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Abstract. Stainless steel spherical powders are commonly used as additives in such manufacturing processes as selective laser melting, selective laser

sintering, direct laser sintering, electron beam melting, and others. These processes require high-quality spherical powders. The purpose of this
study is to develop a manufacturing process for making spherical powder by plasma spraying of a I mm dia. wire, stainless steel 03Cr17Nil0Mo2
(US analog: 316L steel grade) and to analyze the powder suitability for additive manufacturing. We refined the spherical powder manufacturing
process and studied the spraying conditions vs. —160 pm fraction yield relationship, since this fraction is required for additive manufacturing. As
the arc power gas flow rate increases, the —160 um fraction yield increases to over 70 %. The powder has high fluidity (17.6 + 1 s), bulk density
(4.15 £ 0.1 g/cm?), and tapped density (4.36 + 0.2 g/cm?). It is suitable for additive manufacturing applications. We also studied the effect of the
spherical powder fraction size distribution on the fluidity, bulk density, and tapped density. The best results (fluidity: 16.64 £ 1 s; bulk density:
4.16 £ 0.1 g/cm?; tapped density: 4.38 + 0.2 g/cm?) were obtained for 90 um fraction. With these properties, the powder meets the basic additive
manufacturing requirements: less than the 30 s/50 g fluidity, and bulk density exceeding 3 g/cm®.
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AHHomayus. B Hacrosiiee BpeMs IOPOILIOK €O ChepuuecKUMH YaCTULIAMU U3 KOPPO3HOHHOCTOMKHUX CTaJICH HCIIONB3YIOT B TAKUX PACIIPOCTPAHEHHBIX

aJTUTHBHBIX METOJAX, KaK CEJICKTHBHOE Ja3epHOe IUIaBICHUE, CEICKTHUBHOE JIa3epHOE CIIEKAaHUE, MPsMOE JIa3epHOE CIEKaHUE, dIEKTPOHHO-
JydeBast IulaBka M Jpyrux. Kaskablil n3 9TUX METOJOB NpEIbsBISIET BBICOKHE TPEOOBAHMS K XapaKTEPUCTUKAM C(HEPUUECKHX YaCTHUILL IOPOIIKa
KOPPO3HOHHOCTOMKHX cTaieil. JlaHHas paboTa MOCBAIICHA OTYyYeHUIO ChepHIeCcKOro MOPOIIKa METOAOM IIIa3MEHHOTO PACIIBUICHHS MIPOBOIOKH
quamerpoM 1 MM U3 koppo3uonHoctoiikoit crann 03X17H10M2 u uccnetoBaHHIO XapaKTepPUCTHK MOPOIIKAa HA IMPUTOIHOCTh ISl IPUMEHEHUS
B aJIUTHBHBIX MeTofax. OTpaboTaHa TEXHOIOTHA IOTydeHUs C(hepHIeCKOro MOPOIIKA H H3ydeHa 3aBHCHMOCTb BIUSHHSA PEKUMOB PACIIBLICHHS
Ha BbIX0J (pakiyun MeHee 160 MKM, NPUrOJHON A1 aAJUTUBHBIX MeToJ0B. C yBEeIMUYEHHEM MOIIHOCTH M PACcX0/a ras3a BbIXOJ (paKLUHU MEHee
160 mxm yBenuuuBaercst u gocturaet 6omaee 70 %. [lomyuenHslii mopomok o6asaer BbICOKOH TekyuecTbio (17,6 + 1 ¢), HACBITHOI MIOTHOCTBIO
(4,15 £ 0,1 r/eM?), mIoTHOCTBIO TOCHE YTPACKHU (4,36 £ 0,2 r/cM3) ¥ PUTOAIEH [T TIPUMEHEHHS B aJUIMTUBHOM NpPOM3BozCcTBe. Takke nsyueHa
3aBHCHMOCTD BIHAHUS (pakiuu chepHIecKoro MOPOIIKAa HA TEKydecTb, HACHIIHYIO ILIOTHOCTh M IUIOTHOCTH IIOcie yTpsckd. Hawmmydmme
XapaKTepUCTHKH TMOJNYdriIuch st dpakuun —90 MKM: TekydecTs 16,64 + 1 ¢, HacwimHas mwiotHocts 4,16 +0,1 r/eM® n 1wiotHoCTh TOCHE
yrpscku 4,38 + 0,2 r/cm?. JlaHHBIe HOKAa3aTeId COOTBETCTBYIOT TPEOOBAHUAM, NPEABABIAEMBIM K IIOPOIIKAM, IPHMMEHAEMBIM I AJIUTHBHOTO

NPOM3BOJICTBA, & KMEHHO TeKyuecTH 50 I nopomika MeHee 30 ¢ M HACBITHOMN MIIOTHOCTH Gonee 3 r/cM?.

Kniouesvle c108a: Koppo3HOHHOCTOKAS CTallb, IA3MEHHOE IUCTICPrUPOBaHKe, C(epuyecKHil MOPOIIOK, CBOHCTBA TIOPOIIKOB, TPAHYIOMETPHUESCKUH

CcocCTas, MOp(I)OJ'IOI‘I/I}I, TCKY4C€CTb, HACBIITHASA IIJIOTHOCTH
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- INTRODUCTION

Stainless steels have many applications (medical
equipment, agriculture, aerospace, automotive, and food
industries) for their high strength, ductility, and corrosion
resistance [1 —4]. A chromium-rich oxide layer builds
up on the surface and protects the steel from corrosion.
03Cr17Ni10M2 (US analog: 316L) is a popular stainless
steel grade. To date, it is the most cost-efficient material
for corrosive environments. The steel is widely avail-
able, easy to manufacture, and has high corrosion resis-
tance [5 — 9].

Advanced additive manufacturing processes can make
complex parts without the limitations of conventional
subtractive manufacturing [10 — 13]. The raw material
is metallic spherical powder. Its quality is paramount for
the properties of the final product [14]. Spherical pow-
ders for additive manufacturing should have such proper-
ties as high fluidity, bulk density, homogeneous chemi-
cal composition, and particle size distribution [15 — 18].
The particle size of additive manufacturing powders is
less than 160 um. For example, melting processes use
powders with particle sizes less than 60 um, and surfac-
ing, less than 160 pm [19]. Powders with particle sizes
over 160 um can be used in other processes such as sinter-
ing and/or hot pressing.

We refined the plasma spraying process for a higher
yield of the particle size fraction suitable for additive
manufacturing. We also studied the particle size distri-
bution, morphology, fluidity, bulk, and tapped density
of the spherical powder.

[l MATERIALS AND METHODS

The powder was made from an industrial-grade wire,
1 mm dia., 03Cr17Nir10M2 (316L) steel grade. We made
the spherical powder by wire spraying using a lab plasma
spraying system (Russian Federation patent No. 2749403).
Fig. 1 shows the system layout.

Air is evacuated from chamber / and then the cham-
ber is filled with argon. Next, the plasmatron 2 is acti-
vated to generate a plasma jet, and wire feeder 3 feeds
wire 4. An electric arc is excited between the free ends
of the wires, and the wire melts. The system has feeders 5
and 6 delivering power to the wires to ignite an elect-
ric arc. Spherical particles are produced by pulverizing
with the plasma jet. The atomized powder particles move
along chamber / (direction /). Annular nozzle 7 produces
a counter flow of cooling gas which slows down and cools
the powder particles (direction /7). The powder particles
are collected in bin 8. Argon was used as the plasma-for-
ming and atomizing gas.

After atomization, the powder was separated into frac-
tions using an ANALYSETTE 3 SPARTAN vibratory
sieve shaker (Germany). We used a JEOL JSM-IT500
scanning electron microscope (SEM) to obtain the powder
particle images. An Analysette 22 NanoTec laser particle
sizer was used for powder particle size analysis. The flui-
dity and bulk density were measured with an HFlow-1
Hall flowmeter, in accordance with the state standards
GOST 20899-98 and GOST 19440-94, Part 1. The tapped
density was measured in accordance with the state stan-
dard GOST 25279-93 using a BeDensi T1 analyzer.
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Fig. 1. Layout of wire plasma spraying system

Puc. 1. Cxema ycTaHOBKH IO MJIA3MEHHOMY TUCTIEPTUPOBAHHIO
MPOBOJIOKU

[ RESULTS AND DISCUSSION

We investigated the effect of electric arc power and
gas flow rate on the yield of fraction suitable additive
manufacturing (less than 160 pm) using a 1 mm dia.
industrial-grade wire, 03Cr17H10M2 (316L) steel grade.
We selected the process variables to make spherical pow-
der by plasma spraying. The results are shown on Fig. 2.

As the electric power and gas flow rate increase,
the yield of the —160 pum fraction increases to over 70 %.
When the power exceeds 4 kW, the chamber overheats rap-
idly, so the process has to be paused for cooling. We found
the conditions (power: 4 kW; gas flow rate: 250 I/min) for
continuous spherical powder manufacturing.

Then we studied the particle size distribution and
morphology of the resulting spherical powder made
of the 03Cr17Ni10M2 steel grade wire. It was found that
70 % of the particles are smaller than 167 um (Fig. 3).
The SEM images of the powder particles show that the
shape of the particles is almost spherical with no visible
defects. The powder is suitable for additive manufacturing
(Fig. 4).
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Fig. 2. Spraying conditions vs. yield (<160 um)
of particles suitable for additive manufacturing

a — electric arc power; b — gas flow rate
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Fig. 4. SEM images of the powder particles made
from the 03Ch17Nil0Mo2 (316L) wire

Puc. 4. COM u300paxeHus 4aCTHULL TIOPOILKA, 1OTyYEeHHOTO
u3 npoBosoku 03X17H10M2

We studied the bulk density, fluidity, and tapped den-
sity vs. particle size relations. The results are presented in
the table.

It can be concluded that the smaller the particle size,
the higher the fluidity (16.64 to 22.9 s), while the bulk
and tapped density for all particle sizes remain unchanged
(average values: 4.15 and 4.38 g/cm’, respectively).

[ ConcLusiONs

We studied the effect of spraying conditions on the yield
of particles smaller than 160 pum suitable for additive
manufacturing. As the arc power gas flow rate increase,
the —160 pum fraction yield increases to over 70 %.

We refined the spherical powder manufacturing by
plasma spraying on a 1 mm dia. industrial-grade wire,
03Cr17Nil10Mo2 (316L) steel grade. The optimum condi-
tions are as follows: 4 kW arc power, 250 1/min gas flow
rate. The yield of fractions smaller than 160 pm exceeds
70 %. The resulting powder properties are 17.6 + 1 s flui-
dity, 4.15 £ 0.1 g/cm? bulk density, and 4.36 + 0.2 g/cm?
tapped density. The powder is suitable for additive manu-
facturing.

We also studied the effect of the spherical powder
particle size on the fluidity, bulk density, and tapped den-
sity. The best results (fluidity: 16.64 + 1 s; bulk density:

Powder Properties

Characteristics of the powder

Particle
: 250-160| 160-90 | 90 ~160
size, um
Fluidity
fs  |229+1.0] 186210 16.64+1.017.6% 1.0
Bulk density
poglom’ [415£02] 415402 | 416202 [4.15+0.1
Tapped density

poglem’ [441£02] 435202 | 438+02 [436+0.2

4.16 £ 0.1 g/cm?; tapped density: 4.38 + 0.2 g/cm?) were
obtained for a —90 pm fraction.
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