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Abstract. The Metal Paste Deposition (MPD) method offers several advantages in producing multi-materials compared to other addi-
tive technologies. While there have been studies conducted on multi-material production using this method, they are limited. Hence,
a significant objective is to expand the research scope concerning multi-materials produced through the MPD method. This study
aimed to examine samples of multi-material systems comprising 316L steel with CoCrFeMnNiW ,, and 316L steel with CrtMoNbWV
obtained from metal paste. The investigation involved forming multi-material samples and analyzing the porosity, microstructure, phase
composition, and hardness of the 316L steel metal paste after sintering. The findings lead to several conclusions: when forming multi-
material samples of the 316L-CoCrFeMnNiW  ,. system, there is no necessity to create a transition zone using mixed 316L steel and
CoCrFeMnNiW, . powders, as these alloys mix strongly within it. However, in the 316L-CrMoNbWYV system, forming a transition
zone of mixed powders is necessary to mitigate the effects of uneven shrinkage. Altering the sintering modes for multi-material samples
of the 316L-CoCrFeMnNiW,. system is recommended; the temperature should be reduced by 30-45 °C compared to the sintering
modes for 316L steel. After sintering the metal paste derived from 316L steel, the resulting sample exhibits large and small spherical
pores. To minimize these defects, degassing can be employed. Additionally, reducing porosity can be achieved through hot isostatic
pressing post-sintering. The microstructure following the sintering of the metal paste from 316L steel consists of coarse austenite grains
with minimal ferrite accumulation at the grain interface.

Keywords: additive technologies, metal paste deposition, multi-materials, high-entropy alloys, 3 16L steel
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AHHOTauHﬂ. MeToa HaHECEHHS METAITNYCCKON ITACTHl HMEET PAA NPEUMYIIECTB IPU U3TrOTOBJICHUU MYJIIBTUMATEPUAIOB 110 CPABHECHUIO

C IpYTMMH BHJIaMHU aJIUTUBHBIX TEXHOJOTHH. BemyTcst nccienoBanus MomydeHHs: MyIbTHMATEpUaoB JaHHBIM METOAOM, HO MX
KOJIMYECTBO HE TaK BEIHKO. B CBSA3M ¢ 3TMM NMEPCHEKTHBHON 3aadeli SBISCTCS PacIIMPEHHe NCCICA0BATENbCKON 0a3bl H3yUCHUS
MYJIBTHMaTePHAIOB, MOIyYaeMbIX METOZOM HAaHECCHUS] METAIIMIECKOH MacThl. Llenbio qanHO# paboTh! SBISIIOCH MCCIIEN0BAHNE
00pa3suoB MyibTUMaTepHalbHOl cuctemsl crainb 316L—CoCrFeMnNiW 5 1 crans 316L-CrMoNbWYV, nony4eHHbIX U3 MeTall-
nmdeckoil mactel. [IpoBoamnucs uccnenoBanus (GOpMHUPOBAHUS MYIbTHMAaTepPHANBHBIX 00pa3IoB, a TAKKE aHANN3 MOPUCTOCTH,
MHKPOCTPYKTYpPHI, (ha30BOTO COCTaBa M TBEPJOCTH METAJUIMYECKOH macTel 3 cramu 316L mocne cnekanus. B pesymsrare Obun
ClelaHbl CIICAYIOLINE BBIBOABL: P (JOPMUPOBAHHH MyIbTHMATEpUabHBIX 00pasLos cucteMbl 316L-CoCrFeMnNiW s Het Heo6-
XOIUMOCTH (POPMHUPOBAHHS IIEPEXOAHON 30HBI U3 CMECH IMOPOUIKOB cTaiu 316L u CoCrFeMnNiWO,ZS, TaK Kak B HEHM IMpOUCXOIUT
CHIIbHOE CMerBaHue IBYX ciutaBoB. B cucteme 316L-CrMoNbWV umeetcst He00X0aMMOCTh YOPMHPOBAHHS IIEPEXOTHON 30HBI 13
CMECH TIOPOIIKOB, TaK KaK 3TO CHU3UT BIMSHNEC HEPAaBHOMEPHON ycaiKu. PEXKMMBI CTIeKaHUs 11 MyIbTUMAaTEepUaIbHBIX 00pa3IoB
cucremsl 316L-CoCrFeMnNiW, , NO/KHBL GbITh U3MEHEHBL 10 CPABHEHUIO ¢ PEXUMAMHU JUIs YHCTBIX CIUIABOB — TEMIIEparypa
cHipKeHa Ha 30—45 °C 110 cpaBHEHHIO C pexXHUMaMH criekaHus ctain 316L. OOpa3zel, morydeHHBIN MOCIIe CIECKAHUS METAJUTHIECKOM
macTsl U3 cTanu 316L, umeeT KpymHbIe H Menkue cdepuaeckue mopel. Jst yMEHbIISHHs KOJIMYIECTBa MOA0OHOTO poa Ie(eKToB
MOXKHO HCIOJIB30BaTh Jeraszanuio. Kpome Toro, CHIKCHHE MOPUCTOCTH MOJKET OBITh JOCTHTHYTO 3a CUET TOPSYEro M30CTaTHde-
CKOTO IPEeCcCOBaHMS MOcCIe criekanus. [locie criekaHust MeTaMaecKol macTsl u3 cranu 3161 MukpocTpykTypa npeacrasiseT coooi

OYCHb KPYIHBIC 3€pHA ayCTCHUTA C KpaﬁHe HEOOJIBIINM KOJIMYCCTBOM (beppI/ITa, CKAaIJIMBAIOIIECIrOCH 110 IrpaHrullaM 3€PCH.

KniouyeBbie cnoBa: AJJATHBHBIC TEXHOJIOTHH, HAHCCCHHUE METaAJTTNICCKOU TacThl, MyJIbTUMATEPUAJIBI, BI:ICOKOSHTpOHPlfIHLIC CIIJIaBBhI,

craib 316L

BbnarogapHocTy: VccrienoBanue BBINOIHEHO TP GUHAHCOBOM Mojepkke MUHICTEpPCTBA HAyKH U BhICIIEro oOpa3zoBanus Poccuiickoit
Deneparuu (Comnamenue o npenoctasieHun cyocumun Ne 075-03-2023-004).

Ana yntupoBanmsa: Macaiino J1.B., Pennun A.B., TTonoBua A.A., Pazymos H.T'., MaseeBa A.K. AintuBHast Texzonorust GopMupoBa-
HHS MyJIBTHMATEPUAIbHBIX 00pa3LoB CUCTEMBI «HEPIKABEIOII[As CTAIlb — BHICOKOOHTPOIIUIHBIC CIUIABbD). M36ecmus 6y308. ITopouwko-
6as memaniypaus u yHkyuonavuvie nokpvimus. 2024;18(1):63-72. https://doi.org/10.17073/1997-308X-2024-1-62-72

Introduction

The fabrication of products with 3D property altera-
tions has been actively employed in manufacturing for
many years [1; 2]. Such products demonstrate enhanced
performance characteristics [3] and find applications
across diverse industries like automotive, acrospace
engineering, biomedicine, and defense [4; 5]. the fabri-
cation of products featuring functional gradients (multi-
materials) uses several production methods, including
centrifugal casting, powder metallurgy, chemical vapor
deposition, and additive technologies (AT) [6]. Notably,
there’s been a growing interest in research within
the at recently [7].

In contrast to subtractive manufacturing methods
involving machining, casting, and forging, at enables
the creation of three-dimensional product geometries
by incrementally adding material layer by layer, fol-

lowing a 3D model [8]. Additive technologies facilitate
the utilization of various material types such as poly-
mers, metals, ceramics, glasses, biomaterials, and com-
posites [9]. These encompass techniques like stereo-
lithography, selective laser melting, direct energy and
material deposition, material extrusion, material inkjet
deposition, among others.

Regarding the production of multi-materials from
metals, notable at types include selective laser melting
and direct supply of energy and material [10]. These
methods entail melting metal powder layer by layer
based on a specified 3D model, enabling the creation
of geometrical complex metal products. However,
the disadvantage of these procedures lies in the equip-
ment’s high cost and maintenance expenses, owing
to their intricate design and expensive components [11].
Moreover, these processes require the melting and

63


mailto:dmasaylo%40gmail.com?subject=
https://powder.misis.ru/index.php/jour/search/?subject=аддитивные технологии
https://powder.misis.ru/index.php/jour/search/?subject=нанесение металлической пасты
https://powder.misis.ru/index.php/jour/search/?subject=мультиматериалы
https://powder.misis.ru/index.php/jour/search/?subject=высокоэнтропийные сплавы
https://powder.misis.ru/index.php/jour/search/?subject=сталь 316L
https://doi.org/10.17073/1997-308X-2024-1-62-72
mailto:dmasaylo%40gmail.com?subject=

DM v on

W3BECTUA BY30B

W3BECTUA BY30OB. [TOPOLIKOBAA METANNYPTUA U GYHKLLIMOHANBHBIE MOKPbITUA. 2024;18(1):62-72
Macalino /.B., PenHuH A.B. u 0p. ABANTUBHAA TEXHONOMMA GOPMMPOBAHUA MybTUMATEPUA/bHBIX 06Pa3LOB ...

acquisition of powder materials with specific shapes and
a narrow particle size distribution (typically 20-63 um
for selective laser melting technology and 60—-120 um
for direct energy and material supply technology).
This limitation restricts the range of usable precursors
and final multi-materials [12]. Mitigating these draw-
backs in the production of multi-material products can
be achieved through additive technologies that do not
involve the melting of metal powders.

Alternative methods for producing multi-materials
from metals and ceramics using at without directly
melting metal powders include Binder Jetting,
Material Jetting, Fused Deposition, and Metal Paste
Deposition (MPD) [13]. Among these methods, MPD
holds several advantages over others, such as lacking
a complex polymer base in the binder and eliminating
the need to produce filament, among other benefits [14].
A defining aspect of this technology is the absence
of a requirement to burn out the binder, as it almost
entirely evaporates during the printing process. This
significantly accelerates manufacturing and reduces
associated costs.

The core principle of the MPD method involves
applying a paste comprising metal powder onto the sub-
strate in necessary layers, as dictated by the 3D model,
until the product is fully formed [15]. This paste con-
sists of metal particles bonded by a mixture of water
and a binder: 90 wt. % metal powder and 10 wt. %
liquid. Throughout printing, the liquid evaporates, leav-
ing a “green” part composed of metal particles with less
than 1 % binder residue. an illustration of a 3D printer
utilizing MPD technology and a diagram of the extruder
can be observed in Fig. 1.

Paste -
cartridge
T Auger drive "
Paste feed
Extruder —
Xand Y
axis drive Working /
I platform
{ Auger

a

Currently, there are limited number of manufacturers
producing 3D printers using MPD technology, such as
Rapidia (Canada), Metallic 3D (US), and Mantle (US).
It is worth noting that there are no off-the-shelf solu-
tions available for manufacturing multi-material prod-
ucts using the MPD method [16]. However, devices
employing this technology can be adapted for multi-
material product fabrication by either swapping raw
material cartridges during printing or utilizing multiple
nozzles [17].

Numerous studies have investigated the produc-
tion of multi-material products utilizing MPD techno-
logy and similar approaches. In a study by the authors
of [18], samples derived from metal pastes composed
of steel, copper, and alumina were prepared and ana-
lyzed. the investigation into dissimilar metal interac-
tions revealed minimal differences in 3D shrinkage and
increased porosity within the transition zone. Notably,
the transition zone between steel and copper exhibited
alloy mixing, resulting in a fourfold increase in electri-
cal conductivity and a 34 % rise in Young’s modulus
compared to a pure steel sample. However, the multi-
material system of steel with alumina displayed a 17 %
lower Young’s modulus compared to the pure steel sam-
ple, without any alloy mixing. In another study docu-
mented by the authors of [19], multi-material samples
of the copper-chemically modified graphene system,
produced via the MPD method, were examined. These
samples were designed to simulate an electric battery.
the resultant metal and graphene pastes demonstrated
the potential for producing prototype electric batteries,
suggesting that additive technologies could effectively
fabricate electrodes and electric batteries with customi-
zed configurations.

Z axis drive

Nozzle ———

Fig. 1. MPD 3D printer (Metallic 3D, @) and extruder diagram (b)

Puc. 1. U3o6paxkenne 3D-npunTepa, padoratoriero mo Texuonoruu MPD (Metallic 3D, ), u cxema sxctpynepa (b)

64



Pon e

POWDER METALLURGY AND FUNCTIONAL COATINGS. 2024;18(1):62-72
Masaylo D.V., Repnin A.V., etc. Additive technology for forming multi-material samples ...

From the aforementioned literature review, it is evi-
dent that the metal paste deposition method for manufac-
turing multi-materials presents several advantages over
other types of additive technologies. Although there
have been studies conducted on multi-material produc-
tion using this method, they remain relatively limited.
Therefore, a promising area of focus involves expan-
ding the research scope to further investigate multi-
materials produced via the MPD method. For example,
high-entropy alloys (HEAs) like CoCrFeMnNi exhibit
superior impact strength, particularly in cryogenic con-
ditions, and have a higher endurance limit compared
to 304L and 316L steels. Furthermore, they demon-
strate enhanced structural stability under ion irradia-
tion compared to nickel alloys and possess commend-
able corrosion resistance, comparable to steel 304L.
However, replacing traditional engineering alloys such
as stainless steels or nickel-based superalloys with
CoCrFeMnNi might escalate product costs. In this
context, the concept of creating multi-materials within
the CoCrFeMnNi-316L system could offer a promising
solution to enhance performance characteristics with-
out significantly inflating production expenses [20].
the addition of W to CoCrFeMnNi can elevate its mel-
ting point. HEAs like CrMoNbWYV exhibit heightened
corrosion strength, hardness, and wear resistance. This
alloy type holds promise for applications in friction

pairs and conditions involving severe abrasive wear
within aggressive environments [21].

The objective of this study was to investigate
samples of the multi-material systems comprising
316L steel with CoCrFeMnNiW  ,. and 316L steel with
CrMoNbWV obtained from metal paste. to achieve
this goal, several key issues needed addressing: to ana-
lyze the impact of metal powder morphology and par-
ticle size distribution, along with the transitional layer
comprising mixed powders, on the formation process
of multi-material samples, and to examine the poro-
sity, microstructure, phase composition, and hardness
of the metal paste derived from 316L steel subsequent
to sintering.

Materials and methods

To produce multi-material samples of the
316L-CoCrFeMnNiW ,. and 316L-CrMoNbWV sys-
tems, we used specific metal powders depicted in Fig. 2.
Examination of the powders revealed that 316L steel
and CoCrFeMnNiW ,. HEA powders consist pre-
dominantly of spherical particles exhibiting a smooth
surface texture, with occasional irregularly shaped par-
ticles present. The 316L steel powder was manufactured
through gas atomization by Sphere M LLC (Metlino
Village, Chelyabinsk Region). the CoCrFeMnNiW .

Fig. 2. Morphology of metal powders:
a—316L steel; b — CoCrFeMnNiW ,. HEA; ¢, d — CrMoNbWV HEA

Puc. 2. Mopdosorusi METaIUTHYECKUX MTOPOIIKOB
a—cranb 316L; b — BDOC CoCrFeMnNiWOVZS; ¢, d—B3C CrMoNbWV
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HEA powder was produced via mechanical alloy-
ing in a Fritsch Pulverisette 4 planetary mill (Fritsch
GmbH, Germany) as follows: duration 5-20 h, main
disk rotation speed 200—400 rpm, bowl rotation speed
400-800 rpm (rotation against the disk), grinding
media of 10 mm steel balls with a ball-to-powder
weight ratio of 20:1. Following mechanical alloying,
the particles underwent spheroidization using a Tekna
TEK-15 unit (Tekna, Canada) employing inductively
coupled plasma with an Ar-H, gas mixture. the powder
feed rate ranged from 20 to 25 g/min [22]. Similarly,
the CrMoNbWV HEA powder was obtained through
mechanical alloying using a Fritsch Pulverisette 4 plan-
etary mill (Fritsch GmbH, Germany) as follows: dura-
tion 5 h, main disk/bowl rotation speed 350/700 rpm,
grinding balls of high-strength steel with a diameter
of 7-10 mm, maintaining a material-to-ball weight
ratio 1:20 [21]. After mechanical alloying, the particles
underwent agglomeration in a spray drying unit.

The particle size distribution of the powders was
determined using laser diffraction analysis conducted
with an Analysette 22 NanoTec Plus particle size ana-
lyze (Fritsch GmbH, Germany). the results of these
measurements are detailed in Table 1.

Table 1 showcases distinct particle size distribu-
tions among the powders. These variations can poten-
tially lead to uneven shrinkage during the fabrication
of multi-material products. Additionally, it’s important
to note that the data acquired for the CrMoNbWV HEA
pertain to the particles constituting the powder granules,
as they disintegrated during analysis due to dissolution
in water.

For the metal paste comprising 316L steel,
CoCrFeMnNiW  ,. HEA, and CtMoNbWV HEA, a7 %
polyvinyl alcohol solution in water served as the binder.
This solution was prepared through continuous stirring
at 80 °C until the polyvinyl alcohol crystals completely
dissolved in water (~2 h).

The 316L steel metal paste was prepared for printing
using a Tronxy Moore 1 Mini Clay 3D printer (Tronxy,
China). While this printer typically employs ceramic
paste extrusion technology, it was adapted to accommo-
date metal paste by adjusting the specific consistency
required.

Sintering of the 316L steel paste was conducted in
a vacuum furnace from Carbolite Gero GmbH & Co. KG,
Germany. the sintering process followed these modes:
heating to 600 °C at a rate of 5 °C/min, holding for 1 h;
subsequent heating to 1380 °C at a rate of 5 °C/min,
holding for 3 h, and cooling within the oven. the treat-
ment occurred within a hydrogen atmosphere. the etch-
ing process to reveal the microstructure of 316L steel
sample was performed using aqua regia.
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Table 1. Particle size distribution of metal powders

Ta6bnuya 1. I'panynomeTpuyeckuii coctas
HCI0/Ib3YEeMBbIX IIOPOLIKOB

Fraction, Particle size, um

vol. % | 316L steel | CoCrFeMnNiW, 5 | CtMoNbWV
10 <20 <13 <2
50 <39 <50 <6
90 <70 <98 <18

For examining the macrostructure of the transition
zone in the “green” bodies of the multi-material samples,
a Leica M125 stereomicroscope (Leica Microsystems,
Germany) was employed.

The melting point of the CoCrFeMnNiW,,. HEA
powder was determined via differential scanning
calorimetry (DSC) using a NETZSCH DSC 404 F3
Pegasus unit (NETZSCH GmbH, Germany) This
analysis was conducted in a corundum crucible within
a high-purity argon environment, employing a hea-
ting rate of 20 K/min in the temperature range of 1200
to 1600 °C. the DSC curve depicting the melting pro-
cess exhibits an endothermic peak in the heat flow ver-
sus temperature relationship, delineating three distinct
characteristic points: T ., Tk and T_,. The peak
onset point (7 ) is identified as the intersection
between the interpolated baseline and the tangent drawn
to the deflection point of the ascending side of the peak.
the peak point (T peak) signifies the temperature corre-
sponding to the maximum deviation between the DSC
curve and the baseline. Finally, the peak end point (7 ;)
is recognized as the intersection between the interpo-
lated baseline and the tangent drawn to the deflection
point on the descending side of the peak.

The analysis of the microstructure in a 316L steel
sample and the examination of the structure of
the “green” bodies in multi-material samples were car-
ried out using a Leica DMi8 M optical microscope (Leica
Microsystems, Germany). the phase composition was
determined through analysis performed with a Rigaku
SmartLab X-ray diffractometer (Rigaku Corporation,
Japan). Additionally, Vickers microhardness measure-
ments were conducted using a MicroMet 5101 micro-
hardness tester manufactured (Buehler Ltd, USA).

Results and discussion

Fig. 3 depicts multi-material samples (“green” bodies)
from 316L-CoCrFeMnNiW,,. and 316L-CrMoNbWV
systems after molding. the observations are as follows:
the 316L-CoCrFeMnNiW,, ,. sample lacking a transi-
tion zone of mixed powders displays a predominantly
smooth interface with a minor blending of the two alloys
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(Fig. 3, a); the 316L-CoCrFeMnNiW ,. sample with
a transition zone of mixed powders exhibits an uneven
arc-shaped interface, characterized by substantial mix-
ing of the two alloys (Fig. 3, b); the 316L-CrMoNbWV
sample without a transition zone of mixed powders
showcases a deep crack along the interface, stem-
ming from uneven shrinkage due to varying par-
ticle size distributions of the two alloys (Fig. 3, ¢);
the 316L-CrMoNbWV sample featuring a transition
zone of mixed powders displays no deep cracks, pre-
senting a smooth interface with a blending of the two
alloys (Fig. 3, d).

Fig. 4 displays metallographic sections of multi-
material samples, referred to as “green” bodies,
obtained from the 316L—-CoCrFeMnNiW and
316L-CrMoNbWYV systems.

Upon analyzing the metallographic sections, sev-
eral observations regarding the interfaces in the multi-
material samples of the 316L-CoCrFeMnNiW,,. and
316L-CrMoNbWYV systems were noted: the inter-
face between 316L and CoCrFeMnNiW .. in
the 316L-CoCrFeMnNiW  ,. system displays a smooth
transition without any breaks, discontinuities, or defects
(Fig. 4, a). Similarly, the interface between 316L and a
combination of CoCrFeMnNiW  ,. and 316L exhibits no
breaks, discontinuities, or defects, although it appears less
distinct compared to the 316L and CoCrFeMnNiW,

0.25

0.25

CoCrFeMnNiW,, 5

interface (Fig. 4, b). the interface between 316L and
CrMoNbWYV is clearly defined, attributed to the con-
siderably smaller size of CrMoNbWYV particles in
contrast to those of the 316L alloy. This interface also
lacks any breaks, discontinuities, or defects (Fig. 4, ¢).
Likewise, the interface between 316L and a combina-
tion of CrMoNbWYV and 316L presents a less distinct
boundary but remains devoid of breaks, discontinuities,
or defects (Fig. 4, d). the absence of breaks, discontinui-
ties, and other defects at the interfaces within the multi-
material samples from the 316L-CoCrFeMnNiW . and
316L-CrMoNbWYV systems suggests a decreased like-
lihood of defect formation post the sintering process.

Based on the analysis of literature data concerning
the manufacturing of multi-material products using AT,
it has been highlighted that the transition zone, where
dissimilar alloys are blended, necessitates specifically
optimized printing parameters [23—25]. This is crucial
because the properties of the alloy mixture differ from
those of pure alloys, and utilizing printing parameters
designed for pure alloys with the mixture can lead
to an unstable synthesis process, potentially resulting
in defects. In the MPD method, the primary interaction
between dissimilar alloys occurs during the sintering
phase. Given the limitation in separately influencing
the zone of alloy differences during sintering, it becomes
preferable to minimize the mixing zone between alloys

CoCrFeMnNiW,,

Fig. 3. Study of transition zones in multi-material samples (“green” bodies)
of 316L-CoCrFeMnNiW ,. (a, b) and 316L-CrMoNbWYV (c, d) systems

a, ¢ — absence of a transition zone; b, d — presence of a transition zone with mixed powders

Puc. 3. VccrieioBaHne MEPEXOAHBIX 30H MYJIBTUMATCPHATIBHBIX 00Pa3oB («3EICHbBICY JICTallH)
CHCTEM CTaJlb 316L7C0CrFeMnNiWO’25 (a, b) u ctanb 316L-CrMoNbWYV (¢, d)

a, ¢ — 6e3 epexoaHoit 30HbL; b, d — ¢ TIepexoRHOI 30HOH U3 CMECH COOTBETCTBYIONIHX ITIOPOIIKOB
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u CoCrFeMnNiW 4

CrMoNbWV

H CoCrFeMnNiW,,; + 316L [

v

Fig. 4. Analysis of interfaces in multi-material samples (“green” bodies)
from the 316L-CoCrFeMnNiW . (a, b) and 316L-CrMoNbWV (c, d) systems

a, ¢ — absence of a transition zone; b, d — presence of a transition zone with mixed powders
Red line indicates the interface between zones of different chemical composition

Puc. 4. ViccnenoBanue rpaHMIibl pas/ena B MyJIbTHMATEPHAIbHBIX 00pasiax («3eJIeHbI) 1eTallH)
cucrem craib 316L-CoCrFeMnNiW, ., (4, b) u crans 316L-CrMoNbWYV (¢, d)

a, ¢ — 0e3 NepexoHON 30HbI; b, d — ¢ TIEPEXOIHOM 30HO U3 CMECH COOTBETCTBYIOLIMX TTOPOIIKOB
KpacHas 1uHHS — rpaHMIIa pa3/iena 30H Pa3InuyHOro XUMHUECKOTO COCTaBa

to reduce the volume of material susceptible to unstable
synthesis. From the observations in Figs. 3 and 4, it can
be inferred that the absence of a transition zone between
mixed 316L steel and CoCrFeMnNiW ,. powders is
desirable due to significant mixing between two alloys
occurs. For the 316L-CrMoNbWV system, having
a transition zone of mixed powders is preferable. This
choice aims to mitigate the impact of uneven shrinkage,
thereby minimizing the occurrence of potential defects.

The sintering process for multi-material samples
following the molding phase requires knowledge of
the alloy’s melting point to select appropriate sinter-
ing parameters. While sintering modes for 316L steel
have been previously established, the melting point
of CoCrFeMnNiW . HEA powder was determined via
differential scanning calorimetry, as detailed in Table 2.

Table 2 indicates that the average melting point
of CoCrFeMnNiW ,. ranges from 1373 +19
to 1403 £ 16 °C, while the melting point of 316L steel
falls between 1402+ 15 to 1435+30°C [26].
Consequently, the sintering parameters utilized for
316L steel may not be suitable for sintering multi-
material samples within the 316L-CoCrFeMnNiW .

68

system. Therefore, adjustments are necessary, sug-
gesting a reduction in temperature by approximately
30-45 °C compared to the sintering modes established
for 316L steel. Additionally, Table 2 highlights a trend
of increasing temperature during measurement. This
temperature rise might be attributed to the burnout
of manganese, which possesses the lowest melting and

Table 2. Investigation of CoCrFeMnNiW ,. powder
melting temperature by differential scanning calorimetry

Tabnmya 2. Pe3ynbTaThl onpeneeHnss TEMIEPATyPhl
miapJjenus nopomka CoCrFeMnNiW . meTonom
nuddepeHIHAIBHON CKAHUPYOLIEH KAJTOPUMETPHHI

Measuring range
Run No.
Onset Peak End
1 1355 1386 1389
2 1362 1391 1394
3 1372 1398 1401
4 1383 1409 1412
5 1393 1418 1421
Averages
1373 1400 1403
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boiling points among all elements present in the HEA.
Any alteration in the concentration of this less refractory
element could contribute to an increase in temperature.
Consequently, when determining sintering parameters,
it is advisable to prioritize initial melting point mea-
surements of CoCrFeMnNiW,, . and conducting further
experimental studies.

0.25

Fig. 5 displays the outcomes of sintering a metal
paste composed of 316L steel, revealing the presence
of large (Fig. 5, a) and small (Fig. 5, b) spherical pores
in the sintered 316L steel sample. It is plausible that these
pores were formed due to the existence of gas bubbles
generated during the preparation of the paste. to miti-
gate the occurrence of such defects, an additional step
involving degassing can be implemented in the metal
paste production process. Moreover, to address poro-
sity concerns, another effective technique involves hot
isostatic pressing (HIP) subsequent to sintering.

Fig. 6 depicts the microstructure of a sintered 316L
steel sample, showcasing the presence of coarse aus-
tenite grains that are characteristic of austenitic stain-
less 316L steel [27]. This observation aligns with

W ‘ . . &
- »
. S
.. & .
' . 500 pm
b - —

250 pm
—

L ! '

Fig. 5. Porosity of a 316L sintered specimen
a — area on the resurface with large spherical pores
b — area on the resurface with small spherical pores

Puc. 5. Meramnorpadudeckuii muud
criedeHHOro oOpasna u3 crtaym 3161

a — obnacth Ha HUIM(E ¢ KPYIHBIMHU CHEpUUECKUMH NOPaMH
b — obnacth Ha HUTM(pE ¢ MENKUMH CHEPUIESCKUMHU TTOPaMU

the results obtained from X-ray diffraction analysis
(Fig. 7). the Axalit Metal software (Axalit SOFT LLC,
Yekaterinburg) was used to determine an average
grain area of 0.05 mm? derived from three Field-of-
Views (FOVs) with approximately 25 grains in each.
It’s worth noting that the grain size in the sintered
316L steel metal paste sample is notably larger com-
pared to samples produced by binder jetting or fused

Fig. 6. Microstructure of metal 316L paste after sintering

Puc. 6. MUKpOCTPYKTypa CIIeUeHHOTo 00pasia u3 cramu 316L

45,000
40,000
35,000
30,000 r
25,000 r
20,000
15,000
10,000
5,000 JL

O T I T T T T T
50 55 60 65 70 75 80 85 90

20, deg
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Intensity, rel. units

(200)

(220)

Fig. 7. X-ray diffraction patterns of metal 316L paste
after sintering

Puc. 7. ®a3oBsli cocTaB crieueHHOro obpasua u3 cranu 316L
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deposition methods [28; 29]. This disparity in grain
size might be attributed to the larger particle size of
the powder used to create the metal paste of 316L steel,
consequently leading to larger original grains in the sin-
tered product [30]. the microhardness values recorded
were 132 +4 HV, indicating a lower hardness com-
pared to samples sintered after binder jetting or fused
deposition [31].

Conclusions

This study involved samples from the multi-
material systems of 316L-CoCrFeMnNiW ,. and
316L-CrMoNbWV, which were prepared using a metal
paste. Our investigation focused on understanding
the impact of metal powder morphology, particle size
distribution, and the presence of a transition layer com-
posed of mixed powders on the development of multi-
material samples. Additionally, we examined the poro-
sity, microstructure, phase composition, and hardness
of sintered 316L steel fabricated from the metal paste.
the conclusions drawn from the results of this study are
as follows:

1. For the molding of multi-material samples of
the 316L-CoCrFeMnNiW .. system, the creation
of a transition zone comprising mixed 316L steel and
CoCrFeMnNiW,,. powders is unnecessary due to
the strong mixing observed between the two alloys.
Conversely, in the 316L-CrMoNbWV system, forming
a transition zone of mixed powders is essential to miti-
gate the impact of uneven shrinkage.

2. The sintering parameters for multi-material
samples of the 316L-CoCrFeMnNiW . system need
to be altered compared to those used for pure alloys.
Specifically, it is recommended to reduce the sintering
temperature by 3045 °C relative to the sintering tem-
perature employed for 316L steel.

3. The sintered 316L steel sample revealed the pre-
sence of large and small spherical pores, a microstruc-
ture characterized by sizable austenite grains (with
an average grain area of approximately 0.05 mm?), and
a microhardness reading of 132 + 4 HV.
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