particles from the three different fractions

] bty ratio
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017 T 3 300 [ 175
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Figure. 9. The relationship between mechanical properties evaluated
in indentation experiments and the powders phase composition. In
color on the web

studied solidified at different average rates [24]. Dai et. al
[25] have shown that the dependence of cooling rate on
particle diameter is a decreasing homographic function,
until reaching the critical diameter range about 20—40 pm
below which the cooling rate increases sharply. The cal-
culated cooling rates by authors of the mentioned work
for 20 pm diameter powder is 1.53 x 10° °C/s, for 50 pm is
3.64 x 10° °C/s and for 100 pm is 1.25x 10° °C/s. In agree-
ment with tendency reported elsewhere, rapid solidification
(cooling) rates of duplex steels promotes d-ferrite formation
[26], what is further strengthen with high ratios of Cr,/Ni,,
(Table 3) present in the steel.

By taking into account, the applied cooling rates and
materials chemical compositions, it is more likely that the
bce-iron form present is d-ferrite rather than a-ferrite. Often
considered the same phase, but separated by temperature
gap, d-ferrite has higher carbon solubility due to the slightly
increased crystalline lattice constant a, as a result of thermal
expansion [27]. According to the Fe—C phase diagram and
various Fe—Cr—Ni pseudo-binary ternary diagrams (at dif-
ferent Fe wt. %), initially high-temperature form of ferrite,
d, crystallizes when crossing liquidus line below 1536 °C,
L — 6 [28]. Usually, during further cooling down and assum-
ing equilibrium conditions, 6 would be replaced by a. How-
ever, high cooling rates prohibit this phase transformation
and, thereby, stabilize 6 phase. It is confirmed by higher a
value calculated from the XRD spectra (Table 3) compared
with that reported elsewhere [29]. Moreover, alloying ele-
ments, especially chromium and silicon, are known to sta-
bilize 8-ferrite upon cooling down to the room temperature
[30].

Following the Schaeffler—De Long phase diagram for the
ferritic—austenitic steels, addition of 316L scraps shifted the
pre-designed Cr,/Ni,, balance of Z100 steel towards aus-
tenitic-zone (Fig. 10). Calculated ¢-values (Table 3) point
towards a mechanism of ferritic primary solidification, that
is typical for casting of duplex stainless steels, although
resulting values are higher than for investigated Z100
scraps, namely ¢ =—13.72. These discrepancies should be
related to the addition of 316L steel, which decreased the
Crey/Nig, ratio by increase the concentration of austenite
stabilizers. It puts probable solidification sequence in fer-
ritic—austenitic (FA) mode, which means that investigated
powders solidify with the bcc (8) as a primary phase, and
with the adequate undercooling, the fcc (y) structure starts to
form. The higher the Cr,/Ni, ratio, the greater the degree
of undercooling required to start the 6 — y+ 6 transforma-
tion. The phase transformation occurs rapidly at lower tem-
peratures by increasing the number of nucleation sites at
the 8/6 boundaries, resulting in a finer microstructure [31,
32]. These observations are confirmed by the EBSD IPF
maps presented in Fig. 7, which show large ferrite crystals
separated by fine austenite grains having a relatively high
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fraction of low-angle boundaries. Involved rapid cooling
rates also affects the observed phases constitution and ele-
ments segregation within a powder particle volume. The
maximum solubility of alloying elements varies considering
bee (8) or fee (y) structures. The maximum Creq/Nieq ratio
value is greater in ferrite than in austenite phase. Thus, it is
expected that the local Cr,/Ni, ratio increases with the rise
of ferrite content. When cooling down upon atomization, a
droplet with an initially uniform temperature distribution
cools most rapidly at the surface, resulting in favourable
formation of ferrite in this area, as discussed before. This
is confirmed by the results of EDS analyses showing an
increase in chromium and silicon concentrations (Fig. 3,
Table 4). Proposed solidification mechanism is visualized in
Fig. 11. Lower heat treatment temperatures and slow cooling
rates promote segregation by a diffusion mechanism of Cr,,
elements into ferrite from austenite; and Nieq elements in
the opposite direction [33]. However, an implementation of
substantial cooling rates inhibits this mechanism [20]. These
findings make it possible to narrow down the described aus-
tenite formation during solidification to non-diffusion shear/

Fig. 11 A scheme of proposed
solidification route. I. Forma-
tion of particles with large
ferrite grains directly from the
melt, L— 8. II. Precipitation
of fine austenite grains on 8/
boundaries and within ferrite
crystals, 6 —y+9. III. Growth
of numerous austenite crystals
on further cooling. IN COLOR
ON THE WEB

- Ferrite
- Austenite
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semi-shear phase transformation [34], similar in a nature to
the martensitic transformation. The specific feature of newly
formed phase during the shear/semi-shear transformation (in
this case, y from the 6 — ¥+ ) has a highly defected micro-
structure and similar chemical composition comparing to the
parental phase [35]. It is confirmed by GND maps presented
in Fig. 8, which shows relatively high dislocations density.

When comparing chemical composition of the initial
scraps to the final powders, higher concentrations of carbon
and silicon, are found. The raised concentration of carbon is
the effect of using a graphite nozzle during the gas atomisa-
tion process. The molten steel interacts with graphite, what
results in a nozzle degradation and diffusion of carbon into
the melt. This may have a serious consequences regarding
material’s performance in corrosive environments. Car-
bon concentration above 0.05% promotes precipitation of
undesirable phases such as chromium carbides [37], witch
exhibit negative impact on corrosion protection (behaviour),
but their presence was not observed in this work. This again
should be correlated with the significant cooling rate of
metallic powders during solidification phase. Homogenized,
precipitation-free duplex steel microstructure can be assured
by a solution annealing heat treatment [20]. The chosen heat
treatment temperature should be carried out at temperature
above the range that thermodynamically favours precipita-
tion of undesired phases. In the case of ferritic-austenitic
stainless steels, the threshold is commonly accepted to be
1000 °C [12]. The quenching stage is achieved by free cool-
ing of the powder in inert atmosphere, with material’s cool-
ing rate far superior to that for standard water quenching,
as described earlier. This situation can be avoided by the
usage of SiC or Al,O; ceramic nozzles. The raised content
of silicon may be the effect of imprecise sandblasting of
ingots prior to atomisation or the element was unintention-
ally introduced with the scraps. It may influence both pitting
[38] and hot corrosion behaviour [39] of additively manu-
factured parts.

There are mainly two reasons for hardness and Young’s
modulus differences between powder gradations (Fig. 9).
Both properties are correlated with ferrite and austenite frac-
tional contents. The ferrite exhibits slightly lower hardness
than austenite [40], due to the solid solution strengthening
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in the latter, provided by interstitial elements such as carbon
[41]. The Young’s modulus depends on a dislocation density
which is high in the austenite grains [42], which results in
strain hardening effect. As a results, higher austenite con-
tent leads to higher hardness and elevated elastic modulus in
the duplex stainless steels. Among the two effects described
above, the second had a much greater impact on the inves-
tigated materials. The possible effect of refined microstruc-
ture and more extended grain/phase boundaries, should be
also taken into account. Beside of a well-known Hall-Petch
relationship, Li et al. [43] have delivered a mathemati-
cal model which proves that materials hardness increases
with the grains refinement, as well as that wider grain size
distribution contributes more to higher hardness than nar-
row grain size distribution. In other words, microstructures
whose grain sizes have a bimodal distribution have greater
hardness than grain sizes described by a Gaussian distribu-
tion. This may be the case here, as the coexistence of fine
austenite grains and larger crystals of ferrite, was found.

5 Conclusions and future works

In this study, we investigated the possibility of recycling
mixed 316L and Z100 steels into the powder for use as a
batch in additive manufacturing techniques. We investigated
how the addition of 316L steel affects the formation of the
two-phase structure characteristic for duplex steels. The
relationship between average particle size and the chemical
composition, microstructure and hardness of the powder was
investigated, leading to the following conclusions:

1. The addition of 316L steel in amounts of 30-35 vol.%
results in a disruption of the original Cr,, to Ni ratio,
which is reflected in the volume proportions of the
austenite and ferrite phases. Despite this, the resulting
microstructure of the material is still duplex type.

2. The solidification mechanism of the material is defined,
where the delta ferrite grains crystallise first. Subse-
quently, numerous austenite grains nucleate at the 8/6
grain boundaries as well as in the volume of the crys-
tals themselves. This solidification mechanism should
be referred to as non-diffusional, as indicated by the
pronounced contribution of low-angle boundaries and
significantly high dislocations density within the aus-
tenite grains.

3. A strong correlation occurs between the fraction of
austenite and ferrite phases and the particle size. It
result from the change in cooling rate being a func-
tion of diameter of the particle: as the particle volume
decreases, the rate of heat transfer with the environment
increases. The effect of this is an increase in the relative
content of ferrite as the diameter decreases. The same

conclusion cannot be drawn for the chemical composi-
tion, where no significant correlation was found between
powder particle size and material chemistry (chemical
composition).

4. A relationship was found between hardness and Young's
modulus and the phase composition of the powders,
where, as the ferrite content decreases, both mentioned
mechanical properties increase. This is mainly related
to the dislocation strengthening effect caused by fine-
grained austenite. Therefore, with an increase in cooling
rate, an increase in hardness and Young's modulus can
be expected in the studied group of materials.

The conducted research allows to understand the impact
of the recycling process and heat treatment on the key prop-
erties of the materials, paving the way for a wider appli-
cation of recycling methods in the processing of stainless
steels scraps and obtaining from them a high-quality sub-
strate for additive techniques. The obtained results obtained
confirm the feasibility of the applied recycling method, the
products of which could be successfully used as a batch in
additive manufacturing techniques. The next step would be
to perform technological trials and to produce a series of
samples using selected additive manufacturing technique.
Subsequently, the effect of the altered chemical composition
of the recycled materials on the microstructure and selected
mechanical or corrosion properties of the formed compo-
nents, significant for their applications, will be evaluated.
This would allow to further develop stainless steels recycling
technology.
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