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The 20 International Scientific Conference
on “Modern Materials, Advanced Manufacturing
Technologies, and Associated Equipment”

From June 30™ to July 2", 2023, the 20" International
Scientific Conference titled "Modern Materials,
Advanced Manufacturing Technologies, and Associated
Equipment" was held at Peter the Great St. Petersburg
Polytechnic University. This conference coincided with
the celebration of the 300" anniversary of the Russian
Academy of Sciences and the 125" anniversary of
the establishment of Peter the Great St. Petersburg
Polytechnic University. The co-organizers of the con-
ference included the Ministry of Science and Higher
Education of the Russian Federation, the Russian
Academy of Sciences (Department of Chemistry and
Materials Science), the National Academy of Sciences
of the Republic of Belarus (Department of Physical-
Technical Sciences), the State Corporation “Rosatom”,
and Peter the Great St. Petersburg Polytechnic University.

Prominent representatives from the Russian Aca-
demy of Sciences, higher education, and industry delibe-

A. I. Rudskoy
Rector of Peter the Great

St. Petersburg Polytechnic University

Academician

of the Russian Academy of Sciences

rated and analyzed a wide array of findings reflecting
contemporary trends in the advancement of materials
science and cutting-edge manufacturing technologies.
Special emphasis was placed on the latest advancements
in the production of new metallic, ceramic, and com-
posite materials, as well as the design of technological
equipment.

Participants of the conference highlighted the
unprecedented technological breakthroughs currently
underway, propelled by the adoption of pioneering
technologies and a diverse range of materials within the
industrial sphere, thus ensuring the requisite standards
of performance for high-tech products. It is unsurpris-
ing that among the conference speakers were represen-
tatives from various industrial enterprises.

This journal issue presents articles derived from the
conference materials.
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UDC 669.018.58 Review article
https://doi.org/10.17073/1997-308X-2024-1-6-19 0630pHas cmamua

Exploring 3D printing with magnetic materials:
Types, applications, progress, and challenges

G. A. Konov, A. K. Mazeeva“, D. V. Masaylo,

N. G. Razumov, A. A. Popovich

Peter the Great St. Petersburg Polytechnic University
29 Polytekhnicheskaya Str., St. Petersburg 195251, Russian Federation

&) mazeevaalina@gmail.com

Abstract. 3D printing, also known as additive manufacturing (AM), represents a rapidly evolving technological field capable of creating
distinctive products with nearly any irregular shape, often unattainable using traditional techniques. Currently, the focus in 3D printing
extends beyond polymer and metal structural materials, garnering increased attention towards functional materials. This review conducts
an analysis of published data concerning the 3D printing of magnetic materials. The paper provides a concise overview of key AM tech-
nologies, encompassing vat photopolymerization, selective laser sintering, binder jetting, fused deposition modeling, direct ink writing,
electron beam melting, directed energy deposition and laser powder bed fusion. Additionally, it covers magnetic materials currently utilized
in AM, including hard magnetic Nd—Fe—B and Sm—Co alloys, hard and soft magnetic ferrites, and soft magnetic alloys such as permalloys
and electrical steels. Presently, materials produced through 3D printing exhibit properties that often fall short compared to their counterparts
fabricated using conventional methods. However, the distinct advantages of 3D printing, such as the fabrication of intricately shaped indi-
vidual parts and reduced material wastage, are noteworthy. Efforts are underway to enhance the material properties. In specific instances,
such as the application of metal-polymer composites, the magnetic properties of 3D-printed products generally align with those of tra-
ditional analogs. The review further delves into the primary fields where 3D printing of magnetic products finds application. Notably, it
highlights promising areas, including the production of responsive soft robots with increased freedom of movement and magnets featuring
optimized topology for generating highly homogeneous magnetic fields. Furthermore, the paper addresses the key challenges associated
with 3D printing of magnetic products, offering potential approaches to mitigate them.

Keywords: 3D printing, additive manufacturing, additive technologies, magnetic materials
Acknowledgements: This work was supported by the Russian Science Foundation (grant No. 23-13-00305).

For citation: Konov G.A., Mazeeva A.K., Masaylo D.V., Razumov N.G., Popovich A.A. Exploring 3D printing with magnetic materials:
Types, applications, progress, and challenges. Powder Metallurgy and Functional Coatings. 2024;18(1):6-19.
https://doi.org/10.17073/1997-308X-2024-1-6-19
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aHaJIN3 JINTEPATYPHBIX JaHHBIX 10 3D-revaT U3Aeauii U3 MarHUTHBIX MarepuaioB. KpaTko paccMOTpeHBI OCHOBHBIC TEXHOJIOTHU
AIl — porononumepu3zanysi B BAHHE, CEIIEKTUBHOE JIa3epHOE CIIEKaHUEe, CTPYHHOE HAHECEHHUE CBS3YIOIIET0, MOACIMPOBAHUE METOJIOM
HATJIABJICHUS, IPSIMOE HalMCaHUe YePHUIAMHU, IICKTPOHHO-ITyYeBast IU1aBKa, MPSIMOH T0/IBOJI SHEPIHUH U MaTepHalia, CHHTE3 Ha 10JI-
JIOXKKE C TIOMOIIBIO JIa3epa, a TakKe UcrosibdyeMble B AIl MarHuTHbIe MaTepralibl — MarHuToTBepabie criaBbl Nd—Fe-B u Sm—Co,
MarHUTOTBEPAbIC 1 MATHUTOMATKHE ()EPPHUTHI, MATHUTOMSITKUE CILIABBI THUIIA TIEPMAIUIOEB U AJIEKTPOTEXHUYeCKUX crajei. [Tokasano,
YTO HA JAHHBI MOMEHT MaTepualibl, U3TOTOBJICHHbIE MeToamMu 3D-redaTu, Moka yCTymnalT MO CBOMM CBOWMCTBAM aHAJOIMYHBIM
MarepuaiaMm, IoJIy4eHHbIM 0oJiee TPaJULMOHHBIMU METOJaMM, OJIHAKO OCHOBHbIE IpeumyniecTsa 3D-nevatu — co3naHue euHuy-
HBIX M3JICJIUN CIIOXKHON (POPMBI M COKpAIIIEHUE OTXOI0B MaTepHalia, IPu 3TOM BeIyTcs pabOoThI 10 yIyUIICHHIO KOMIUIEKCa CBOUCTR.
B HEKOTOpBIX Cilydasx, HAIPUMEP MPU MCIOIb30BAHUU METAIUI-TIOJMMEPHBIX KOMITO3UIIHi, MATHUTHBIC XapakTepucTuku 3D-u3me-
JIMH U3 HUX B LEJIOM yXK€ CONOCTaBUMBI C TPAJUIIMOHHBIMU aHaJloraMu. B 0030pe npuBeieHbl OCHOBHBIC HANIPABICHUS IPUMEHEHUS
3D-neyaTy MarHUTHBIX U3/EJIHIH — B YaCTHOCTH, [IOKA3aHO, YTO BEChbMa MEPCHEKTUBHO U3rOTOBIIEHHE MITKUX POOOTOB € OBICTPBIM
OTKJIMKOM M BBICOKO# CTEIIEHBIO CBOOO/IBI, & TAK)KE MArHUTOB C ONITHMHU3UPOBAHHON TOTIOJNIOTHEH, TO3BOJISIFOIIUX T€HEPUPOBATh Mar-
HUTHOE TI0JIC C BBICOKOH CTENEHBIO OJHOPOAHOCTH. Taike MpPEeACTaBICHbI OCHOBHBIC MPOOiIeMbl 3D-reuaTn MarHUTHBIX HU3JCIUI

U BO3MOKHBIE CITOCOOBI X peuienus.
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Introduction

Magnetic materials are capable of generating their
own magnetic fields and are widely used in various elec-
trical devices [1-3], such as generators, transformers,
magnetic recording systems, and other units with spe-
cific geometries and architectures. Traditional methods
for manufacturing such products are limited to simple
shapes, requiring expensive tools and sophisticated
post-processing. This pushes up the costs of low-volume
production of unique items and leads to considerable
waste. Consequently, an increasing number of studies
are devoted to the development of new technologies,
including 3D printing.

3D printing enables the creation of arbitrarily-
shaped structures with complex geometries using a vari-
ety of materials, including polymers [4; 5], metals [6-8],
ceramics [9—11], composites [12—14], etc. This techno-
logy allows for reduced production time, lowered costs,
controlled shapes, printing with multiple materials, and
the production of structures that were previously impos-
sible to obtain using traditional methods. The capabili-
ties of 3D printing technology offer tremendous opportu-
nities for manufacturing magnetic materials with irregu-
lar shapes, simultaneously reducing waste and enabling
the creation of unique products unattainable through
traditional methods. Further studies on materials and
processes are required to fully explore the potential
of 3D printing in manufacturing magnetic materials.

The aim of this paper is to review published works
pertaining to the additive manufacturing of magnetic
materials. It will specifically explore the 3D printing
technologies employed for this purpose, the applica-
tion scope of materials produced through this method,

the potential and accomplishments of additive technolo-
gies in this domain, and finally, it will address current
challenges and the prospects for their resolution.

1. 3D printing technologies
for manufacturing
magnetic materials

A variety of technologies and materials are employed
in the additive manufacturing of magnetic materials
using 3D printing. Some of these techniques are dis-
cussed below.

Vat photopolimerization [15;16] (Fig. 1, a) is
a 3D printing technology that uses liquid polymers as
initial materials along with a laser, projector, or liquid
crystal display as a radiation source.

Stereolithography apparatus (SLA) technology
operates by using a laser to illuminate photopolymer
resin in the printer vat through point-by-point scan-
ning. The laser beam targets the vat’s bottom and, via
mirror galvanometers, illuminates specific regions
based on the developed 3D computer model of the pro-
duct. This process forms a cured layer corresponding
to the specified cross-section of the model. The platform
then rises by the thickness of one layer, and the proce-
dure repeats until the product is fully printed.

Digital light processing (DLP) technology [17]
employs projectors to solidify photopolymer resin
into three-dimensional objects. It simultaneously
exposes the entire resin layer to optical range radiation,
curing the entire layer with a single exposure, elimina-
ting the need for scanning procedures. Digital micromir-
ror devices (DMD), consisting of thousands of micro-
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mirrors, control the reflection of light onto the resin
surface, allowing the creation of images using pixels
and voxels similar to conventional 2D or 3D cameras.

Photopolymerization can also be accomplished
using a liquid crystal display (LCD) [18-20]. LCD
printers, unlike the projection method, lack mirrors
and instead employ powerful LCD panels. LEDs shine
light onto the model, with the LCD panel blocking light
in regions where photopolymer solidification is not
needed. Only the necessary regions permit light to pass
through onto the finished part. This approach simplifies
the printing process, eliminating the need for mirrors
or galvanometers. DLP and LCD technologies expe-
dite the printing process, although the achievable level
of detail is slightly lower compared to SLA.

Vat photopolymerization is known for its high accu-
racy and excellent feature detail, making it a preferred

Adhesive cartridge .
Print head

Leveling
device

/

Chamber

i'
)

B
®

choice for manufacturing small complex parts, proto-
types, and models. In this method, magnetic materials
are obtained using magnetic fluid or ink.

Selective laser sintering (SLS) [15; 12-24]
(Fig. 1, b) is a method that employs a laser to sinter
powder. Unlike the vat photopolymerization method,
SLS uses powders from specialized reservoir instead
of liquid materials. The laser sinters the powder, for-
ming a solid surface that corresponds to the specified
cross-section based on the pre-designed 3D model.
In the manufacturing of magnetic products via the SLS
method, magnetic powders are used as the feedstock
materials.

Binder jetting (BJ) [25-29] (Fig. 2, a) is an addi-
tive manufacturing process that involves depositing

a liquid binder onto a layer of powder to selectively
bind its particles. The powder layer is then densified,
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Fig. 2. BJ method [33] (a) and FDM method [34] (b)
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and the process is repeated layer by layer until the part
is fully fabricated. The unbound powder is removed,
leaving the fabricated part behind. In order to print
magnet materials by this method, magnetic particles are
mixed with a binder during the printing process.

Fused deposition modeling (FDM) [29; 30]
(Fig. 2, b) is a type of 3D printing based on deposit-
ing plastic material, usually thermoplastic polymers,
onto existing layers. The filament is fed into a heated
nozzle where it melts and is deposited onto the assembly
platform in the exact order determined by the 3D model,
thus creating layers of material that cool and solidify
to form a part of the desired shape. Special compo-
site filaments containing magnetic particles are used
to manufacture magnetic materials.

Direct ink writing (DIW) [31; 32] (Fig. 3) repre-
sents one of the 3D printing techniques capable of pro-
ducing intricate structures with exceptional accuracy

Degree of freedom

Beam of electrons

Mechanism

for feeding wire Molten alloy

Previous layer
Substrate

and detailed features. The DIW method utilizes mate-
rials in the form of liquid paste (Fig. 3, a), that is subse-
quently solidified during post-printing. The solidifica-
tion occurs either through water evaporation, in the case
of a water-based binder, or via polymerization induced
by exposure to high temperatures around 100 °C
or a UV source. Various methodologies exist for gover-
ning the shape and properties of the printed materials,
one of which involves the application of a magnetic
field (Fig. 3, »). Employing a magnetic field allows for
the deliberate orientation of material particles, enhan-
cing magnetic properties and facilitating precise control
over the shape of the printed products.

Electron beam melting (EBM) (Fig. 4, a) [25; 32;
35;36] is a printing method that utilizes an elec-
tron beam to fuse metal powders into a three-dimensional
part. In the EBM process, an electron beam is generated
within a vacuum chamber and directed at the powder

Printing direction

) Powder flow
Deposited

material Laser beam

Molten pool
Shielding gas

Blank

Fig. 4. EBM method [37] (a) and DED method [38] (b)
Puc. 4. Metonst EBM [37] (@) u DED [38] (b)
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bed, causing the powder to melt. Metal parts are fabri-
cated using this method. Powders containing magnetic
particles are employed to create magnetic materials.

Directed energy deposition (DED) (Fig. 4, b)
[32; 39; 40] is a printing method that employs a laser
or plasma to fuse metal powders and create three-
dimensional parts. In the DED process, the material is
heated until it begins to melt, and its controlled flow
is fused with the layer below. This printing method
is well-suited for fabricating parts made of metal and
ceramics. In order to produce magnetic materials using
this method, powders containing magnetic particles are
used as feedstock materials.

Laser powder bed fusion (L-PBF) [15;22; 32]
(Fig. 5) is a technique similar to the SLS method.
However, in this case, the laser is not utilized for sinter-
ing but for powder melting.

2. Overview of magnetic
materials
in additive manufacturing

Magnetic materials [42; 43] are commonly classi-
fied into two groups: hard and soft magnetic materials.
This classification depends on the material’s coercive
force (H,). Soft magnetic materials possess a coercive
force lower than 4 kA/m, whereas hard magnetic mate-
rials have a coercive force higher than 4 kA/m. Soft
magnetic materials are often employed in manufactur-
ing transformer cores, magnetic shields, microwave
devices, and so on, while hard magnetic materials find
application in producing permanent magnets, various
Sensors, an so on.

Laser

Optics
.

2.1. Soft magnetic materials

Soft magnetic materials [42—44] possess the ability
to magnetize and demagnetize easily. They exhibit low
coercive force (H ), resulting in lower losses associ-
ated with magnetization reversal. These materials are
well-suited for applications requiring rapid changes
in magnetic fields. Additionally, soft magnetic materi-
als should often possess high saturation induction (B,)
and high magnetic permeability, even at high frequen-
cies. They find usage in diverse devices such as electric
motors [45; 46], transformers [47; 48], magnetic sen-
sors [49], and magnetic shields [50; 51].

Permalloys [52; 53] constitute a group of iron-
and nickel-based alloys with high magnetic permea-
bility. They serve as the foundation for numerous
parts in electrical equipment. Permalloys have wide-
spread industrial applications, including the produc-
tion of motors, generators, inductors, transformers,
and other devices. Due to their magnetic properties,
permalloys can be effectively employed in 3D prin-
ting to fabricate intricate magnetic structures. For
example, in [52], 3D printing with L-PBF was utilized
to directly manufacture permalloy magnetic shields
based on Ni—Fe fiber-optic gyroscopes in spacecraft.
Comparative evaluations of the soft magnetic proper-
ties of printed Ni—15Fe—5Mo permalloy, with and with-
out annealing, demonstrated similarity to traditionally
processed permalloy parts, indicating the feasibility and
applicability of the L-PBF method.

Fe-Si electrical steels (with varying proportions
of iron and silicon, e.g., 6.9 % Si) [54] exhibit high
magnetic permeability, low coercive force, and high
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electrical conductivity. These characteristics make them
suitable for diverse fields such as electronics, automo-
tive, and microelectronics. The L-PBF method in addi-
tive manufacturing can produce magnetic components
like toroids, transformer cores, magnetic conductors,
and other elements using these alloys [54].

Soft magnetic ferrites (such as NiFe,O,, Fe,O,,
Ni—Zn and Ni—Zn—Cu ferrites) are used in manufactur-
ing transformer cores, elements of microwave devices,
and as magnetic fillers for producing soft robots and
manipulators.

2.2. Hard magnetic materials

Hard magnetic materials [32; 55-59] retain a strong
magnetic field even without an external magnetic force
and are commonly used in manufacturing permanent
magnets. These materials are challenging to magnetize
but can retain their magnetization after the external
magnetic field is removed. Essential characteristics
for such materials include high values of H_, B, and
maximum magnetic energy product (BH) . They
find applications in producing items requiring a con-
stant strong magnetic field, such as motors, generators,
magnetic storage devices, and various sensor types.
Common materials utilized for fabricating permanent
magnets include alloys based on the Nd-Fe-B and
Sm—Co systems, along with hard magnetic ferrites.

Nd-Fe-B magnets [60-62] are known for their
exceptional magnetic performance and possess a high
energy density, enabling the generation of intense
magnetic fields. These magnets are highly sought after
in electronics, electromechanics, and medical equip-
ment. Conventionally, magnets based on the Nd-Fe—B
system are manufactured by sintering a blank pressed
from initial powder, followed by infiltration with a low-
fusible alloy based on the Pr—Cu system to enhance
coercivity. In [63], the authors proposed applying
the L-PBF method to a mixture of Nd—Fe-B powder
and eutectic alloy powder (Pr, Nd,;),(Cu,,.Co )
to obtain a magnet with Nd,Fe,,B magnetic grains and
a non-magnetic intergrain layer in a single manufac-
turing operation.

However, a distinctive feature of 3D printing using
metallic materials, especially Nd—Fe-B magnetic
alloys, is porosity. This arises due to both insufficient
injected radiation energy causing lack-of-fusion zones
and excessive energy leading to intense metal evapo-
ration in the laser beam zone. By varying laser
power and scanning speed using L-PBF technology,
the authors [64] identified optimal modes to ensure
the stability of the Nd—Fe—B-based alloy melting pro-

cess and obtain high-quality fused track for competitive
permanent magnet fabrication.

The Nd-Fe—B-based magnets produced by metallic
3D printing methods are also prone to cracking and brit-
tleness. In [65], the double scanning method was pro-
posed, involving scanning each layer twice — initially
with full laser power and then with half the power. This
approach, involving partial remelting of the already
deposited layer, resulted in denser samples with fewer
defects in the form of pores and cracks, thus preventing
their destruction when separated from the substrate.

Polymer-bonded magnets [66; 67] consist of poly-
mers infused with magnetic particles, typically ferrites
(such as SrFe|,0,,, BaFe,,0,, CoFe,0,). While they
possess lower energy compared to traditional sintered
iron, nickel, or cobalt-based magnets, polymer-bonded
magnets serve purposes where a lightweight and
flexible magnetic solution is required. Moreover, they
are relatively cost-effective and easy to manufacture.
The utilization of 3D printing for producing ferrite-
based magnets offers numerous advantages. It allows
the creation of magnets in diverse sizes, shapes, and
intricate geometries that might be inaccessible via tra-
ditional methods.

A prevalent technique for fabricating ferrite-
based magnets using 3D printing involves extruding
the material while applying an external magnetic
field. During this process, molten plastic is dispensed
through a nozzle onto a special platform, and an exter-
nal magnetic field — created using a permanent magnet
or a current-carrying coil — is directed at the com-
posite of polymer and magnetic particles. This field
aligns the magnetic particles in the polymer, resulting
in an anisotropic magnet when the polymer cools and
solidifies.

These magnets find widespread applications in work
surfaces, storage devices, magnetic toys, and can even
be customized into specific shapes like logos.

Currently, polymer-bonded magnets [68—70] are
gaining attention in industries due to their comparable
magnetic properties (in contrast to traditional pressing
and injection molding methods), mold flexibility, low
cost, and acceptable mechanical properties [71; 72].

The manufacturing of magnets has shifted from
traditional pressing and injection molding techniques
to the widespread utilization of 3D printing methods.
An illustrative instance is the application of the BJ
method, used to 3D print isotropic magnets based
on polymer-bonded Nd-Fe-B. These magnets were
shaped using initial materials of approximately 70 um
particles [26]. Upon completion of the printing process,

il
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the resulting green model underwent curing at tem-
peratures ranging from 100 to 150 °C. Subsequently,
the surface underwent infiltration with urethane resin,
achieving a magnet density of 3.47 g/cm?. This den-
sity corresponds to 46 vol. % of the Nd—Fe-B density
(7.6 g/cm?®). 1t’s noteworthy that the residual induc-
tion of the magnet samples produced by binder jet-
ting, reaching approximately 0.3 T, aligns closely with
residual induction values of 0.5 and 0.65 T typically
achieved in standard isotropic magnets through con-
ventional pressing and injection molding methods [26].
Furthermore, this approach enables precise control
of the magnetic characteristics during the printing pro-
cess, leading to maximum efficiency gains.

Sm—Co magnets [73] possess notably high coercive
properties, trailing only behind NdFeB-based magnets
in terms of their characteristics. They prove advanta-
geous in 3D printing applications, particularly in sce-
narios requiring high-temperature resistance. These
magnets, based on the Sm—Co system, often consist
of multiple components, incorporating elements such as
Fe, Cu, and Zr. Notably, they exhibit a high energy den-
sity, exceptional temperature stability, and resilience
to mechanical stresses. These distinctive traits render
Sm—Co magnets indispensable across various industrial
fields, spanning from medical devices to electronics and
the automotive industry.

However, the conventional manufacturing pro-
cess for Sm—Co magnets is notably expensive and
labor-intensive, thereby posing challenges for smaller
manufacturers to affordably engage in production. This
issue finds a potential solution through the applica-
tion of 3D printing technology. Employing 3D printing
for the fabrication of Sm—Co magnets offers a signifi-
cant advantage in cost reduction, particularly when pro-
ducing magnets in smaller batches.

Despite its numerous advantages, utilizing 3D print-
ing techniques like L-PBF for fabricating Sm—Co mag-
nets presents certain drawbacks. Notably, the magnets
produced through this method often exhibit relatively
low mechanical strength, potentially limiting their
application in specific sectors, particularly within avia-
tion and marine transportation industries. Nevertheless,
the realm of 3D printing Sm—Co alloys holds immense
promise and signifies a compelling avenue for the future
development of magnetic material production. The pros-
pect of reduced manufacturing costs while maintaining
quality and productivity, alongside the capacity to fab-
ricate more intricate products, positions the 3D printing
of Sm—Co magnets as a prospective mainstream indus-
trial method [74].

12

Hard ferrites [75; 76], also referred to as ceramic or
ferrite magnets, represent a class of permanent mag-
nets composed of iron oxide and ceramics (BaFe ,0
SrFe ,0,,, MnZnFe,0,) [77].

Despite their relatively modest magnetic properties,
hard ferrite ceramic materials boast exceptional resis-
tance to corrosion and mechanical impacts, rendering
them the most cost-effective type of magnetic materi-
als available. They are widely utilized in manufacturing
of electronic devices, magnetic systems, motors, trans-
formers, and various other equipment.

19°
19°

Typically, the production process for hard ferrite
ceramic materials involves blending corresponding
powders, subjecting them to pressure, and subsequent
sintering at elevated temperatures. However, with
the advent and advancement of 3D printing technolo-
gies, ferritic components can now be fabricated using
innovative methods such as the DIW technique [77].
This technological approach allows for the adjustment
of their magnetic properties by varying the ratio of mag-
netic iron oxide and incorporating additional magnetic
metals.

While hard ferrite ceramic materials possess inferior
magnetic properties compared to other types of mag-
nets such as Nd—Fe—B and Sm—Co, their superior stabi-
lity and versatility make them a compelling option for
a diverse array of applications across various fields.

3. Application scope
of 3D printing
with magnetic materials

3D printing has transformed the manufacturing
industry, facilitating the creation of intricate shapes and
designs previously unattainable through conventional
manufacturing methods. When combined with mag-
netic materials, 3D printing technology opens doors
to a wide array of innovative products.

3.1. Magnetic sensors

Magnetic materials find extensive use in the produc-
tion of sensors. These sensors serve various purposes,
including determining the position of moving objects,
measuring the speed of rotating objects, and detecting
the presence of metal objects. Utilization of 3D prin-
ting technology allows for the production of sensors
with intricate shapes and precise dimensions, custom-
izable to meet specific requirements. Certain applica-
tions, such as medical diagnostics, necessitate irregu-
larly shaped sensors, enabling insertion into the body
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to monitor indicators such as temperature, blood pres-
sure, and blood oxygen levels. Magnetic sensors can be
manufactured using FDM technology [68; 78; 79].

3.2. Magnetic drives

Magnetic drives utilize the interaction between
magnetic fields and magnetic materials to gener-
ate motion. They find widespread applications, par-
ticularly in robotics, automation, and the automotive
industry. 3D printing technologies such as SLA and
FDM [80; 81] enable the production of intricately
designed magnetic drives [82], tailored to specific
requirements. Magnetic drives created through 3D
printing exhibit advanced features [83] and enhanced
efficiency compared to their traditional counterparts.
For instance, a publication [83] details the printing
of a magnet with optimized topology via the FDM pro-
cess. This production method offers advantages such as
rapid and cost-effective fabrication, increased distor-
tion power factor, and high power output. Optimizing
the magnet’s topology allows for the creation of mag-
nets generating a homogeneous magnetic field, crucial
in applications such as nuclear magnetic resonance,
magnetometers, sensors, and magnetic traps, among
others. Additive technologies, particularly FDM,
enable the replication of a pre-designed computer 3D
model with remarkable accuracy.

3.3. Soft robots

Soft drives and robots represent a significant
advancement in human-machine interaction, offering
unrestricted movement due to their pliable nature [84].
Unlike conventional rigid robots, soft robots typically
utilize gels [85; 86], elastomers [87], and other flexible

Anterior
leg

Posterior
leg

Fig. 6. Soft robot structure [95]

Puc. 6. Konctpykius Msarkoro po6ota [95]

materials, allowing them to adapt to their surroun-
dings [88]. Furthermore, integrating magnetic particles
into the polymer matrix [89; 90] or applying magnetic
coatings onto polymer frameworks [91; 92] enables
these soft robots to function within magnetic fields.
However, achieving multiple functionalities with-
out intricate geometry remains challenging [93; 94].
3D printing plays a pivotal role in producing com-
plex designs using multiple materials. For example,
studies detailed in papers [95; 96] highlight the crea-
tion of a soft worm-like robot through SLA technology.
This robot, comprised of composites involving mag-
netic particles and polymer, demonstrates both linear
and rotational motion (see Fig. 6) [95]. This magneti-
cally driven robot shows promise, particularly in con-
trolled medicine delivery [32].

The evolution of 3D printing technologies has
expanded horizons for manufacturing magnetic mate-
rials and related products. The ability to fabricate
parts with advanced features and increased efficiency,
owing to complex shapes and high accuracy, showcases
the potential of 3D printing in this field. Magnetic mate-
rials produced via 3D printing find applications across
various sectors — from sensors and drives to medical
devices and data storage systems. As 3D printing con-
tinues to advance, more innovative uses of magnetic
materials are anticipated in the future.

4. Prospects
for the development
of 3D printing
with magnetic materials

While modern 3D printing offers numerous advan-
tages, certain inherent features pose challenges in cre-
ating magnetic materials. The key current issues and
potential solutions associated with 3D printing of mag-
netic materials are listed below [32].

4.1. Low magnetic
properties

3D-printed magnetic materials often exhibit lower
magnetic properties compared to traditionally manufac-
tured ones. This discrepancy arises due to the inherent
porosity in materials produced through 3D printing,
resulting in slightly reduced material density and sub-
sequently lower magnetic performance.

One potential solution involves the development
of improved magnetic powders and further optimiza-
tion of technological parameters in the 3D printing
process.
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4.2. Limited accuracy

Another characteristic challenge in 3D printing
magnetic materials is the limited accuracy of the print-
ing process. Despite significant advancements in accu-
racy and surface quality, 3D printing still falls short
compared to traditional methods like CNC machin-
ing. This limitation becomes critical when intricate
micro-sized parts from magnetic materials are neces-
sary. Minor alterations in the geometry of a printed
part can substantially impact the material’s magnetic
properties, potentially restricting its utility in specific
applications.

Selecting a 3D printing method based on desired
surface quality and detail, with minimal post-process-
ing, could mitigate this issue to some extent.

4.3. Requirements
for post-processing

A notable challenge in 3D printing magnetic mate-
rials is the necessity for post-processing to attain
the desired magnetic properties. This often involves
subsequent heat treatments and mechanical adjustments,
particularly for enhancing surface quality. However, it’s
worth noting that traditional methods also frequently
require substantial post-processing.

4.4, Limited scalability

One of the significant unresolved challenges in
3D printing magnetic materials pertains to the limited
scalability of the process. Despite its flexibility and cus-
tomization capabilities, 3D printing is currently unable
to match the scale or speed of traditional manufacturing
technologies.

While 3D printing excels in small batch produc-
tion and prototyping, it might not be suitable for large-
scale manufacturing due to its restricted scalability.
Additionally, the limited range of available materials
and the need for post-processing can further hinder
the scalability of 3D printing for magnetic materials.
Nonetheless, emerging technologies like Big Area
Additive Manufacturing (BAAM) and Wire Arc Additive
Manufacturing (WAAM) [97] are starting to enable
the printing of virtually unlimited sizes, potentially
addressing this limitation [97].

Conclusion

In conclusion, the utilization of 3D printing for mag-
netic materials holds the potential to transform nume-
rous industries by facilitating the creation of intricate
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designs with complex geometries previously unachie-
vable through conventional manufacturing methods.
The combination of 3D printing with magnetism integ-
ration presents remarkable possibilities for manipula-
ting and controlling soft robots and drives, particularly
in highly demanding environments such as targeted
medicine delivery within the body. Nevertheless, several
challenges currently impede the seamless implementa-
tion of 3D printing for magnetic materials, including
lower magnetic properties, limited printing accuracy,
post-processing requirements, and scalability limita-
tions. Despite these obstacles, the advancement of 3D
printing technology for magnetic materials remains
an extremely promising area of research. Overcoming
these challenges could unlock even greater opportuni-
ties in the future, fostering innovation and opening
doors to new applications and advancements across
various industries.
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Abstract. In recent years, the mechanical engineering sector has undergone significant changes due to the creation and expanding
application of new technologies and materials capable of radically improving the quality of manufactured products, the entire structure
and production conditions. Such technologies include additive manufacturing capable of creating products from advanced materials
such as continuous reinforced polymer composites. Furthermore, the integration of additive manufacturing with industrial robots offers
new opportunities to create spatially reinforced composites with a directed internal structure, obtained by the orderly arrangement
of continuous fibres. This review analyzes the currently available technologies for 3D printing spatially reinforced polymer composites
with the addition of continuous fibers using industrial robots. The review presents the main advanced companies supplying off-the-shelf
commercial systems and presents the successful experience of using these systems in the production of reinforced parts.
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U PacIIMPSIOMNMCS IPUMEHEHHEM HOBBIX TEXHOJIOTHH M MaTepHajoB, CIOCOOHBIX KOPEHHBIM 00pa3oM YIIyUIIHTh Ka4eCTBEHHBIC
[10KAa3aTeJIH BBITYCKAEMBIX U3/CIIUI, BCIO CTPYKTYPY U YCJIOBUS IIPOU3BOACTBA. K TaKUM TEXHOIOIUsAM OTHOCSATCS TEXHOIOTUY aJ|Ix-
TUBHOT'O IIPOMU3BOJCTBA, C MOMOIBI KOTOPBIX BO3MOXKHO U3IOTOBJICHUE U3/ENUI U3 IEPEJOBbIX MaTepualoB — K HUM OTHOCSTCS
HEIPEPBhIBHO apMHUPOBAaHHbIE [IOJMMEPHBIE KOMIIO3UTHL. B CBOIO odepens, MHTerpanus ajiJUTUBHBIX TEXHOJIOTHI C IPOMBIIIICH-
HBIMH pOOOTaMH1 OTKPHIBACT HOBBIE BO3MOXKHOCTH CO3/IaHMS ITPOCTPAHCTBEHHO apMHPOBAHHBIX KOMIIO3UTOB C HAaIIPaBJICHHOH BHYT-
peHHel CTPYKTypoOii, MoTydaeMoH 3a CUeT YIOPsIOYEHHOTO PACIIONOXKEHHsT HeTIPEePhIBHBIX BOJIOKOH. B aHHOM 0030pe IpoBeneH
aHaJIU3 CYILECTBYIOLIMX Ha CETOAHAIIHUN JeHb TeXHOIOrui 3D-neuaru npocTpaHCTBEHHO apMUPOBAHHBIX [TOJMMEPHBIX KOMIIO3U-

20 © 2024. A. V. Sotov, A. 1. Zaytsev, A. E. Abdrahmanova, A. A. Popovich


https://doi.org/10.17073/1997-308X-2024-1-20-30
mailto:sotovanton@yandex.ru
mailto:sotovanton@yandex.ru
https://powder.misis.ru/index.php/jour/search/?subject=additive manufacturing
https://powder.misis.ru/index.php/jour/search/?subject=polymer composites
https://powder.misis.ru/index.php/jour/search/?subject=continuous fibres
https://powder.misis.ru/index.php/jour/search/?subject=spatially reinforced composites
https://powder.misis.ru/index.php/jour/search/?subject=industrial robots
https://rscf.ru/en/project/23-79-30004/
https://rscf.ru/en/project/23-79-30004/
https://doi.org/10.17073/1997-308X-2024-1-20-30
mailto:sotovanton%40yandex.ru?subject=
mailto:sotovanton%40yandex.ru?subject=

Pon e

POWDER METALLURGY AND FUNCTIONAL COATINGS. 2024;18(1):20-30
Sotov A.V., Zaytsev A.l., etc. Additive manufacturing of continuous fibre reinforced polymer ...

IUOHHBIX MarepuaoB C ,I[O6aBHeHI/IeM HCENPEPLIBHBIX BOJIOKOH Ha Oase TTPOMBIIIJICHHBIX pO6OTOB-MaHI/IHyH$ITOpOB. HpCIICTaBHeHI)I
OCHOBHBIC ITEPEAOBBIC KOMITAHUU, ITOCTABJISIIOIINEC I'OTOBBIC KOMMEPYECKUE CUCTEMbI, PACCMOTPEH OILIT YCIICITHOI'O UCIIOJIb30BaHUA

JAHHBIX CUCTEM IIPU U3IOTOBJICHUHU apMUPOBAHHBIX ,I[eTaJ'IefI.

KnioueBbie cioBa: aiinTHBHOE IIPOU3BOACTBO, MOJIUMEPHbBIE KOMIIO3ULIMOHHBIC MAaTEePHAIIb, HEIPEPHIBHIC BOJIOKHA, TIPOCTPAHCTBEHHO

apMUPOBAHHBIE KOMIIO3HTHI, TIPOMBIIIIEHHbBIE POOOTHI

BbnarogapHocTu: ViccienoBanue BBIOJHCHO 3a cueT rpanta Poccuiickoro Hayunoro ¢oumga Ne 23-79-30004, https:/rscf.ru/

project/23-79-30004/.

Ans untuposarHua: Coros A.B., 3aiines A.1., AGnpaxmanosa A.D., [TomoBry A.A. AITUTHBHOE MIPOU3BOICTBO HEMPEPHIBHO apMHPO-
BaHHBIX TTOJMMEPHBIX KOMIIO3UTOB C HCIIOJIB30BAaHUEM ITPOMBILIICHHBIX po00TOB: O630p. M36ecmus 6y3086. [lopowikosas memaniyp-
eust u QhyHkyuonanvrwle nokpvimus. 2024;18(1):20-30. https://doi.org/10.17073/1997-308X-2024-1-20-30

Introduction

Additive manufacturing (AM) constitutes a swiftly
expanding market, attaining significance in the shift
towards advanced industrial production. Previously,
emphasis predominantly centered on the 3D printing
of metal [1-5] and polymer materials [6-9]. However,
there exists a burgeoning interest in more intricate appli-
cations and innovative material types, commonly referred
to as modern or advanced materials. These materials hold
potential for implementation across five distinct catego-
ries [10]: technical ceramics (oxides, carbides) [11; 12],
polymers (such as the PAEK family encompassing PEEK
and PEKK) [13; 14], metals (refractory metals like tung-
sten and molybdenum) [15; 16], 4D materials (materials
exhibiting shape memory) [17-20], and composites, spe-
cifically polymer composite materials (PCMs) featuring
continuous fibers [21; 22].

Presently, traditional PCM production, primarily
conducted using woven fiber sheets and thermosetting
resins, stands as one of the labor-intensive and costly
manufacturing processes [23]. Nonetheless, composites
persist as one of the swiftest growing and rapidly evol-
ving industrial segments in the global market. The anti-
cipation is that AM technologies will assume a pivotal
role in this evolution, given the array of emerging com-
mercially available technologies and processes.

Recently, VoxelMatters (UK), a company specia-
lizing in market research and analytics within the AM
industry, unveiled a comprehensive map showcasing
technologies and existing companies offering com-
mercial systems for implementing 3D printing pro-
cesses [24]. This map provides users with insights
into the spectrum of extant 3D printing technologies
and the evolving landscape of AM across various
materials, notably polymer composites. Employees
at VoxelMatters [25] highlight that among all mate-
rial families, polymer composites reinforced with
fibers-specifically continuous fibers-possess distinctive
properties and advantages. They underscore that leve-
raging 3D printing technology will augment the utiliza-
tion of these materials, enabling more efficient, cost-

effective, and expedited manufacturing of parts with
a unique combination of final functional properties.

There are currently companies offering desktop
systems designed for 3D printing of continuous fiber
PCM. However, utilizing these 3D printers for PCM
manufacturing presents several disadvantages, the pri-
mary one being the limitation of fiber placement solely
within the plane of the construction platform [26]. This
limitation significantly impacts product design and
creation since the highest mechanical properties are
attained when load application aligns with the direc-
tion of reinforcement. This drawback restricts the pro-
duction of a broad range of parts that experience loads
not confined to the same plane. To address these limi-
tations and other issues inherent in desktop 3D prin-
ters, specialized equipment is being developed based
on industrial robotic manipulators. This approach intro-
duces fresh possibilities and sets new benchmarks for
PCM manufacturing. Key advantages include a larger
working area facilitated by robotic arms compared
to desktop 3D printers, along with the capability to fab-
ricate spatially reinforced polymer composite products.
This is made feasible due to the increased degrees
of freedom afforded by robot manipulators. Detailed
insights into the intricacies of producing such products
and materials, encompassing aspects like tool path
planning, kinematics, robot collision avoidance, and
technological constraints encountered during the prin-
ting process, are extensively described in papers.

This review focuses on examining the present-day
technologies for 3D printing of spatially reinforced
PCM with added continuous fibers through industrial
robotic manipulators. It highlights leading advanced
companies providing readily available commercial
systems and assesses the successful utilization of these
systems in producing reinforced parts.

Existing technology of 3D printing
for continuously reinforced PCM

The evolution of 3D printing technologies for con-
tinuously reinforced PCM has been steady yet notably

21


https://powder.misis.ru/index.php/jour/search/?subject=аддитивное производство
https://powder.misis.ru/index.php/jour/search/?subject=полимерные композиционные материалы
https://powder.misis.ru/index.php/jour/search/?subject=непрерывные волокна
https://powder.misis.ru/index.php/jour/search/?subject=пространственно армированные композиты
https://powder.misis.ru/index.php/jour/search/?subject=пространственно армированные композиты
https://powder.misis.ru/index.php/jour/search/?subject=промышленные роботы
https://rscf.ru/project/23-79-30004/
https://rscf.ru/project/23-79-30004/
https://doi.org/10.17073/1997-308X-2024-1-20-30

DM v on

W3BECTUA BY30B

W3BECTUA BY30B. [TOPOLIKOBAA METANNYPTUA U GYHKLLIMOHANBHBIE MOKPbITUA. 2024;18(1):20-30
Comos A.B., 3atiyes A.W. u dp. ApANTUBHOE NPOU3BOACTBO HEMPEPLIBHO aPMMPOBAHHbIX MOSIMMEPHbBIX KOMMNO3UTOB ...

swift, resulting in the emergence of various terms and
methodologies. Researchers at the Technical University
of Munich have endeavored to establish a conceptual
framework for standardizing 3D printing processes
involving continuously reinforced PCM. The intricacy
of this endeavor largely stems from the idiosyncrasies
inherent in the execution of printing processes adopted
by different companies [29]. Nevertheless, contempo-
rary trends indicate a movement toward categorizing
these processes based on the methodologies used for
supplying reinforcing and matrix materials to the prin-
ting head and their deposition during the part-building
process. Fig. 1 provides an overview of the current
implementation schemes and identifies companies
offering commercial systems for PCM 3D printing
incorporating continuous fibers.

It is evident that there are presently five distinct
approaches employed in the realization of the robotic
3D printing process for continuously reinforced PCMs
using commercially available equipment. Below, a sum-
mary of the primary accomplishments attained thus far
for each of these schemes is outlined.

1. In situ impregnation

The core principle of this technology involves
the in situ impregnation of continuous dry fiber within
the extrusion head of the printer using specialized ther-
mosetting or thermoplastic polymer materials. This is
followed by material extrusion through a nozzle and
subsequent curing. Among the key companies employ-
ing the in situ impregnation process via industrial robotic
manipulators are Continuous Composites (USA) [33],
Orbital Composites (USA) [34], and Moi Composites

(Italy) [35]. Predominantly, carbon and basalt fibers
serve as the primary reinforcing materials, while less
commonly used options include glass fiber and natural
fibers.

Continuous Composites, established in 2015, has
pioneered a patented 3D printing technology termed
Continuous Fiber 3D Printing (CF3D). This technique
involves the in situ impregnation of continuous dry
fiber with a specialized fast-curing thermoset resin.
As the material is extruded through the nozzle, it under-
goes instant curing facilitated by a UV light source.
According to the company’s reports [36], the utiliza-
tion of an industrial robot enables material deposition in
any direction, optimizing the orientation of reinforc-
ing fibers based on the specific design requirements
of the manufactured part. Continuous Composites’
patented CF3D technology can be employed with
gantry robots or industrial robots, providing flexibility
in manufacturing. Utilizing a 6-axis robot from Comau,
the company has successfully fabricated intricate parts
and components, including a carbon fiber aircraft wing
spar element (Fig. 2, b).

Continuous Composites employs both structural
fibers (such as carbon, glass-filled, and Kevlar) and
functional fibers (including optical and metallic fibers)
as reinforcing materials. The choice of the matrix
polymer material is predicated on mechanical proper-
ties, heat transfer characteristics, and environmental
resilience, aligning with the operational requisites
of the intended product.

The successful application of CF3D technology
has extended to several university research laborato-
ries [37—40]. In one study [40], the researchers show-
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Fig. 1. Processes classification and basic 3D printing companies
of continuous fiber reinforced PCM based on an industrial robot [32]

Puc. 1. CxeMbl pealii3alny npouecca i OCHOBHbIC KOMIIAHUH 110 3D-mieyatn
HenpepsiBHO apMupoBaHHEIX [IKM Ha 6a3ze mpoMbIIeHHOTO podoTta [32]
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Fig. 2. Examples of the use of 3D printing of PCM by various companies

a, b —robot-based 3D printing of PCM from “Continuous Composites” (a) and carbon fibre aircraft wing spar element for “Lockheed Martin” (b) [33];
¢, d —“Orbital S” 3D printer from “Orbital Composites” (¢) and leading-edge protector for a wind turbine blade (d) [34];
e, f— “Kuka” robotic printing system from “Moi Composites” (e) and continuous fibre reinforced complex-shape parts (f) [35]

Puc. 2. TIpumeps ucnonb3oBanust 3D-medatn [TIKM pa3indaHbIME KOMIAHHUSIMEI

a, b — poborusuposanHas 3D-nevars ot komnanuu «Continuous Composites» (@) U JIEMEHT JOHKEPOHa KPbLUTa CaMoJIeTa U3 YITIEPOTHOrO BOJIOKHA
st komnauuu «Lockheed Martiny (b) [33]; ¢, d — 3D-npuntep moaenu «Orbital S» ot kommanun «Orbital Composites» (c)
U 3alHTa TepeJHeil KPOMKHI ISl TONIACTh BEeTpsiHO# yctanoBkH (d) [34]; e, f— poboTu3upoBaHHas cucTeMa redat Ha ocHoBe pobora «Kukay
ot kommanuu «Moi Composites» (€) U mpHUMepbl H3TOTOBJICHHUS CIOKHOIPOYUIBHBIX KOHCTPYKIIHI,
ApPMHUPOBAHHBIX HENPEPBIBHBIMU BosIOKHaMU (f) [35]

cased their investigations into the mechanical proper-
ties of PCMs manufactured using CF3D technology
via the Comau industrial robotic arm. They examined
samples fabricated from high-temperature thermoset-
ting acrylic polymer GF-2, combined with high-strength
carbon fiber T-1100 at a volume fraction of 41.5 %.
The resulting samples exhibited a Young’s modu-
lus of 122 GPa and a tensile strength of 1599 MPa,
constituting 89 % (137 GPa) and 55 % (2926 MPa)
of the theoretical values, respectively. The authors [40]
underscored that these results are notably high within

the realm of additive manufacturing, highlighting
the promising potential of CF3D technology for manu-
facturing PCM parts.

Established in 2014, Orbital Composites initially
carved its niche in 3D printing components tailored for
space applications. Presently, the company is pioneer-
ing its proprietary 3D printing technology, entailing
the in situ impregnation of continuous dry fiber with ther-
moplastic polymer material, subsequently compacted
using a roller. The manufacturer currently offers three
distinct types of 3D printers based on industrial robots:
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“Orbital e-” — a 6-axis robot geared towards educational
and research endeavors, featuring a 1.2x1.2 m building
platform capable of printing with high-temperature
thermoplastics; “Orbital S” is an industrial-class robot
with a unique manipulator movement system, enabling
flexible attachment points. This facilitates the prin-
ting of large parts from multiple angles (Fig. 2, ¢);
“Orbital F” is a container-type 3D printer for producing
substantial composite structures of large dimensions.

The 3D printers developed by Orbital Composites
possess the capability to heat the nozzle to temperatures
surpassing 500 °C. This functionality enables printing
with a wide spectrum of matrix materials, encompas-
sing all prevailing low-temperature thermoplastics,
in addition to high-temperature materials like PEEK,
PEKK, and others.

Founded in 2018 at the Polytechnic University
of Milan, Moi Composites has pioneered a 3D printing
technology named Continuous Fiber Manufacturing
(CFM) for continuously reinforced PCM. This techno-
logy involves impregnation utilizing epoxy resin, vinyl
ester, and acrylic in conjunction with continuous glass,
carbon, basalt, and other fibers (Fig. 2, e). Besides
manufacturing 3D printers, the company produces
3D printing tool heads capable of integration with any
4-axis CNC machines, offering a flexible and scalable
printing solution.

Moi Composites uses various thermosetting matrix
materials, including epoxy resin, complex vinyl esters,
and acrylic compositions. Continuous glass, carbon, and
basalt fibers are employed as reinforcing components.
The company is currently developing aramid and natu-
ral fibers. The company emphasises the use of acrylic
materials for architectural details due to their transpar-
ency and the absence of a need for temperature during
curing/post-curing. Materials based on complex vinyl
esters are employed for marine components, whereas
epoxy resin-based materials are favoured for the oil and
gas as well as aerospace sectors.

2. Prepreg coextrusion

The underlying principle of this technology involves
the coextrusion of a composite comprising preformed
prepreg containing continuous fibers along with
the addition of a thermoplastic element to facilitate
adhesion to the matrix material. Key companies emp-
loying the prepreg coextrusion process utilizing robotic
manipulators include Anisoprint (Luxembourg) [41]
and CEAD (the Netherlands) [42].

Anisoprint, established in 2015, has innovated its
own Continuous Fiber Coextrusion (CFC) 3D printing
technology, employing two nozzles for matrix and rein-
forcing materials. The reinforcement nozzle comprises
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two distinct spools: one holding a tow of continuous
fibers impregnated with thermoset, while the other
contains a thermoplastic filament to enhance adhe-
sion between the reinforcement and the matrix. Both are
fed into a single extruder. This configuration of the pro-
cess enables precise control over the volumetric ratio
of fibers, while the utilization of a robot permits
the establishment of intricate curvilinear trajectories
during the 3D printing process (Fig. 3, a). The resulting
manufactured parts constitute PCM structures compri-
sing thermoset and thermoplastic polymers, interwoven
with continuous fibers.

Several low-temperature thermoplastics like PC,
PLA, TPU, PETG, and PA can function effectively as
matrix materials. Reinforcement can be achieved using
prepregs containing continuous fibers of carbon, glass,
aramid, basalt, and boron.

It is noteworthy that, the robotic prepreg coextru-
sion technology developed by Anisoprint has found
extensive application across various industries [43—48].
In a study by the authors of [48], the focus was on inves-
tigating the 3D printing of conformal paths using indust-
rial robots to create shell structures composed of PCM
through coextrusion technology. The primary stages
of the study involved the development of the produc-
tion system, trajectory planning for conformal paths, and
performance testing. The equipment utilized in the study
comprised a Universal Robots UR10e robot equipped
with a coextrusion head, along with an Anisoprint
Composer A4 desktop 3D printer. During the research,
three samples were fabricated (Fig. 4): the first sample
was produced using 3-axis Composer A4 equipment;
in the second sample, the conical part was also crafted
on a 3D printer, while the stiffeners were generated by
a robotic system; the third sample was manufactured
using a conformal method with the robotic system.
The part produced conformally using the robotic system
exhibited a compressive strength and stiffness that were
258.6 % and 134.9 % higher, respectively, compared
to parts created using a 3D printer with three degrees
of freedom.

The CEAD company, established in 2014, speciali-
zes in manufacturing large-scale robotic 3D printers
and is known for developing its proprietary technology
known as “Continuous Fiber Additive Manufacturing”
(CFAM). This patented technology involves a print head
that integrates continuous fibers with molten thermo-
plastic granules (Fig. 3, b, ¢).

3. Prepreg extrusion

The technology involves the extrusion of a compo-
site prepreg impregnated with a thermoplastic polymer
and embedded with continuous fibers. One notable com-
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c

Fig. 3. Continuous fibre co-extrusion 3D printer based on the Kuka industrial robot from “Anisoprint” (a) [44],
CEAD’s 36 m “Mega II” 3D printer for “Al Seer Marine” (b) and composite tooling for boat building (c¢) [42]

Puc. 3. 3D-nipuHTep ¢ KOIKCTPY3HEil HeNpephIBHBIX BOJIOKOH Ha 0a3e mpombInuieHHoro podoTa «Kukay
OT KOMITaHHHU «Anisoprint» (a) [44], 36-meTpoBsrit 3D-npuaTep «Mega II» ast Mmopckoit komnanun «Al Seer Marine»
ot komnanuu CEAD (b) 1 xoMmo3uTHast OCHAaCTKa JUIsl H3TOTOBIICHUS JIONOK (c) [42]

Fig. 4. Sample obtained on 3-axis equipment sample (a); sample produced using 3D printer and robotic system (b);
sample produced conformally by robotic system (c) [48]

Puc. 4. O6pa3zel, moaydeHHbII Ha 3-0ceBOM 000pyI0BaHKH (@); 00pa3sell, H3rOTOBICHHbIH ¢ HCIOIb30BaHueM 3D-npuHTepa
1 poOOTH3HPOBAHHOM ycTaHOBKH (b); 0Opasell, co31aHHbIi KOHPOPMHBIM CITOCOOOM POOOTH3UPOBAHHOI cucTeMoit (¢) [48]

mercial entity utilizing prepreg extrusion technology
alongside industrial robotic manipulators is Ingersoll
Machine Tools (USA) [49].

Founded in 1891, Ingersoll Machine Tools became a
part of the Camozzi Group Corporation (Italy) in 2003.
The company primarily specializes in the manufacturing
of precision machines for metalworking, 3D printing,
and automated fiber placement. Since 2015, the com-
pany has expanded its presence in the AM domain,

currently offering five commercially available solu-
tions, including MasterPrint Linear, MasterPrint 3X,
and MasterPrint 5X. These machines are designed
as large-scale 3D printers tailored for printing large-
format PCM. Furthermore, the company presents two
additional solutions grounded on industrial robotic arms
specifically dedicated to 3D printing continuously rein-
forced PCM: “MasterPrint Robotic” and “MasterPrint
Continuous Filament” (Fig. 5).
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4. In situ consolidation

In situ consolidation technology, also referred to as
automated fiber placement, entails the passage of fiber
in prepreg form through a nozzle and subsequent
heating with an added heat source directly at the out-
let. In the realm of equipment manufacturers, there
are companies providing desktop solutions, whereas
the primary manufacturer utilizing industrial robots in
this domain is the prominent company Electroimpact
(USA) [50].

Established in 1986, Electroimpact employs robotic
systems for 3D printing through Automated Fiber
Placement (AFP) technology. The company’s developed
technology merges the AFP method with FDM 3D prin-
ting [51]. This innovative approach involves printing
a mold using the FDM method from a soluble polymer
material. Continuous fibers are then laid in the form
of a narrow ribbon on the mold’s surface by heating
and sealing using a roller pre-impregnated with syn-
thetic resin non-metallic fibers via the AFP method.
After fiber placement, the polymer mold is dissolved.
Electroimpact’s developments encompass SCRAM
(Scalable Composite Robotic Additive Manufacturing),
a 6-axis machine that combines AFP technology with
FDM 3D printing [52].

Continuous fiber tape serves as the reinforcing mate-
rial, pressed using a specialized roller during installa-
tion. The matrix materials primarily comprise thermo-
plastic polymers from the PAEK family (such as PEEK,
PEKK, etc.), alongside nylon and other low-tempera-
ture thermoplastics like PA12, ABS, and others. Besides
thermoplastics as matrix components, the printing tech-

nology also involves the utilization of water-soluble
thermoplastics for producing temporary equipment.
Fig. 6 showcases a 3D printer from the SCRAM series
and a product exemplifying continuously reinforced
PCM.

5. Inline impregnation

Inline impregnation technology represents a hybrid
process amalgamating the benefits of both conventional
and additive manufacturing. In this method, composite
fibers are prepared using conventional impregnation pro-
cesses and subsequently applied to the build platform
through a nozzle. As of now, “Moi Composites” (Italy)
the company previously mentioned, stands as one
of the representatives pioneering this technology.

Conclusions

This review presents an in-depth analysis of exist-
ing additive technologies and equipment utilized
in the manufacturing of continuously reinforced PCM
employing industrial robotic manipulators. It under-
scores the exceptional relevance and promise of this
research domain, particularly in introducing spatially
reinforced PCM imbued with distinctive properties for
producing components in aviation, marine, nuclear, and
other industrial sectors. The technologies discussed
in the review are actively employed in the produc-
tion of large-scale structural components, lightweight
and durable aircraft parts, and composite equipment.
Beyond structural applications, the utilization of robotic
systems opens doors to creating shape-memory polymer

Fig. 5. 3D printing of PCM based on an industrial robot from “Ingersoll Machine Tools” (a)
and examples of manufactured continuous fiber products (b) [49]

Puc. 5. 3D-nievars [TKM Ha 6a3e mpoMBIIIIIEHHOTO poboTa-MaHUITysiTopa ot komrnanuu «Ingersoll Machine Tools» ()
Y TIPUMEPBI U3TOTOBJICHHBIX U3/ICIHN 13 HEMPEPHIBHOTO BOJIOKHA (b) [49]
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Fig. 6. SCRAM 3D printer in the process of applying fibres to a water-soluble tooling (a)
and a compartment door element printed from continuously reinforced PCM (b) [50]

Puc. 6. 3D-npuntep SCRAM B niporiecce HaHECEHHs BOJIOKOH Ha BOIOPACTBOPHMYIO OCHACTKY (&)
M 3JIEMEHT JIBEpPH OTCEKa, HalleYaTaHHbIA 13 HenpepbiBHO apmupoBanHoro [TKM (b) [50]

4D materials for intelligent structures. These structures
offer controllable attributes, such as deployable hinge
structures for solar panels and mirror antennas in space
applications, reconfigurable antenna devices capable
of altering directional patterns during operation, and
intelligent metamaterial designs with adaptive dynamic
characteristics for energy absorption and noise suppres-
sion across various frequency bands.

Significantly, the use of industrial robots offers
increased degrees of freedom, enabling the fabri-
cation of materials with an ordered arrangement
of continuous fibers. This ability facilitates the for-
mation of a directed internal structure in products,
accounting for material property anisotropy. The crea-
tion of an ordered, directional structure via robotic
3D printing using continuous fibers achieves opti-
mal reinforcing effects, aligning with the operational
requirements of the final product. Despite the notable
advancements, it’s evident from the literature analysis
that the development of spatially reinforced PCMs using
industrial robots remains an underexplored yet promising
research area. The rapid evolution of the additive tech-
nology market and its distinctive capabilities in product
shaping highlight the immense potential of this field.
A key objective in advancing AM within this research
domain is the standardization of manufacturing pro-
cesses for continuously reinforced PCMs using industrial
robotic manipulators, with the ultimate aim of deploying
these technologies across diverse industries.
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Abstract. This study explores an intermetallic orthorhombic titanium alloy produced by incorporating varying copper concentrations
ranging from 0 to 6 wt. % through in-situ doping during selective laser melting (SLM) fabrication, coupled with simultaneous substrate
preheating. The investigation delves into the influence of copper introduction on grain refinement within the primary B2/B-phase and
subsequent alterations in mechanical properties. Through X-ray diffraction analysis and scanning electron microscopy, the microstructure
characterized by the presence of the B2/B-phase and orthorhombic phase precipitates was identified. Additionally, the detection
of a minor quantity of the a,-Ti;Al-phase was noted, with its proportion increasing proportionally with the augmentation of copper
content. Differential scanning calorimetry revealed a shift in the phase transformation temperatures towards higher temperatures and
a constricted a,-Ti;Al + B2/ + Ti,AINb region, attributed to the inclusion of copper. The addition of copper, up to 6 wt. %, resulted in
the softening and embrittlement of the orthorhombic alloy, forming a fine-grained microstructure with an average grain size of 8.3 um.
Energy dispersive X-ray spectroscopy confirmed the presence of an intermetallic O-phase along the grain boundaries, contributing
to a 12 % increase in hardness compared to the orthorhombic alloy without copper after SLM with substrate heating at 850 °C. An
alloy containing 4 wt. % copper exhibited superior plastic properties and a tensile strength of 1080 MPa, comparable to the strength
of the orthorhombic alloy obtained via SLM followed by hot isostatic pressing.

Keywords: orthorhombic alloy, additive manufacturing, aviation alloys, doping, in situ doping
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BnnsaHne Mmegm Ha MUKPOCTPYKTYPY
N MexaHu4Yeckune CBOMCTBa TUTAHOBOIO
OpTO-CrnJjlaBa, U3rOTOBJIEHHOIO METOAOM
CEJIeKTUBHOIO 1a3epHOro njaBieHuUs
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AHHoTayums. TIpoBeieHO MCCICA0BAHNE HHTEPMETAIIHIHOTO OPTOPOMONYECKOr0 THTAHOBOTO CILJIaBa, MOJYYCHHOTO METOIOM CEJICK-

TuBHOTO J1azepHoro rwiasneHus (CJIIT) ¢ nobaminenuem menu B konuuectBe oT 0 10 6 Mac. % ¢ MOMOUIBIO in Sifu JIETUPOBAHUS
B IPOLIECCE U3TOTOBJICHUS C UCTIONBb30BaHueEM nojorpesa noanoxku ot 300 no 850 °C. [TokazaHo, 4TO BBEIEHUE ME/IM B CILJIAB CIIO-
cO0CTBOBAJIO U3MENBICHHIO 3epHa NepBUYHON B2/B-(ha3sl n N3MEHEHHI0 MEXaHUYECKUX CBOMCTB. B pe3ynbrare peHTreHOCTPYKTYp-
HOTO aHaJIM3a M CKAaHUPYIOIIEeH MHUKPOCKONUY ObUIa BBISIBICHA MUKPOCTPYKTypa, cocTosias u3 B2/B-dassl ¢ BbieneHusiMu opro-
pombuyeckoit pasbl. Takke B 0Opasax NPOCIEKUBACTCS HATHMYME HEOOIBIIOTO KOIMYECTBA 0,-Ti,Al-(ba3shl, KOMMYECTBO KOTOPOH
YBEJINYUBACTCS C MOBBIIICHUEM COZIep)KaHMsI Meu B ciuiaBe. Meronom nuddepeHuanbHoil CKaHUPYIOIeH KalOMETPUH yCTaHOB-
JICHO, 4TO 100aBJIeHHE MM MIPUBOIUT K CMELICHHIO TeMiepaTyp (a30BbIX NpeBpalieHuid B 00JacTh Oosiee BHICOKUX TEMIIepaTyp
u cyxaeT obnacts a,-Ti, Al + B2/B + Ti,AINb. Beenenue meau j1o 6 Mac. % o0ycnapiuBacT pasylnpo4HEHHE U OXPYTYUBAHUE OPTO-
POMOHYECKOro CIijIaBa ¢ (POPMHUPOBAHMEM MEIIKO3EPHUCTONH MUKPOCTPYKTYPBI, CPSAHUI pa3Mep 3epHa KOTOPO coCTaBHII 8,3 MKM.
Pe3synbrarsl SHEProfUCIEPCUOHHON PEHTTEHOBCKONW CHEKTPOCKOIMM [0Ka3ald HaJu4yhe Ha IPaHUIax 3€peH MHTEpMeTalIUuIHON
O-a3sbl, 4TO CrIOCOOCTBOBAJIO YBEIHUYCHHIO TBEPAOCTH Ha 12 % B cpaBHEHHH C OPTOPOMONYECKHUM CIUIAaBOM 0e3 100aBIeHHsT Me!
nocie CJII ¢ nogorpeBoM nomnoxku npu 850 °C. Hawmydiie miacTuyeckue CBOWCTBA MPOSIBUI CIIAB C COJACPIKaHHEM MeIu
4 mac. % npu npenese npoudocta 1080 MIla, yro comocraBUMO €O 3HaYEHUEM IPOYHOCTH OPTO-CIUIABA, IIOJyYCHHOTO METOIOM

CJIIT nmocue ropstuero U30CTaTHUECKOro MpecCOBaHMUS.

KnroueBble cnoBa: OpT0p0M6I/I‘{eCKI/Iﬁ CILIaB, aJIUTUBHOC IIPOU3BOACTBO, aBUALIMOHHBIC CILJIaBbI, JICTUPOBAHUC, in situ JISTUPOBAHUC

BbnarogapHocTyu: ViccienoBaHue BBIONHEHO 3a cueT rpanta Poccuiickoro naygnoro ¢onma Ne 23-79-30004, https://rscf.ru/

project/23-79-30004/.
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Introduction

Titanium aluminide-based intermetallic alloys
have garnered significant attention among researchers
as potential heat-resistant materials to replace nickel
alloys in automotive and aerospace industries. Among
these, orthorhombic titanium alloys stand out due
to their exceptional heat and creep resistance, attribu-
ted to the presence of the orthorhombic intermetallic
Ti,AINb [1]. However, the existence of this intermetal-
lic phase poses challenges in fabricating products using
traditional methods [2—4].

Modern orthorhombic titanium aluminide alloys sur-
pass previous generations based on the Ti,Al interme-
tallic compound in various aspects. It is widely acknow-
ledged that incorporating -isomorphous dopants such
as Mo, V, Ta, and especially Nb, into titanium alumi-
nide-based alloys has enhanced their creep and strength
properties at elevated temperatures [5—7]. Copper dop-
ing has been employed to combat the embrittlement
of titanium alloys at lower temperatures while impro-
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ving their strength characteristics [8]. Previous studies
indicate that resulting eutectics in such alloys contain
the Ti,Cu intermetallic compound, acting as a strength-
ening agent [9; 10]. The addition of copper also aids
in reducing temperature gradients during the laser mol-
ding process in a powder bath tank, promoting the for-
mation of equiaxed eutectoid grains in binary alloys due
to the solutal undercooling effect [11; 12]. Despite cop-
per’s positive impact on enhancing thermal conducti-
vity and heat resistance, the divergence in melting tem-
peratures among components heightens the risk of gas
pore and crack formation [13].

The intermetallic casting of titanium alloys demands
strict adherence to specific fabrication conditions,
including a high-quality surface for casting molds, ele-
vated temperatures, and a protective atmosphere to pre-
vent defect formation [14]. These alloys possess higher
brittleness and reduced machinability, leading to labor-
intensive and costly machining processes [15; 16].
Consequently, there is relevance in exploring additive
technologies (AT) for manufacturing products from
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intermetallic titanium alloys [17; 18]. the applica-
tion of At in producing intermetallic alloys often leads
to crack formation and involves significantly higher
cooling rates compared to casting processes. This discre-
pancy contributes to the generation of substantial thermal
stresses [13]. To mitigate thermal stress in selective laser
melting (SLM) technology, controlling temperature con-
ditions during crystallization becomes essential. Studies
have demonstrated that the production of defect-free
intermetallic samples necessitates additional high-tem-
perature substrate preheating during SLM [19]. It has
been observed that heating the substrate above 800 °C is
necessary to achieve defect-free samples from Ti,AINb
ortho-alloys incorporating microalloying elements [20].
Nevertheless, the influence of copper on the proces-
sability of ortho-alloy production during SLM remains
insufficiently explored [21].

In situ synthesis represents a relatively new approach
that holds the potential to streamline fabrication pro-
cesses and reduce production costs for new alloys and
their associated products. The synthesis of required
composition alloys from elemental powders has con-
ventionally been achieved through powder metallurgy
methods, including techniques like hot isostatic pres-
sing (HIP) [22] and spark plasma sintering [23]. These
methods have also found application in titanium-based
alloys, notably in selective laser melting and other addi-
tive manufacturing technologies [21; 24; 25].

This article presents the outcomes of an in situ inves-
tigation involving the doped orthorhombic titanium
alloy produced via selective laser melting. The study
examines structure formation and alterations in phase
composition resulting from the addition of copper in
quantities ranging from 0 to 6 wt. %.

Experimental

For this research, a powder mixture was emp-
loyed, derived from blending ortho-alloy powder

Ti—22A1-23Nb-0.8M0-0.3Si-0.4C-0.1B-0.2Y (at. %)
(manufactured by AMC Powders Co. Ltd, China) and
PMS-1 copper powder in varying proportions of 2, 4,
and 6 wt. % (Fig. 1). The blending process involved
a vertical mixer and lasted for 12 h. The copper pow-
der, with a purity level 0of 99.5 %, was manufactured via
the electrolyte method and characterized by dendritic
particle morphology. The initial powder of the ortho-
alloy consisted of spherical particles with an ave-
rage size of d,, =33 um, produced through the gas
atomization method.

Samples measuring 10x10x10 mm were manufac-
tured for microstructure analysis from the prepared
mixture using the SLM method on AconityMIDI unit
(Aconity3D GmbH, Germany). fitted with a fiber laser
with a wavelength of 1070 nm and a maximum power
of 1000 W. The samples were fabricated in a protec-
tive argon atmosphere, and the substrate was pre-
heated to temperatures of 300, 500, and 850 °C prior
to the commencement of laser processing. The chosen
range of substrate preheating temperatures aligned with
the region of the eutectoid transformation of Ti,Cu, as
well as based on insights gleaned from previous studies
on SLM processes involving orthorhombic alloys [26].

During the SLM method, samples were fabricated
using a volumetric energy density level set at 49 J/mm?>.
Selection of the primary process parameters for SLM
was based on prior investigations into the SLM process
for the ortho-alloy [20], ensuring conditions that would
yield samples with a relative density exceeding 99 %.
Samples with a diameter of 12 mm and a length of 70 mm
were produced for the examination of mechanical pro-
perties. These samples were further machined to comply
with the sizes specified by GOST 1497-84.

Microstructural and energy dispersive analy-
ses (EDX) were conducted using a Mira 3 LMU scan-
ning electron microscope (Tescan, Czech Republic).
X-ray phase analysis (XPA) was performed employing
a Bruker D8 Advance X-ray diffractometer (Bruker,

Fig. 1. SEM images of initial copper powder (a)
and powder mixture ortho-alloy + copper at various Cu contents (b—d)

Cu,wt. %:b—2;c—4;,d—-6

Puc. 1. COM-u300paskeHusI HCXOAHOTO MOPOIIKa MeH (a)
U TIOPOILIKOBOH CMECH OPTO-CIUIAB + MEAb IPH Pa3IndHOM cofep:kanuu menu (b—d)

Cu,mac. %:b—2;¢c—4;d—6
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Bremen, Germany) using CuK radiation (A = 1.5418 A).
Differential scanning calorimetry (DSC) was carried
out using a STA409 Netzch/Pegasus analyzer (Netzch,
Germany) employing a heating rate of 10 °C/min in
an argon flow environment. Hardness measurements
of the samples were taken using a Buehler VH1150
unit (Buehler, USA) under a 500 g load. Tensile tests
were conducted on a Zwick/Roell Z100 testing machine
(Zwick/Roell, Germany).

Results and discussion

Fig. 2 displays images showcasing microstructures
of ortho-alloy with 6 wt. % copper, profuced using
the SLM method at different substrate preheating
temperatures. The microstructure and phase composi-
tion of the ortho-alloy, when combined with copper,
exhibit considerable changes based on alterations in
the substrate temperature during the SLM process.
At a relatively low preheating temperature of 300 °C,
the microstructure manifests as a single-phase structure
comprising the B2/ phase with a bece lattice (Fig. 2, a).
Notably, thermal stress-induced cracks are observed
on these samples. Elevating the preheating temperature
to 500 °C induces the precipitation of the orthorhombic
Ti,AINb-phase (dark gray color) along the bounda-
ries of primary B-grains (Fig. 2, b). Further escala-
tion of the temperature to 850 °C initiates the thicken-
ing of ortho-phase precipitates along -grain boundaries
(Fig. 2, ¢). Additionally, finely dispersed needle-shaped
ortho-phase precipitates (gray color) begin to form
within the B-grains. Notably, regions with higher copper
content were not detected through microstructural ana-
lysis. Energy dispersive analysis confirmed the homo-
geneous distribution of copper throughout the sample
volume post-SLM of the powder mixture.

The observed transformations in microstructure
and phase composition of the ortho-alloy, coupled with
copper addition, as influenced by varying substrate pre-

heating temperatures, align with previous research con-
ducted on the ortho-alloy without copper [20]. However,
the addition of copper notably facilitated the prominent
formation of ortho-phase precipitates near boundaries
and led to a reduction in the size of primary B-grains.

To mitigate crack defects in ortho-alloy samples
combined with copper, it became evident that higher
substrate preheating temperatures were necessary.
At temperatures of =300 and 500 °C, the fabricated
samples exhibited cracks due to substantial residual
stresses, mirroring observations from previous studies
on ortho-alloy without copper [20]. Consequently, fur-
ther investigations were conducted using samples fab-
ricated at a substrate preheating temperature of 850 °C.

In Fig. 3, microstructure images of ortho-alloy
samples featuring varying copper content are pre-
sented. Irrespective of the quantity of copper incor-
porated into the alloy, the samples exhibit a two-
phase B2/B + Ti,AINb microstructure, consistent with
X-ray phase analysis findings (Fig. 4). Additionally,
X-ray phase analysis indicates a minor presence
of the a,-Ti,Al phase (white color), with its abundance
increasing alongside the copper content in the alloy.
However, specific Ti,Cu intermetallic precipitates, typi-
cal in the Ti—Cu system, were not observed in the micro-
structure of the fabricated samples. This absence might
be attributed to the high cooling rate inherent in the SLM
process. A notable characteristic of the resulting micro-
structures is the influence of the melt bath outlines.
The boundaries of the melt baths primarily exhibit small
equiaxed grains, while elongated grains are predomi-
nantly observed in the center of the bath (Fig. 3, ¢). This
distribution pattern mirrors the direction of heat dissi-
pation, which largely coincides with the growth direc-
tion. For example, the article [27] refers to the forma-
tion of a composite microstructure featuring columnar
and equiaxed crystallites, positioned differently along
the laser movement direction based on scanning speed
variations.

V.y Fiid
e ) ¥ADLIPLIN

Fig. 2. Microstructure of ortho-alloy with 6 wt. % Cu
substrate preheating at 300 °C (a), 500 °C (b) and 850 °C (¢)

Puc. 2. MUKpOCTPYKTypa OpTO-CILIaBa ¢ J00aBiaeHueM 6 Mac. % MeH, U3rOTOBICHHOTO
npu Temneparypax nogorpesa nomtoxku 300 °C (a), 500 °C (b) u 850 °C (c)
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Fig. 3. Microstructure images
of ortho-alloy samples produced by SLM,
Cu content in the powder mixture

Cu,wt. %:a—0;b-2;¢—4,d-6

Puc. 3. I300pakeHuss MUKPOCTPYKTYp 00pa3IioB OpTO-CILIaBa,
nzrotoBieHHbIX MeTogoM CJIII, mpu pa3nuaHOM comepKaHuK
MEM B MOPOILIKOBOM cMecH

Cu,mac. %:a—0;b—2;¢c—4;,d—6

@ O-phase (Ti,AINb)
B B2/B-phase
A Ti,Al %
$ , 6%Cu
AR e o of\ o o ]
2
Z & 4% Cu
2 Ao B A A om
=
=
3 2% Cu
49 % o A0 o 048 om
- 0% Cu
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20, deg

Fig. 4. X-ray phase analysis of ortho-alloy samples
with copper content variation produced by SLM method
at substrate preheating of 850 °C

Puc. 4. Pesynprarsl peHTIeHO()A30BOr0 aHaAII3a
00pa3IoB OPTO-CILIaBa C Pa3INYHbIM COEPIKAHUEM MEIIH,
n3rotoBieHHBIX MeTogom CJIIT
IIpU TeMIieparype noporpesa momiuokku 850 °C

Fig. 5 presents the results obtained from the dif-
ferential scanning calorimetry (DSC) analysis con-
ducted on Tiy,Al,,Nb alloys, both with the inclu-
sion of 6 wt. % copper and without it. In both cases,
an exothermic transformation within the temperature
range of ¢=631+663 °C is observed during prehea-
ting, linked to the precipitation of the orthorhom-
bic phase. Furthermore, the curve exhibits an inflec-
tion towards the endothermic transformation within
the B2/B + O zone, potentially correlated with the eutec-
toid decomposition of B2/B, leading to the forma-
tion of a + Ti,Cu. The DSC curve for the copper-doped
alloy displays a noticeable shift in the peaks of phase
transformations, expanding the regions associated with
O-Ti,AINb and B2/p + O. Consequently, this narrows
the region wherein the a,-Ti,Al intermetallic compound
is formed. However, it’s important to note that doping
with copper did not significantly impact the temperature
associated with the O + B2/B — B2 phase transition.

The incorporation of copper into the ortho-alloy via
in situ doping during the SLM process, conducted under
substrate preheating conditions at ¢ = 850 °C, notably
facilitated significant grain refinement. A clear trend
toward grain size reduction is observed, commencing
with the addition of 2 wt. % Cu, resulting in almost
a halving of the B-phase grain size (Fig. 6). The aver-
age grain size in the ortho-alloy lacking copper addi-
tion measured 50.7 um. Notably, the most substantial
grain refinement, achieving an average size of 8.3 um,
was attained with the highest copper content of 6 wt. %.
The enhanced thermal conductivity of copper compared
to titanium ortho-alloy plays a crucial role in intensi-
fying heat dissipation during melt crystallization in
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Fig. 5. Results of differential scanning calorimetry of ortho-alloy samples with 6 % copper (a)
and without copper (b) produced by SLM at substrate preheating of 850 °C

Puc. 5. Pesynbratsl tuddepeHInanbHOi CKaHUPYIOIIEH KaToMeTpUu 00pa3iioB OpTo-CIuIaBa ¢ couepxanuem meau 6 % (a)
u 6e3 meau (b), u3rorosieHHbx metogoM CJIIT npu Temmneparype mogorpesa momioxku 850 °C

the laser processing, consequently promoting the forma-
tion of a finer-grained microstructure [13]. Additionally,
the presence of copper particles can induce the forma-
tion of secondary phases that effectively impede grain
growth [10].

Fig. 7 illustrates the tensile curves of ortho-alloy
samples containing varying copper content. The altera-
tion in the mechanical properties of the alloy showcases
acomplex trend, where an increase in copper content ini-
tially results in heightened strength, particularly evident
with 2 wt. % Cu. However, further escalation of copper

60
50
40
30
20
10

0

Average grain
size, pm

0 2 4 6

Copper content in
Ti,,Al,;Nb alloy, wt. %

Fig. 6. Average grain size of ortho-alloy produced
by SLM with different copper content

Puc. 6. CpenHuii pa3mep 3epHa OpTO-CILIaBA, H3TOTOBIEHHOTO
metonoM CJIIL, npu pa3iuuHOM cofepikaHUuU MeIU
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content leads to a reduction in strength and eventual
embrittlement of the alloy, despite the reduction in grain
size. This embrittlement might be attributed to the for-
mation and enlargement of brittle precipitates, particu-
larly the intermetallic O-phase, located along the grain
boundaries [16; 24]. It’s worth noting that the ten-
sile strength exhibited by the ortho-alloy containing
2 wt. % Cu in its initial state following SLM is compa-

1200 0% Ca
1088 MPa—__ -
1000 + -7
4 % Cll 2 % Cu
778 MPa 1080 MPa
<~ 800 “
[a W)
=
% 600 - 0% Cu + HIP
g 652 MPa
n 400 / 6% Cu
640 MPa
200
1 1 1

0.4 0.6 0.8 1.0 1.2

Relative deformation, %

Fig. 7. Room temperature tensile test results
for ortho-alloy samples with varying copper content

Puc. 7. Pe3ynbraThl NCIIBITAHUN HA pacTsHKEHHE
IpY KOMHATHOM TeMIeparype aj1s 00pa3LoB OpTo-CIuIaBa
C pa3IMYHBIM COACPIKAHHEM MeJTH
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Fig. 8. Energy dispersive analysis of ortho-alloy sample with 6 wt. % Cu

Puc. 8. Pe3ynbTaThl SHEProANCIEPCHOHHOTO aHalM3a o0Opasiia opTo-ciuiaBa ¢ 6 Mac. % Menu

rable in value to the strength of the ortho-alloy lacking
copper, obtained via the SLM method followed by hot
isostatic pressing and subsequent heat treatment [17].

The hardness of ortho-alloy samples displays
an uneven change with increasing copper content.
Incorporating 2 wt. % Cu into the ortho-alloy resulted
in a 5% increase in hardness, measuring 388 HV
compared to the sample without copper. Subsequently,
the highest microhardness values of 405 HV , were
achieved with a copper content of 6 wt. %, corre-
sponding to the smallest grain size and a higher quan-
tity of the intermetallic phase. The initial hardness
of the ortho-alloy lacking copper stood at 360 HV ..
Therefore, the addition of 6 wt. % Cu led to a 12 %
increase in hardness. The observed higher hardness
values are attributed to the refined grains brought about
by the addition of copper, leading to a higher density
of grain boundaries where the orthorhombic interme-
tallic phase precipitates form. Notably, an optimal
ratio between a,-Ti;Al and the ortho-phase, found in
the alloy containing 4 wt. % Cu, resulted in a hardness
of 364 HV ;.

However, the addition of 4 wt. % Cu, despite grain
refinement, led to the embrittlement of the alloy. This
effect is observed in conditions of high concentra-
tion of grain boundaries where a fringe of a brittle
intermetallic phase exists. EDX analysis (Fig. 8) indi-
cated a higher concentration of titanium, aluminum, and
copper on the grain boundaries compared to the main
grain volume. To mitigate the quantity of embrittlement
phases along the grain boundaries, additional heat treat-
ment may be considered, which will be explored in
future research articles.

Conclusions

This study investigates the impact of copper
on the microstructure and mechanical properties
of'an orthorhombic titanium alloy manufactured through
in situ doping during the selective laser melting process.
The study’s key conclusions are as follows:

1. Introduction of copper (0 to 6 wt. %) results in
a significant microstructure refinement, yielding fine
equiaxed grains. Within the studied copper content
range, the phase composition of the ortho-alloy prima-
rily consists of a two-phase B2/B + Ti,AINb microstruc-
ture, with a limited presence of a,-Ti,Al phase.

2. Variation in substrate preheating temperatures
during the SLM process (ranging from 300 to 850 °C)
leads to distinct alterations in the alloy’s microstruc-
ture and phase composition. Starting with a singular
B2/B-phase at 300 °C, the process progresses to the for-
mation of the O-phase, accompanied by the precipita-
tion of the Ti,Al phase at a substrate preheating tem-
perature of 850 °C. Notably, high-temperature substrate
preheating serves as an effective method to prevent
crack formation during the SLM process.

3. The addition of 6 wt. % Cu resulted in a 12 %
increase in the hardness of the ortho-alloy compared
to the alloy without copper. However, the inclu-
sion of 4 wt. % Cu notably enhanced the alloy’s
strength, achieving a tensile strength of 1080 MPa,
which is comparable to the strength of the copper-free
ortho-alloy produced using SLM technology followed
by hot isostatic pressing.

4. Embrittlement observed in the orthorhombic
intermetallic alloy could be attributed to the suppres-

37



DM v on

W3BECTUA BY30B

M3BECTUA BY30B. TOPOLIKOBAA META/IIYPTUA U GYHKLMUOHANBHLIE MOKPbITUA. 2024;18(1):31-39
Mono3oe U.A., Cokonoea B.B. u dp. BansiHne mean Ha MUKPOCTPYKTYPY M MEXaHUYECKME CBOIMCTBA TUTAHOBOTIO ...

sion of the ortho phase, leading to its precipitation along
grain boundaries and subsequent decay. This phe-
nomenon is exacerbated by grain refinement induced
by the presence of copper in the alloy.

10.
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Abstract. This study presents the synthesis of (TiZrHfTaNb)C, (TiTaNb) ,.Hf, ,,:Zr,,..C and (TiTaNb) ,Hf ,.Zr ;.C single-phase,
high-entropy carbides through mechanical alloying and plasma sintering. High-entropy carbides hold promise for applications in jet
engine components. We identified optimal mechanical alloying conditions to achieve powder homogeneity and minimize iron fouling.
The microstructure, phase, and chemical compositions of the samples were investigated. At 1600 °C, a sample with a face-centered
cubic (FCC) lattice and low content of zirconium and hafnium oxides was formed. Elevating the sintering temperature to 2000 °C facili-
tated oxide dissolution and the formation of single-phase, high-entropy carbides. The microhardness of the samples ranged from 1600
to 2000 HV, while the compressive strength varied between 600 and 800 MPa. Plasma heating tests demonstrated excellent resistance

to thermal oxidation for (TiTaNb) JHf ,.Zr, ,.C, withstanding temperatures up to 2250 °C.

Keywords: high-entropy alloys, high-entropy carbides, mechanical alloying, sparking plasma sintering, resistance to thermal oxidation

Acknowledgements: The study received financial support from the Ministry of Science and Higher Education of the Russian Federation
under Grant Agreement No. 075-03-2023-004.

For citation: Kim A.E., Ozerskoi N.E., Razumov N.G., Volokitina E.V., Popovich A.A. Synthesis of (TiTaNb) Hf Zr.C high-
entropy carbides resistant to high thermal oxidation by mechanical alloying and spark plasma sintering. Powder Metallurgy and
Functional Coatings. 2024;18(1):40-51. https://doi.org/10.17073/1997-308X-2024-1-40-51

40 © 2024. A. E. Kim, N. E. Ozerskoi, N. G. Razumov, E. V. Volokitina, A. A. Popovich


https://doi.org/10.17073/1997-308X-2024-1-40-51
mailto:nikolaiozerskoi%40yandex.ru?subject=
mailto:nikolaiozerskoi@yandex.ru
https://powder.misis.ru/index.php/jour/search/?subject=high-entropy alloys
https://powder.misis.ru/index.php/jour/search/?subject=high-entropy carbides
https://powder.misis.ru/index.php/jour/search/?subject=mechanical alloying
https://powder.misis.ru/index.php/jour/search/?subject=sparking plasma sintering
https://powder.misis.ru/index.php/jour/search/?subject=resistance to thermal oxidation
https://doi.org/10.17073/1997-308X-2024-1-40-51

POWDER METALLURGY AND FUNCTIONAL COATINGS. 2024;18(1):40-51

ST PM s FC Kim A.E., Ozerskoi N.E., etc. Synthesis of (TiTaNb)XnyZrZC high-entropy carbides resistant ...

CUHTe3 BbICOKO3HTPOMNUNUHBIX Kapbuaos
(TiTaNb)XnyZrzC C BbICOKUMU TEPMOOKUCITUTESIbHBIMMU
CBOMCTBaMMU NyTEeM MeXaHUYEeCKOro JlermpoBaHu1S
N UCKPOBOIO NMa3MeHHOro CrnekaHus
A. 3. Kum, H. E. Osepckoii %, H. I. Pazymos,

E. B. Bonoxuruna, A. A. IlonmoBuyu

Cauxkr-IlerepOyprekuii nonurexunuyeckuii yausepcuret Ilerpa Besauxoro
Poccust, 195251, . Cankr-IletepOypr, ya. [lonurexandeckas, 29

B3 nikolaiozerskoi@yandex.ru

AnHoTaums. Ilpenctapien cuHTEe3 OMHO(A3HBIX BbICOKOHTponuiHbIX kapounos (TiZrHfTaNb)C, (TiTaNb),, Hf;

275270,275C
u (TiTaNb)wawSZrmsC MEXaHMYECKUM JIETMPOBAaHMEM M HCKPOBBIM IUIA3MEHHBIM CHEKaHHEM. BrlcokosHTponmiiHble KapOH-
161 (BOK) mepcneKTHBHBI B KadecTBE MaTepHaia ISl IeTaleil peakTUBHBIX ABHTaTeNel. [1orydeH pexiuM MEeXaHHIeCKOTO JIETHPO-
BaHUS, TP KOTOPOM JIOCTHIAIOTCS OJHOPOIHOCTD MOPOIIKA U HU3KHI TeXHHUeckuit Hamon. [IpoBenen aHaau3 MUKPOCTPYKTYPHI,
(ha30BOT0 M XMMHUYECKOTO COCTABOB MOy4eHHbIX 00pa3noB. BOK ¢ I'[K-cTpykTypoii n HeGOIBIINM COfepkKaHHEM OKCHIOB IIUPKO-
HUs 1 rapHusA oopazyetcs npu temrepatype 1600 °C. [Toseimenne Temneparypsl ciekanus 10 2000 °C criocoOcTByeT pacTBOPEHHIO
OKCHJIOB U (hopmupoBaHHio ogHodazHoro BOK. Mukpotsepaocts 06pasuos koiedanacs ot 1600 no 2000 HV. ITpouHocTs 00pa3sios

Ha cxatue coctasiisia or 600 go 800 MITa. CortacHo pesynbraTaM ra3oMHaMHYeCckuX ucnbitanuii, cras (TiTaNb), Hf ;. Zr, ,.C

MOKa3aJl OTIUYHYI0 TEPMOOKHCIUTEIBHYIO CTORKOCTB 710 Temmeparypsl 2250 °C.

KnroueBble csioBa: BBICOKO3HTpOHHﬁHBIe CIIJIaBBbI, BLICOKOQHTpOHPII)‘IHBIe Kap6I/I,HI>I, MEXaHUYECKOC JISTUPOBAHUE, UCKPOBOEC IJIIa3MEHHOE

CIIEKaHUEC, TCPMOOKHUCIUTECIIBHBIC CBOMCTBa

BbnaropgapHocTy: lccnenoBanue BHIIOTHEHO pH (MHAHCOBOH TOAEepKKe MHUHHCTEpCTBA HAyKH U BEICIIEro oOpa3oBanus Poccuiickoit
Deneparuu (Cormamenue o npegoctasieHnn cyocunun Ne 075-03-2023-004).

Ans untuposanma: Kum A.D., Ozepckoit H.E., Pazymo H.I'., Bonokutuna E.B., [TomoBiu A.A. CuHTE3 BEICOKOIHTPOIUIHBIX KapOu-
JI0B (TiTaNb)fo} Zr C ¢ BBICOKMMH TEPMOOKHCIIMTEILHBIMU CBOMCTBAMH IMyTEM MEXAHMYECKOTO JIETHPOBAHMS M MCKPOBOTO ILJIa3-
MEHHOTO CTieKaHust. M3zeecmus 8y306. [lopowkosas memannypeus u yynkyuonaivhoie nokpoimus. 2024;18(1):41-51.
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Introduction

High Entropy Ceramics (HEC) represent a novel
class of materials that has garnered significant interest
from the global scientific community. These multicom-
ponent ceramics exhibit superior hardness, wear resis-
tance, and oxidation resistance compared to pure metal
carbides [1-9].

Most research focuses on high-entropy carbides con-
taining metals from Group 4 (Ti, Zr, Hf) and Group 5
(V, Nb, Ta) of the Periodic Table. These compounds
form monocarbides with a cubic NaCl-type structure,
wherein the metals share a common cationic FCC
(face-centered cubic) sublattice while carbon occupies
the anionic sublattice [10].

To date, numerous high-entropy carbides have been
synthesized and investigated. primarily utilizing pow-
der-based methods. The significant distinction lies in
the manufacturing processes of high-entropy carbides,
with most studies commencing with wet milling and
mixing of precursors [4—11].

Metal oxides undergo a carbothermal reaction followed
by compaction, spark plasma sintering, or hot isostatic
pressing at temperatures ranging from 1600 to 2200 °C.
Through this process, (Ti,,Zr,,Nb;,Ta,,W)C [4] and
(Ti, ,Ta, ,Nb ,Hf ;W)C [5] were synthesized, along
with the high-entropy carbide (CrNbMoWV)C [12].
These powders may contain impurities such as oxides,
amorphous carbon, and graphite, indicating potential
incompleteness of the carbothermal reaction or varia-
tions in carbon content.

The following materials were derived from metal
monocarbides: (TiZrNbHfTa)C [13], (HfTaZrNb)C[14],
and (Tay,Zr,,,Nb ,.Ti,,,)C [10]. However, the
resulting ceramic materials exhibit inconsistent
phase and chemical compositions and contain inclu-
sions similar to the initial carbides in terms of chemi-

cal composition.

In certain studies, elemental metal powders and
carbon serve as initial components, following a pro-
cess similar to the aforementioned works. The fol-
lowing materials were synthesized from elemental
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powders of metals and carbon: (TiZrHfNbV)C; [15],
(Hf, ,Ta, ,Zr, ,Nb, ,Tiy ,)C and (Hf ,Ta, ,Ti, ,Mo, ,Nb)C
[16], (TiVZrHIND)C,, (TiVZrHfTa)C,, (TiZrNbHfTa)C,,
(TiZINbVTa)C,, (TiHINbVTa)C,, (ZtHINbVTa)C, [17],
(Ti,,Zr,,Ta ,Nb, W ,)C [11], (VNbMoTaW)C [18].
However, this process also entails certain drawbacks.
Carbides of different metals are formed sequentially,
resulting in regions with varying contents of the origi-
nal elements.

In our papers [19; 20], we demonstrated that spark
plasma sintering of CrNbMoWYV powder, obtained
through mechanical alloying (MA) produces a single-
phase coating approximately 100 um thick on the sur-
face. This coating exhibits enhanced corrosion and
wear resistance, surpassing conventional materials in
these properties. For instance, the wear rate difference
between the carbide layers of a high entropy alloy
(0.001 cm?) and WC—8Ni carbide (0.003 ¢cm?) amounts
to 300 % [19]. Subsequent research revealed that single-
phase, chemically homogeneous high-entropy ceramics
can be synthesized from a mixture of high-entropy
alloy and carbon MA powders, with the high-entropy
carbide (CrNbMoWV)C being the first product of this
process [12].

The objective of this study is to explore the produc-
tion of single-phase, high-entropy ceramic materials
with high chemical homogeneity using mechanically
alloyed powders of TiZrHfNbTa HEA system and
to evaluate their properties.

Materials and methods

We used elemental powders of metals Ti, Nb,
Hf, Zr, and Ta (99.5 % purity) as initial components
for synthesizing TiZrHfNbTa. Three materials were

synthesized: TiZrHfTaNb, (TiTaNb), ,Hf, . Zr, ..
and (TiTaNb) ,Hf,,.Zr .., with their compositions

listed in the table. MFG-7 graphite powder served as
the carbon source, introduced alongside the elemental
metal powders.

For mechanical alloying, we employed a Pulve-
risette 4 planetary mill (Fritsch, Germany) under
an argon atmosphere. Mechanical alloying occurred
over a duration of 5 to 10 h at drive/bowl rpm ranging

from 200 to 400. The 500 ml grinding bowls and 12 mm
diameter grinding balls were constructed from high-
strength carbon steel. Each sample weighed 50 g, and
the ball-to-powder weight ratio was maintained at 1:20.

We conducted particle size distribution analysis
of the powders using an Analysette 22 NanoTec plus par-
ticle sizer (Fritsch, Germany), applying the Fraunhofer
diffraction method for calculation.

For sintering, we employed an HPD 25 spark plasma
sintering furnace (FCT Systeme GmbH, Germany) with
a diameter 20 mm graphite mold, operating at tem-
peratures of 1600, 1800 and 2000 °C, with a pressure
of 50 MPa and a holding time of 5 min at the maximum
temperature.

For a layer-by-layer examination of phase com-
position followed plasma heating tests, a SmartLab
X-ray diffractometer (Rigaku Corp., Japan) was uti-
lized, employing CuK radiation (A =1.5406 A) and
the CBO-p Cross Beam Optics system for grazing
incidence X-ray diffraction (o =10°). The incidence
angle range was 20 to 80°, and the acquisition rate was
set at 0.2 deg/min. Morphological and microstructural
analysis of the powder particles was conducted using
a Mira 3 scanning electron microscope (Tescan, Czech
Republic). The chemical composition of the powder
particles was determined through polished samples and
X-ray microanalysis, employing an INCA Wave 500
microanalysis system (Oxford Instruments Analytical,
UK) integrated with the scanning electron microscope.

We conducted microhardness measurements using
a Buehler microhardness tester (USA) with loads of 300
and 500 g applied to ground and polished samples
along the section parallel to the height of the cylind-
rical sample. Measurements were taken in a straight
line with a 330 pum increment from the top to the bot-
tom of the sample. Compressive strength testing was
performed using a Zwick/Roell Z050 universal testing
machine (Germany).

For plasma heating tests, we employed a UPIM-
200 electric arc plasma generator (Composite,
Korolev), with plasma generated in the air. Transient
heat flow was measured using a cold copper barrier
(calorimeter). Initially, the heat flux density was set

Initial alloy compositions after MA

Hcxoanble KOMIO3UIMHU CILIABOB nmocJe MJI

Sample weight, g
Alloy ;
Ti Zr Nb Hf Ta Total
TiZrHfTaNb 4450 | 7.710 | 7.855 | 15.090 | 15.295 50
(TiTaNb), , Hf) ,,sZr) 5,5 | 2.932 | 10.246 | 5.691 | 20.046 | 11.085 50
(TiTaNb), ,Hf .. Zr, .. 1.891 | 12.613 | 3.670 | 24.678 | 7.148 50
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at 3.1 Mw/m?, and subsequently increased incremen-
tally. The heat flux density increased by 0.4 MW/m?
at each step. Throughout the test, we recorded the sur-
face temperature of the sample using a pyrometer and
monitored the surface temperature distribution using
a thermal imaging camera.

Results and discussion

The dissolution of alloying elements in the early
stages of mechanical alloying (MA) exhibits similarities
across all systems studied. At the onset of MA, intense
plastic deformation flattens the initial powder particles,
leading to their fusion and the formation of a compo-
site. After 5 h of MA, the composite particles develop
a characteristic layered structure consisting of different
combinations of the initial components. With further
prolongation of MA duration up to 7.5 h, the primary
processes involve homogenization of chemical compo-
sition and interaction between the initial components
aimed at reducing the system’s free energy (Fig. 1).

When the MA period extends to 10 h, the iron fou-
ling content increases. Specifically, the average
iron content in the powder rises from 0.12 % after 7.5 h
of MA to 0.59 % after 10 h of MA. The measured par-
ticle size distribution (in micrometers, average values)
is as follows: at 7,,,=5h — d,= 193, d,,=47.5,
dy,=87.9;1,,=7.5h-d ,=82,d,,=18.6,d,, = 33.8;
Tya = 10h—d  =17.1,d,,=33.6,d,,=59.3.

Fig. 2 depicts the XRD patterns of the initial pow-
der mixture and the powder after mechanical alloying
for 5, 7.5 and 10 h. The observed peak broadening after
MA arises from a reduction in the size of coherent scat-
tering regions and increased micro stresses. After 5 h
of MA, titanium is entirely dissolved in the VCCL lat-
tice of niobium and tantalum. This dissolution can be

Fig. 1. Elemental distribution in TiZrHfTaNb alloy powder
aftert,, =7.5h

Puc. 1. PactipeienieHre 3JIEMEHTOB B IIOPOIIKE CILIaBa
TiZrHfTaNb nocne t,,; = 7,5 4

attributed to the similar atomic radii of these elements
(Ti=145A, Nb=143 A, Ta=1.43A). However,
after 10 h of MA, small peaks of zirconium and haf-
nium are still present due to the relatively large size
of their atoms. The mass fraction of the hexagonal
phase (P6,/mmc) is 17 %, with a cubic lattice parameter
(Im-3m) is 3.387 A. The deviation from the cubic lattice

18,000 - —
> P6/mmc
15,000 —‘_,JL . « CR—
=
2 12,000 | J\ - 3
=
8 —
=] L m7r vTa
= 6,000 . oHf oNb
I A Ti
3,000 I H|A, [ ] 1
HI 1 r s HEAH *y .
0 4 A AL A AA A edse, Y o 2R A
20 30 40 50 60 70 80 90 100
20, deg

Fig. 2. Phase composition in TiZrHfTaNb powder during various MA stages

TMA’

h: 1-0;2-5,3-75,4-10

Puc. 2. ®azossrii coctaB BOC-mopomika TiZrHfTaNb na pasubix cragusx MJT

Ty

4.1-0;2-5,3-75,4-10
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[a]

Fig. 3. Photos of (TiZrHfTaNb)C samples sintered
at 2000 °C (20 mm in diameter)

a — after sandblasting; b—c — after grinding

Puc. 3. ®otorpadun obpasuos (TiZrHfTaNb)C
nuaMeTpoM 20 MM, criedeHHbIX IpH Temmneparype 2000 °C

@ — TI0CIe NIeCKOCTPYHHOM 00paboTKH;
b—c — nocite mumQoBKu

parameter calculated by Vegard’s law (a = 3.416 A) for
the equiatomic TiZrHfTaNb material can be attributed
to the incomplete dissolution of Hf and Zr.

Based on the analysis of the microstructure, phase
composition, elemental distributions, and particle size
distributions of the MA samples obtained in the plan-
etary mill, we selected t,,, = 7.5 h, with a drive speed
of 200 rpm and a bowl speed of 400 rpm, for the syn-
thesis of high-entropy carbides.

High-entropy carbides were then produced
from the MA powders using an FCT HPD 25 spark
plasma sintering furnace. Fig. 3 displays photographs
of 20 mm diameter (TiZrHfTaNb)C samples sintered
at 2000 °C after undergoing sandblasting and grinding.
Throughout the sintering process, we recorded various
process variables including time, temperature, com-
pression stroke, shrinkage rate, current, voltage, power,
and compression force.

The experimental data obtained during the synthe-
sis of (TiZrHfTaNb)C (Fig. 4) suggest that the process
can be divided into four main stages: / — degassing
and vacuumization, 2 — preheating; 3 — metal-car-
bon chemical reaction and carbide formation; 4 — com-
paction under 50 MPa pressure and homogenization for
5 min exposure time. These findings align with tem-
perature profiles utilized in the solid-phase synthesis
of TiC, ZrC, HfC, NbC, and TaC metal carbides [13],
as well as with data obtained from spark plasma sin-
tering of the (TiZrNbTaW)C alloy using various
precursors [11].

The  microstructure and  phase  composi-
tion of the (TiZrHfTaNb)C samples sintered at 1600
and 1800 °C reveal the presence of high-entropy
HCC MeC carbide (Me = Ti, Zr, Hf, Ta, Nb), mixed
zirconium-hafnium oxide, and a transition zone from
the high-entropy carbide to oxide inclusions. Elevating
the sintering temperature of (TiZrHfTaNb)C to 2000 °C
results in increased crystal growth capacity (Fig. 5).
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Fig. 4. Experimental curves
for the synthesis of (TiZrHfTaNb)C

a—c — shrinkage rate vs. temperature and sintering time;
d — compression stroke vs. time
t, °C = 1600 (a), 1800 (b), 2000 ()
1-4 — synthesis stages: degassing and vacuumization (1),
preheating (2), metal-carbon reaction and carbide formation (3),
compaction under pressure (4)

Puc. 4. DxcriepuMeHTanbHbIE KPUBBIE,
norydennslie pu cunteze BOK (TiZrHfTaNb)C

@—c — 3aBHCHMOCTH CKOPOCTH YCAJKH OT TEMIIEPATyPhl
1 BPEMCHH CIIeKaHus; d — HepeMeIeHHe ITyaHCOHA KaK (DyHKIIHs BpeMEHH
t, °C — 1600 (a), 1800 (b), 2000 (c)

1—4 — crapuu cunte3a BOK: nerasanus u Bakyymuposanue (1),
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The microstructure and elemental distribu- tion and microstructure analysis. The samples sin-

tion of the sample sintered at # = 2000 °C (Fig. 6) indi-
cate the formation of a homogeneous, single-phase,
high-entropy carbide. The interface between zirconium-
hafnium oxide and high-entropy carbide appears clear,
without a zirconium-hafnium-depleted transition zone.
The absence of this transition zone and the limited
number of oxide inclusions, in comparison to samples
sintered at lower temperatures, may suggest the com-
pletion of redox reactions and the formation of high-
entropy carbides.

From the comparison of the phase composi-
tion, microstructure, and chemical homogeneity
of the (TiZrHfTaNb)C samples with the thermomecha-
nical data (Fig.4) obtained during the synthesis, it
can be inferred that the stage of chemical interaction and
redox reactions (Fig. 4, stage 3) is either completed
or nearing completion when the temperature reaches
2000 °C. Stage 4 involves the densification and homo-
genization of the phase and chemical compositions.
The formation of metal carbides is primarily driven by
diffusion in the metal and carbon sublattices, with metal
and carbon diffusion occurring independently [21; 22].
The diffusion rate of metals is several orders of magni-
tude lower than that of carbon [23]. As a result, metal
diffusion significantly influences the formation of high
entropy carbides and restricts the formation of secon-
dary phases. Comparing our results with the synthesis
of (TiZrNbTaW)C using a mixture of pure components
and a mixture of pure carbides [11] confirms that when
the starting material is a high entropy carbide, the kinet-
ics of its formation is linear, resulting in the synthesis
product being a single phase (TiZrHfTaNb)C high
entropy carbide with high chemical homogeneity.

The microhardness measurements (Fig.7) of the
(TiZrHfTaNb)C samples sintered at different tempera-
tures validate the findings from the phase composi-

6000
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e TiZrHfTaNbC

‘ - l . .
£ 4000 —‘__J R . -3;
£ 3000 I .
&2 2000 _JL_JL_JLW . 2
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Fig. 5. Phase diagrams of (TiZrHfTaNb)C
high-entropy carbides sintered at

1600 °C (1), 1800 °C (2), 2000 °C (3)
Puc. 5. ®azoBble AuarpaMMbl BEICOKOSHTPOIHITHBIX KapOUI0B
(TiZrHfTaNDb)C, ciedeHHBIX IPU TEMIIEpaTypax
1600 °C (1), 1800 °C (2), 2000 °C (3)

tered at = 1600 and 1800 °C demonstrate high hard-
ness levels attributed to microscopic stresses induced
by the presence of non-equilibrium oxide, carbide, and
transition phases. Upon increasing the sintering temper-
ature to 2000 °C, a single-phase, high-entropy carbide
is formed. The average hardness values of the samples
are 1940, 1917 and 1653 HV, respectively.

We successfully synthesized (TiTaNb), ,.Hf ..Zr, ,..
and (TiTaNb) ,Hf ,.Zr .. under the same sinter-
ing conditions as TiZrHfTaNb)C) (z=2000 °C).
These efforts resulted in obtaining single-phase
(TiTaNb)OASHfO,er C and (TiTaNb) Hf, Zr0’35C

‘ 0,35
carbides.

7r

0,275

Fig. 6. Microstructure and elemental distribution
of (TiZrHfTaNb)C sintered at 2000 °C

Puc. 6. MEKpOCTPYKTypa 1 pacrpe/ielieHue HIeMEHTOB
obpasua BOK (TiZrHfTaNb)C,
cnedeHHoro mpu Temneparype 2000 °C
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2100 tents of the initial elements and oxygen (Fig. 10). There
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Fig. 7. Cross-sectional microhardness
of the sintered (TiZrHfTaNb)C samples

, °C: 1600 (@), 1800 (W), 2000 (A)

Puc. 7. MUKpOTBEPIOCTE 110 CEYCHHIO
crieueHHbIX 00pa3noB (TiZrHfTaNb)C

t,°C: 1600 (@), 1800 (m), 2000 (A)

Compression strength tests conducted on the syn-
thesized ceramics (Fig. 8) revealed that the equiatomic
(TiZrHfTaNb)C composition exhibited the highest
ultimate strength of 795 MPa. As the content of Hf
and Zr increased, the ultimate strength decreased
to 690 for (TiTaNb), ,.Hf ,,.Zr, ,,;C and 600 MPa for

_ 275410275
(TiTaNb), ,Hf, ;Zr, ;,C, respectively.

The plasma heating tests conducted on the equi-
atomic (TiZrHfTaNb)C yielded unsatisfactory results
(Fig. 9). Upon heating to ¢= 1940 °C, the substance
melted with intense entrainment of the reaction pro-
ducts and base material.

The surface of the (TiZrHfTaNb)C sample following
plasma heating tests exhibits regions with varying con-

900
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600 |- ]
500 |
400 |
300 | 3
200 |
100 |

Force, MPa

0 2.5 5.0 7.5 10.0

12.5

Compression strain, %

Fig. 8. Compressive strength of samples at room temperature

1~ (TiTaNbHfZr)C, 2 — (TiTaNb), , HF, ,.Zr, 1,:C

: 27540275
3 — (TiTaNb), ,Hf .. Zr, ..C

Puc. 8. TIpounocTth 00pa3IioB Ha CKAaTHE
MIpY KOMHATHOM TeMneparype
1~ (TiTaNbHfZr)C, 2 — (TiTaNb), , Hf,
3~ (TiTaNb), Hf, , 71, . .C

Zr, ,..C

,275770,275
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are three main types of elemental distribution observed:
regions enriched in titanium, zirconium, and niobium;
regions enriched in hafnium; and regions enriched
in tantalum. The heterophase structure of the oxida-
tion products is attributed to the differing free ener-
gies of metal oxide formation at various temperatures.
During intense melting, oxidation, and entrainment
of reaction products, metals with the lowest free energy
of oxide formation are oxidized initially. Consequently,
the resulting oxides possess different melting and evap-
oration temperatures, ultimately influencing the final
phase composition of the reaction products.

The results of the phase composition analysis
of the (TiZrHfTaNb)C sample surface after plasma heat-
ing tests (Fig. 11) validate the formation of three main
phases identified through elemental distribution analy-
sis. The hafnium-enriched phase corresponds to a mixed
metal dioxide exhibiting a monoclinic lattice structure
(HfO, prototype). The second phase, enriched in tita-
nium, zirconium, and niobium, is characterized by
the presence of mixed oxide (TiNbZr)O, with an ortho-
rhombic lattice. This phase formation is attributed
to high supercooling rates during the process, preventing
the separation of the mixed oxide based on the higher
niobium oxide Nb,O;. A similar appearance of this phase
was observed during plasma heating tests of equiatomic
high entropy carbide with a comparable composition.
The third phase identified is the unstable TaO, oxide
featuring a cubic lattice structure.

During testing, the (TiTaNb), ,Hf;

and (TiTaNb), Hf

2752T0.275C
Zr,,sC samples were subjected

2400
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Fig. 9. Surface temperature vs. duration
of plasma heating test
1 — (TiTaNbH{Zr)C, 2 — (TiTaNb), , Hf,
3 — (TiTaNb), ,Hf, , Zr,

0.35 ()A35C

Zr, ,..C

0.275770.275"

Puc. 9. 3aBUCHMOCTD TeMIIeparypbl MOBepxXHOCTH 0OpasioB BOK
OT JUTHTENHHOCTH Ta30ANHAMIIECKOTO HCITBITAHHUS
1~ (TiTaNbHfZr)C, 2 — (TiTaNb), , Hf, ,, Zr, ,..C,
3~ (TiTaNb), Hf, | Zr, ,.C
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Fig. 10. Surface morphology and elemental distribution of (TiZrHfTaNb)C sample after plasma heating tests

Puc. 10. Mopdomnorus moBepxXHOCTH H pactpeaenenue snementoB obpasia (TiZrHfTaNb)C mocre ra3oquHaMHYeCKUX UCTIBITAHUIA

® TaO,
° | ] Hf()2
+ HITiO,
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20, deg

Fig. 11. XRD pattern of the oxidation products on the surface
of (TiZrHfTaNb)C sample after plasma heating tests

Puc. 11. ludpakrorpaMma npoayKTOB OKHCICHUS
Ha noBepxHocTH obOpasna (TiZrHfTaNb)C
MOCIIC Ta30IMHAMUYECKUX MCITBITAHUN

to an initial heat flux density of 3.1 MW/m?, which
was increased by 0.4 MW/m? at subsequent stages.
The appearance of the samples before and after testing
is illustrated in Figs. 12, a and 13, a respectively.

In the case of the (TiTaNb), ,.Hf ,..Zr, ,,C sample,
the transition to 3.9 MW/m? (t = 170 s) resulted in
burst boiling and subsequent destruction, as depicted in
Fig. 12. The test was terminated after a cumulative time
of 175 s, with the maximum temperature reached before
sample failure being 2000 °C.

The (TiTaNb) ,Hf .. Zr, ,.C sample underwent
testing for 400 s. This demonstrated high resistance
to thermal oxidation, with the surface temperature rea-
ching 2250 °C. Subsequently, a liquid phase appeared

(Fig. 13).

The layer-by-layer phase analysis of the oxi-
dation products of the (TiTaNb),,Hf ,,.Zr,,C
and (TiTaNb) .Hf ,.Zr ,.C samples revealed the seg-
regation of layers based on the phase components
(Figs. 14-16). On the surface, MeO, (a precursor
of ZrO, with ¢ =2715°C); a high-melting mixed
dioxide, was formed as the first layer. The second

n t,°C
2200
2100
2000
1900
1800
1700
1600
1500
1400
1300

t,°C
2200
2100
2000
1900
1800
1700
1600
1500
1400
1300

Fig. 12. (TiTaNb), ,HF, ,,.Zr

C sample
before/after plasma heating tests (a)
and thermal images (b—e)

T,8:5-30,¢-90,d—-150,e—170

0.275

21y 75

Puc. 12. Buemmuit Bun obpasua (TiTaNb), , Hf ,. C
JI0/TIOCTIC Ta30ITMHAMUYECKUX UCTIBITAHHUN (@)
1 TepMOIpaMMbl UCTIBITaHUs oOpa3ua (b—e)

17,¢:b—-30,¢-90,d-150,e—170
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Puc. 13. Buemnuii Bun o6pasua (TiTaNb), ,Hf ;. Zr, ..C
JI0/TIOCTIC Ta30IHHAMHYUECKUX UCIIBITAHUN (@)
U TEPMOTPaMMBbI UCTIBITAHUS 00pasia (b—f)

T, ¢: b— 8 (tpemmna), ¢ — 100, d — 150, e — 250, f— 350

Fig. 15. Elemental distribution along the cross-section of (TiTaNb), ,Hf; ,.Zr

layer predominantly consists of Me,Me O, (a precur-
sor of Nb,Zr.O,, with ¢z, = 1670 °C); a low-melting
mixed oxide. The third layer comprises Me,O, (a pre-
cursor of Nb,O, with ¢ =1512°C), another low-
melting mixed oxide. The analysis confirms the for-
mation of layers enriched in Zr and Hf, as well as Nb
and Ta.

It is noteworthy that the (TiTaNb), Hf ,.Zr,,.C

sample exhibited high resistance to thermal oxidation,

Intensity

20 25 30 35 40 45 50 55 60 65 70 75
26, deg

Fig. 14. Layer-by-layer phase composition analysis

of (TiTaNb), ,Hf; ,,Zr, ,,C sample cross-section

Areas 1—4: reaction products (1, 2), transition (3),
and base material (4)

Puc. 14. TlocnoitHoe uccnenoBanue $pa3oBoro cocraBa

B ronepeuHoM ceuenun odpasua (TiTaNb), Hfj 1 Zr . .C

1—4 — 30HbL: TpoAyKTOB peakuut (1, 2), nepexoquoi (3)
¥ OCHOBHOTO Matepuaia (4)

700 pm
—

03521 35C sample

Puc. 15. Pacipeniencrne s1eMeHTOB B nonepeunoM ceuetnn oOpasua (TiTaNb), HE ;. Zr, .
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Scanning areas

Scanning Elemental content, at %

area C O | Ti | Fe | Zr | Nb | Hf | Ta
22.54|56.38| 3.64 | 0.13 | 5.11 [ 1.96 | 7.54 | 2.71
18.79|58.23|1 241 | 0 |4.36|6.83|4.70 | 4.69
62.69|9.56 | 2.71 | 0.23 | 8.38 | 3.11 |10.61]| 2.70
58.4519.08 | 3.10 | 0.17 |10.07| 3.65 |12.41| 3.09
59.83| 8.44 | 3.14 | 0.53 | 9.66 | 3.50 | 11.88] 3.03
62.81]8.38|2.74 | 0.59 | 8.77 | 3.17 |10.80| 2.74
68.22|7.37 234|041 |7.26 | 2.66 | 9.38 | 2.36

62.93| 839 (2.71 | 0.41 | 8.77 | 3.17 |10.85| 2.76
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Fig. 16. Elemental content in the reaction products (1),
transition zone (2), and base material (3—8)
in (TiTaNb), ,Hf ;.Zr, ,.C sample

Puc. 16. Coneprxanue 21eMEHTOB B poayKTax peakunu (1),
nepexonHoH 30He (2) 1 0cHOBHOM Matepuaie (3—8)
obpasua (TiTaNb), ,Hf .. Zr, ..C

which can be attributed to the formation of a high-melt-
ing oxide layer.

Conclusion

In summary, we have successfully synthesized
single-phase, high-entropy (TiZrHfTaNb)C ceramic
materials with high chemical homogeneity through
mechanical alloying. This homogeneity results from
the mixing of metals at the atomic level, leading
to the formation of a single-phase solid solution.

Our investigation revealed that the optimal MA
period is 10 h, irrespective of the initial composition.
During MA, a solid solution with a face-centered
cubic (FCC) lattice structure is formed, a process occur-
ring in stages dependent on the atomic radii of the initial
components. Specifically, elements with smaller atomic
radii, such as Nb (0.145 nm), Ti (0.146 nm), and Ta

(0.146 nm), dissolve first, followed by Hf (0.159 nm)
and Zr (0.160 nm).

We have developed a process for obtaining sing-
le-phase, multicomponent ceramic materials from
mechanically alloyed TiZrHfTaNb. Spark plasma
sintering was utilized to investigate the physical and
chemical properties of these materials. Through this
process, we have successfully fabricated single-phase,
equiatomic, and modified high-entropy carbides based
on TiZrHfTaNb, which demonstrate resistance to high-
temperature oxidation.

Furthermore, plasma heating tests revealed that resis-
tance to thermal oxidation increases with higher Hf
and Zr content. The equiatomic high-entropy carbide
exhibited satisfactory results at 1900 °C. Additionally,
the (TiTaNb), ,Hf, ,.Zr, ;,C high-entropy ceramic mate-
rial endured testing for 400 s at a surface temperature
of 2250 °C.

Cnucok nutepatypsbl / References

1. Kan W.H., Zhang Y., Tang X., Lucey T., Proust G., Gan Y.,
Cairney J. Precipitation of (Ti, Zr, Nb, Ta, Hf)C high entro-
py carbides in a steel matrix. Materialia. 2019;1;100540.
https://doi.org/10.1016/j.mtla.2019.100540

2. Braic V., Vladescu A., Balaccanu M., Luculescu C.R.,
Braic M. Nanostructured multi-element (TiZrNbHfTa)N
and (TiZrNbH{fTa)C hard coatings. Surface Coatings Tech-
nology. 2012;211:117-121.
https://doi.org/10.1016/j.surfcoat.2011.09.033

3. Murty B.S., Yeh J.W,, S. Ranganathan P.P.B. High-entropy
alloys. Advanced in Materials Science and Engineering.
2015;1:1.

4. ZhangY., ZhouY.J.,, Lin J.P,, Chen G.L., Liaw P.K. Solid-
solution phase formation rules for multi-component alloys.
Advanced Engineering Materials. 2008;10(6):534-538.
https://doi.org/10.1016/j.mtla.2019.100540

5. GuoS.,NgC.,Lul.,,LiuC.T. Effect of valence electron con-
centration on stability of fcc or bce phase in high entropy
alloys. Journal of Applied Physics. 2011;109:103505.
https://doi.org/10.1063/1.3587228

6. Zhang Y., Yang X., Liaw P.K. Alloy design and proper-
ties optimization of high-entropy alloys. JOM. 2012;64:
830-838. https://doi.org/10.1007/s11837-012-0366-5

7. Wang K., Chen L., Xu C., Zhang W., Liu Z., Wang Y.,
Zhou'Y. Microstructure and mechanical properties of (TiZ-
rNbTaMo)C high-entropy ceramic. Journal of Materials
Science and Technology. 2020;39:99-105.
https://doi.org/10.1016/j.jmst.2019.07.056

8. YangY., Wang W., Gan G.-Y., Shi X.-F., Tang B.-Y. Structu-
ral, mechanical and electronic properties of (TaNbHfTiZr)C
high entropy carbide under pressure: Ab initio investiga-
tion. Physica B: Condensed Matterials. 2018;550:163—170.
https://doi.org/10.1016/j.physb.2018.09.014

9. Zhang H., Hedman D., Feng P., Han G., Akhtar F. A high-
entropy B,(HfMo,TaTi)C and SiC ceramic composite.
Dalton Transactions. 2019;48:5161-5167.
https://doi.org/10.1039/c8dt04555k

49


https://doi.org/10.1016/j.mtla.2019.100540
https://doi.org/10.1016/j.surfcoat.2011.09.033
https://doi.org/10.1016/j.mtla.2019.100540
https://doi.org/10.1063/1.3587228
https://doi.org/10.1007/s11837-012-0366-5
https://doi.org/10.1016/j.jmst.2019.07.056
https://doi.org/10.1016/j.physb.2018.09.014
https://doi.org/10.1039/c8dt04555k

DM v on

W3BECTUA BY30B

W3BECTUA BY30OB. [TOPOLIKOBAA METANNYPTUA U GYHKLLMOHANBHBIE MOKPbITUA. 2024;18(1):40-51
Kum A.3., O3epckoli H.E. u dp. CvHTe3 BbICOKOIHTPONMIAHbIX Kapbuaos (TiTaNb) Hf Zr C ¢ BbICOKMMMU ...

x ¥z

10. Wang F., Yan X., Wang T., Wu Y., Shao L., Nastasi M.,
Cui B. Irradiation damage in (Zr,, Ta ,sNb,,.Ti;,,)C
high-entropy carbide ceramics. Acta Materialia. 2020;195:
739-749. https://doi.org/10.1016/j.actamat.2020.06.011

11. Wei X.-F, Liu J.-X., Li F,, Qin Y., Liang Y.-C., Zhang G.-J.
High entropy carbide ceramics from different starting
materials. Journal of the European Ceramic Society.
2019;39:2989-2994.
https://doi.org/10.1016/j.jeurceramsoc.2019.04.006

12. Wei X.-F, Qin Y, Liu J-X., Li F, Liang Y.-C,
Zhang G.-J. Gradient microstructure development and
grain growth inhibition in high-entropy carbide ceram-
ics prepared by reactive spark plasma sintering. Journal
of the European Ceramic Society. 2020;40:935-941.
https://doi.org/10.1016/j.jeurceramsoc.2019.12.034

13. Zhou J., Zhang J., Zhang F., Niu B., Lei L., Wang W.
High-entropy carbide: A novel class of multicomponent
ceramics. Ceramics International. 2018;44:22014-22018.
https://doi.org/10.1016/j.ceramint.2018.08.100

14. Csanadi T., Vojtko M., Dankhézi Z., Reece M.J., Dusza J.
Small scale fracture and strength of high-entropy carbide
grains during microcantilever bending experiments. Jour-
nal of the European Ceramic Society.2020;40:4774—4782.
https://doi.org/10.1016/j.jeurceramsoc.2020.04.023

15. Chicardi E., Garcia-Garrido C., Gotor F.J. Low temperature
synthesis of an equiatomic (TiZrHfVNb)C, high entropy
carbide by a mechanically-induced carbon diffusion route.
Ceramics International. 2019;45(17):21858-21863.
https://doi.org/10.1016/j.ceramint.2019.07.195

16. Moskovskikh D.O., Vorotilo S., Sedegov A.S., Kus-
kov K.V., Bardasova K.V., Kiryukhantsev-Korneev P.V.,,
Mukasyan A.S. High-entropy (HfTaTiNbZr)C and
(HfTaTiNbMo)C carbides fabricated through reactive
high-energy ball milling and spark plasma sintering. Ce-

ramics International. 2020;46:19008-19014.
https://doi.org/10.1016/j.ceramint.2020.04.230

17. Chicardi E., Garcia-Garrido C., Hernandez-Saz J., Go-
tor F.J. Synthesis of all equiatomic five-transition metals
high entropy carbides of the IVB (Ti, Zr, Hf) and VB
(V, Nb, Ta) groups by a low temperature route. Ceramics
International. 2020;46:21421-21430.
https://doi.org/10.1016/j.ceramint.2020.05.240

18. Liu D., Zhang A., Jia J., Meng J., Su, B. Phase evolu-
tion and properties of (VNbTaMoW)C high entropy car-
bide prepared by reaction synthesis. Journal of the Euro-
pean Ceramic Society. 2020;40:2746-2751.
https://doi.org/10.1016/j.jeurceramsoc.2020.03.020

19. Razumov N., Makhmutov T., Kim A., Shemyakinsky B.,
Shakhmatov A., Popovich V., Popovich A. Refractory
crmonbwv high-entropy alloy manufactured by mechani-
cal alloying and spark plasma sintering: Evolution of mi-
crostructure and properties. Materials (Basel). 2021;14:
1-14. https://doi.org/10.3390/ma14030621

20. Makhmutov T., Razumov N., Popovich A. Synthesis
of single-phase high-entropy carbides from a mixture
of pre-mechanically alloyed CrNbMoWV HEA powders
and carbon. Materials Letters. 2022;309:131363.
https://doi.org/10.1016/j.matlet.2021.131363

21. Yut B.B. Nb G. of 14C in single crystals. Crystals.
1979;40:997-1006.

22. Zhang H., Akhtar F. Processing and characterization of re-
fractory quaternary and quinary high-entropy carbide
composite. Entropy. 2019;21(5):474.
https://doi.org/10.3390/e21050474

23. Demaske B.J., Chernatynskiy A., Phillpot S.R. First-
principles investigation of intrinsic defects and self-diffu-
sion in ordered phases of V,C. Journal of Physics: Con-
densed Matterials. 2017;29(24):245403.
https://doi.org/10.1088/1361-648X/aa7031

Information about the Authors

Artem E. Kim - Engineer of the Laboratory “Synthesis of new ma-
terials and structures”, Peter the Great St. Petersburg Polytechnic
University (SPbPU)

ORCID: 0000-0002-2276-1359
&3 E-mail: artem_7 kim@mail.ru

Nikolai E. Ozerskoi - Research Associate of the Scientific and Edu-
cational Centre “Additive Technologies”, SPbPU

ORCID: 0000-0002-7371-558X
& E-mail: nikolaiozerskoi@yandex.ru

Nilkolai G. Razumov - Cand. Sci. (Eng.), Head of Laboratory “Syn-
thesis of new materials and structures”, SPbPU

ORCID: 0000-0002-7147-6239
&3 E-mail: n.razumov@onti.spbstu.ru

Ekaterina V. Volokitina - Engineer of the Russian-Chinese Research
Laboratory “Functional Materials”, SPbPU

ORCID: 0009-0002-5454-7733
& E-mail: volokitinal606@gmail.com

Anatoly A. Popovich - Dr. Sci. (Eng.), Professor, Director of the Insti-
tute of Machinery, Materials and Transport, SPbPU

ORCID: 0000-0002-5974-6654
&3 E-mail: popovicha@mail.ru

50

@

CBegeHuns 06 aBTopax

Apmem 3dyapdosuy Kum - nnxxeHep nabopatopuu «CHHTe3 HO-
BBIX MaTe€pUaJIOB U KOHCTPYKUKi» CaHKT-IleTep6yprckoro moJiu-
TexHHUYecKoro yHuBepcurteTa [letpa Besmkoro (CII6ITY)

ORCID: 0000-0002-2276-1359
& E-mail: artem_7 kim@mail.ru

Hukouaii EezeHbesuy 03epckoll - HayYHbIH COTPYJHUK HAyYHO-

006pa30BaTeIbHOIO IleHTpa «AJUTUBHBIE TexHooruun» CII6ITY
ORCID: 0000-0002-7371-558X

& E-mail: nikolaiozerskoi@yandex.ru

Hukoaaii lenHadvesuy Pa3zyMmoe - K.T.H., 3aBely011 i J1abopaTo-

pueii «CHHTE3 HOBBIX MaTepHaoB U KOHCTpyKuuii» CII6ITY
ORCID: 0000-0002-7147-6239

& E-mail: n.razumov@onti.spbstu.ru

Examepuna Baadumupoena BosiokumuHa - WHXeHep poc-
CUMCKO-KUTAHUCKOH Hay4YHO-MCCJIE[0BaTeNbCKOM JlabopaTopuu
«PyHKIMOHA/IbHBIE MaTepuasbl» CII6ITY

ORCID: 0009-0002-5454-7733
& E-mail: volokitinal606@gmail.com

Anamoauti Auamoaveguu Ilonoguy - J.T.H. npod., AUPEKTOP

WHCcTHTYTa MAalIMHOCTPOEHUS, MaTepuasioB U TpaHcnopTa CII6ITY
ORCID: 0000-0002-5974-6654

& E-mail: popovicha@mail.ru


https://www.spbstu.ru/structure/laboratoriya_sintez_novykh_materialov_i_konstruktsiy_2637/
https://www.spbstu.ru/structure/laboratoriya_sintez_novykh_materialov_i_konstruktsiy_2637/
https://orcid.org/0000-0002-2276-1359
mailto:artem_7.kim@mail.ru
https://orcid.org/0000-0002-7371-558X
mailto:nikolaiozerskoi@yandex.ru
https://orcid.org/0000-0002-7147-6239
mailto:n.razumov@onti.spbstu.ru
https://www.spbstu.ru/structure/rossiysko_kitayskaya_nauchno_issledovatelskaya_laboratoriya_quot_funktsionalnye_materialy_quot/
https://www.spbstu.ru/structure/rossiysko_kitayskaya_nauchno_issledovatelskaya_laboratoriya_quot_funktsionalnye_materialy_quot/
https://www.spbstu.ru/structure/rossiysko_kitayskaya_nauchno_issledovatelskaya_laboratoriya_quot_funktsionalnye_materialy_quot/
https://orcid.org/0009-0002-5454-7733
mailto:volokitina1606@gmail.com
https://orcid.org/0000-0002-5974-6654
mailto:popovicha%40mail.ru?subject=
https://orcid.org/0000-0002-2276-1359
mailto:artem_7.kim@mail.ru
https://orcid.org/0000-0002-7371-558X
mailto:nikolaiozerskoi@yandex.ru
https://orcid.org/0000-0002-7147-6239
mailto:n.razumov@onti.spbstu.ru
https://orcid.org/0009-0002-5454-7733
mailto:volokitina1606@gmail.com
https://orcid.org/0000-0002-5974-6654
mailto:popovicha%40mail.ru?subject=
https://doi.org/10.1016/j.actamat.2020.06.011
https://doi.org/10.1016/j.jeurceramsoc.2019.04.006
https://doi.org/10.1016/j.jeurceramsoc.2019.12.034
https://doi.org/10.1016/j.ceramint.2018.08.100
https://doi.org/10.1016/j.jeurceramsoc.2020.04.023
https://doi.org/10.1016/j.ceramint.2019.07.195
https://doi.org/10.1016/j.ceramint.2020.04.230
https://doi.org/10.1016/j.ceramint.2020.05.240
https://doi.org/10.1016/j.jeurceramsoc.2020.03.020
https://doi.org/10.3390/ma14030621
https://doi.org/10.1016/j.matlet.2021.131363
https://doi.org/10.3390/e21050474
https://doi.org/10.1088/1361-648X/aa7031

POWDER METALLURGY AND FUNCTIONAL COATINGS. 2024;18(1):40-51

ST PM s FC Kim A.E., Ozerskoi N.E., etc. Synthesis of (TiTaNb)XnyZrZC high-entropy carbides resistant ...

Contribution of the Authors { 0 Bknapg aeTopos
A. E. Kim - planned the experiments, wrote the article, carried out  A. 3. Kum - njaHupoBaHUe 3KCIEPUMEHTOB, HallMCaHUE CTaThH,
the production of samples, participated in the discussion of the re-  y4acTue B 06cy»/ieHUH pe3y/IbTATOB.
sults.

N. E. Ozerskoi - conducted experiments, processed the obtained re-  H. E. O3epckoli - npoBe/ieHe 3KCIIEPUMEHTOB, 06paboTKa MoJy-
sults, wrote the article, participated in the discussion of the results. YEHHBIX PE3y/IbTATOB, HAllMCAHUE CTAThH, YIaCTHE B 06CYKAEHUU

pe3y/IbTaTOB.

N. G. Razumov - critically analysed the literature, participated in  H. I Pa3ymo8 - KpUTU4YeCKUN aHaJIM3 JINTEPATYPBI, y4acTHe B 06-
the discussion of the results, formed the conclusions of the study. CYXX/JIeHUH Pe3y/IbTaToB, GOPMHUPOBAHUE BHIBOJIOB UCC/IE10BAHUS.
E. V. Volokitina - conducted experiments, participated in the dis-  E. B. BosilokumuHa - npoBe/ieHle 3KCIEPUMEHTOB, y4yacTHe B 06-
cussion of the results. CYXX/JIEeHUH Pe3y/IbTaTOB.

A. A. Popovich - conceptualised the idea, defined the aim of the  A. A. [lonoguy - KoHLenTyaM3anus UJEH, ONIpeie/IeHUE [IeJIH pa-
work and its objectives, participated in the discussion of the results. ~ 60TbI U ee 3334, y4acTue B 06Cy»AeHUU Pe3yIbTATOB.

Received 28.06.2023 CraTbda noctynuJia 28.06.2023 r.
Revised 04.09.2023 Jopa6oTana 04.09.2023 1.
Accepted 13.09.2023 [punsiTa Kk ny6aukanuu 13.09.2023 r.

51



/‘I’IM u ®r W3BECTUA BY30B. [TOPOLIKOBAA METAINIYPTUA U GYHKLLIMOHANBHBIE MOKPbITUA. 2024;18(1):52-61
" u3secTan 8y308 PernHuH A.B., bopucos E.B. u dp ViccnefoBaHne mexaHUYeCcKMX CBOMCTB My/IbTUMAaTEPUasibHbIX 06Pa3sLOB ...

rials and Coatings Fabricated Using the Additive Manufacturing Technologies
MaTepuanbl U NOKPbITUSA, NONly4YaeMble METOAAMU afANTUBHbBIX TEXHONIOTUN

\,O Mate

UDC 621.762 Research article
https://doi.org/10.17073/1997-308X-2024-1-52-61 Hayunas cmames

@0ee

Mechanical properties
of the VZh159-CuCr1Zr alloy multi-material samples
manufactured by selective laser melting

A. V. Repnin®, E. V. Borisov, A. A. Popovich, N. A. Golubkov

Peter the Great St. Petersburg Polytechnic University
29 Polytekhnicheskaya Str., St. Petersburg 195251, Russian Federation

&) repnin_arseniy@mail.ru

Abstract. Selective laser melting (SLM) proves to be a suitable method for fabricating multi-material products, offering heightened perfor-
mance. The objective of this study is to examine the mechanical properties of the VZh159-CuCrlZr multi-material system produced
through selective laser melting. We conducted tensile and compressive strength tests on these samples, followed by fractography,
examination of polished sections, and a comparison of measured mechanical properties with existing data. Our findings are summarized
as follows: the phase compositions in the regions of pure alloy denote solid solutions. X-ray diffraction (XRD) patterns of the interface
zone reveal peaks corresponding to both alloys. The tensile strength of VZh159—-CuCrlZr multi-material samples, as measured in
tensile tests, is 6, = 430 = 20 MPa, with a relative elongation of € = 4.6 + 0.3 %. Results from compressive strength tests show values
of 6, = 822 & 23 MPa, and relative compression & = 42.5 & 1.5 %. Comparing these values with those of the pure CuCrlZr alloy, the
ultimate tensile strength is approximately 53 % higher (according to available data), while the conditional yield strength is about 80 %
higher. Fractography of the VZh159—-CuCrlZr multi-material sample after tensile tests indicates that the interface zone exhibits both
more ductile fracture features characteristic of the CuCr1Zr alloy (pits and a lack of a smooth surface) and less ductile features charac-
teristic of the VZh159 alloy (microcracks). Examination of the polished section of a VZh159—CuCr1Zr multi-material sample after
compressive strength tests reveals that the presence of a more ductile CuCrl1Zr alloy in the interface zone contributes to arresting the
crack, which propagates at a 45° angle to the direction of load application in the VZh159 alloy region.

Keywords: selective laser melting, multi-materials, mechanical properties, fractography, crack propagation, VZh159-CuCrlZr
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UccnepoBaHne MexaHUYECKUX CBOUCTB
MyJ/ibTUMaTepUuasnbHbix o6pasLos
cuctembl BXK159-BpXLpT, nony4yeHHbIXx MeTOAOM
CeJIeKTUBHOIO la3epHOro niaBfeHuUs

A. B. Pentunn %, E. B. bopucos, A. A. Ilonosuy, H. A. Tory6xos

Cankr-IlerepOyprekuii nosurexnnyeckuii ynusepeuret Ilerpa Besukoro
Poccus, 195251, . Cankr-IlerepOypr, ya. [lonurexnudeckas, 29

B3 repnin_arseniy@mail.ru

AHHOTauMﬂ. I/ICHOJ'IL?,yf{ METOA CEJICKTUBHOI'O JIa3€pHOI'0 IUIABJICHUS, MOXKHO YCIICIIHO IOJYy4YaTb MYJIbTUMATECpUAIbHLIC WU3OCIIUS.

Takue wm3penust OymyT oOnazaTh IOBBIMIEHHBIMH SKCILTyaTAl[HOHHBIMH XapaKTepHCTHKAaMH. Llens maHHO# paboTel — m3ydeHHe
MEXaHUYECKHX CBOWCTB MynbTUMarepuaibHoil cucteMbl BXK159—BpXLpT B, momydeHHOI METOIOM CENEKTHBHOTO JIA3€PHOTO
TuIaBiIeHus. BbIIM poBeeHs! UCTIBITAHUS €€ 00pa3IoB Ha PAcTSDKEHHE M CXKATHeE, TIOCIIe Yero OCyIIecTBIeHa UX (pakTorpadus,
UCCIIEIOBAaHbI MITU(BI TTOCIIE CHKATHS, BBIIIOJHEHO CPABHEHUE TOTYyYEHHBIX MEXaHUYECKUX CBOWCTB C JINTEPATypPHBIMU JTaHHBIMU.
B pesysbrate caenaHbl CleIyIONe BEIBOABI: B 30HAX YHUCTBIX CIUIABOB (Da30BBIl COCTAB MPEICTABISIET CO00Il COOTBETCTBYOLINE
TBEpJIbIC PACTBOPHI, B NEPEXOJHON 30HE HAOIIONAFOTCS HKHU, PACIIOIOKEHHE KOTOPHIX COOTBETCTBYET ITMKaM M3 00OHMX CILIABOB.
[Ipn ucnbITaHUAX Ha pacTsHKEHHE Ipesel MPOYHOCTH MYJIbTUMaTepuaibHbIX 00pasioB cucteMsl BXK159-BbpXI[pT B cocraBmn
6, =430+ 20 MIla, otHocuTenbHOE yamuHenue & = 4,6 + 0,3 %, pesynbTarsl Ha cxatue — 6, = 822+ 23 Mlla, OTHOCHTENIEHOE
cxarue € =42,5+ 1,5 %. Ilo cpaBrenuto ¢ uucteiM crtaBoM bpXIpT B mpemen mpouyHOCTH MyIbTHMaTepHANbHBIX 00pa3IoB
cuctemsl BXK159-bpXIpT npu uchbITaHUAX Ha pacTsKeHHE BbIle Ha ~53 % (MPH COMOCTABIEHNH C IUTEPATyPHBIMH JaHHBIMH),
YCJIOBHBI TIpEes TeKy4eCTH B DKCIepUMEHTax Ha cxkarue — Ha ~80 %. dpakrorpadus MyasTUMATEpHAIBHOTO 00pasia CHCTEMbI
BX159-bpX1LpT B nocne mpoBegeHUs UCHBITAHUN Ha PAacTSLKEHUE CBUIETENIBLCTBYET O TOM, YTO IIEPEXOJHOH 30HE IPUCYIIU
MIPU3HAKHU Kak OoJiee BI3KOTo paspyleHus, xapakrepaoro 1t cruraBa bpXIpT B (Hannane ssMOK 1 OTCYTCTBHE IIIAIKOTO pebeda),
TaK ¥ MEHee BA3KOTo, XapakTepHoro it crtasa BXK159 (mammume mukporpemun). VceaenoBanne nummda MyIbTHMATEPHAIEHOTO
obpasna cucremsr BXX159—bpXLpT B mocie ucnpiTannii Ha ckaTue MOKa3ajio, YTO HAIWYHE B MEPEXONHON 30He Ooyiee BAZKOTO
crutaBa bpX1LpT B ciocobcTByeT 0OcTaHOBKE Pa3BUTHUS TPELIMHBL.
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Introduction

Additive manufacturing (AM) has become widely
prevalent in high-tech industries such as petro-
chemicals, manufacturing, and power generation,
among others [1]. One contributing factor is that AM
processes can yield geometrically-complex products
at a lower manufacturing cost compared to conven-
tional methods [2]. To fabricate products from metals
and alloys, diverse At can be employed. These include
extrusion and deposition, laminated object manufac-
turing, binder jetting, direct deposition, and template-
assisted synthesis. The latter involves building parts
from 3D models by fusing thin layers of metal powder
with an energy source [3-5].

Selective Laser Melting (SLM) is particularly
notable for its ability to produce parts with variable

chemical composition and enhanced performance [6].
Such products can be categorized into two groups:
Functionally Graded Materials (FGM) and multi-
materials [7]. Chen K. et al. [8] conducted a study
on the 316L/CuSnl0 multi-material system (316L
being an austenitic stainless steel, and CuSnl0 a tin
bronze) using the SLM process. They successfully
manufactured compact samples devoid of macrocracks
in the interface zone. Their findings revealed a gra-
dual decrease in Vickers microhardness from 330 HV
in the 316L region to 173 HV in the CuSnl0 region.
The tensile and flexural strengths of the 316L/CuSn10
multi-material samples fell within the strength values
for 316L and CuSnl0, respectively. The shear stress
of the 316L/CuSn10 sample measured 210 MPa, sur-
passing that of the same alloy manufactured by alterna-
tive processes.
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Chen J. et al. [9] conducted a study on the same
multi-material system and process. The Vickers micro-
hardness perpendicular to the transition ranged from
230 HV in the 316L region to 155 HV in the CuSn10
region. The ultimate strength of the 316L/CuSnl0
multi-material samples was measured at 420 MPa.
Fracture curves indicated brittle fracture in the interface
zone. SEM analysis revealed a width of approximately
550 um for the interface zone, containing dendritic
crack sources towards the steel interface.

Mei X. et al. [10] manufactured SLM samples
and studied the 316L/IN718 system, where IN718
is an Inconel 718 heat-resistant nickel alloy. These
samples exhibited an ultimate strength of 600 MPa
and a relative elongation of 28 %. Optical micro-
scopy, SEM, and energy-dispersive spectroscopy stu-
dies unveiled an interface zone width of approximately
100 pm, characterized by the occurrence of cracks and
defects. It was suggested that to mitigate these defects,
adjustments to 3D printing conditions should be made
in the transition area for 316L/IN718 alloy multi-mate-
rial samples.

Yusuf S. et al. [11] conducted similar studies, suc-
cessfully producing compact samples with low poro-
sity (~0.81 % on average). Metallographic analysis
revealed dense dislocation networks in the interface
zone, containing NbC and TiC carbides along with
a small amount of Laves phases (<2 wt. %). The inter-
facial region exhibited equiaxed grains (average size —
45 pm), while columnar grains (average sizes — 55 and
85 um) were observed in the pure IN718 and 316L alloy
regions, respectively. Vickers microhardness (HV)
measurements indicated that the hardness of the inter-
face zone fell between the hardness values of the pure
alloy regions.

Onuike B. et al. [12] investigated the IN718/GRCop-84
system (GRCop-84 being a heat-resistant bronze
alloy) using a direct laser deposition process. Two
approaches to producing multi-material samples were
studied: direct deposition of GRCop-84 on IN718 and
compositional gradation of the two alloys. The second
approach yielded samples with fewer defects, while
the first approach did not produce positive results.
Metallographic studies revealed that the interface
contained columnar grain structures and an accumula-
tion of Cr,Nb intermetallides. The thermal conducti-
vity of the IN718/GRCop-84 multi-material samples
was approximately 250 % higher compared to the pure
IN718 alloy.

Marques A. et al. [13] made a sample representing
a combustion chamber of a rocket engine, with cooling
channels made of pure copper and the body constructed
from the IN718 heat-resistant nickel alloy. The areas
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composed of pure IN718 alloy exhibited minimal
defects, while defects were observed in the copper
channels, distinguishable by their distinctive 200 um
width. The interface zone width was approximately
25 um, and no intermetallic compounds were identified.

Ringel B. et al. [14] also produced a sample, a burner
nozzle, using the IN718/CuCrlZr multi-material sys-
tem (CuCrlZr being a heat-resistant bronze alloy).
The cooling channels were made of CuCrlZr, and
the housing was composed of IN718. While the sample
exhibited some defects, it demonstrated good proces-
sability. The width of the interface zone varied with its
inclination relative to the build direction. The multi-
material product structure contributed to enhanced
heat transfer. The authors underscored the necessity for
multi-material fabrication equipment.

Repnin A. et al. [15] investigated the impact
of 3D printing parameters on the interface zone porosity
in VZh159—CuCr1Zr multi-material samples, as well as
the effects of heat treatment on microstructure, chemi-
cal composition, and phase compositions. The study
revealed that a substantial increase in input energy
was effective in reducing interface zone porosity in
multi-material samples. However, common heat treat-
ment processes applied to CuCrl1Zr and VZh159 alloys
did not significantly affect the microstructure, chemi-
cal composition, and phase compositions of the inter-
face zones. The authors estimated the size of the inter-
face zones at 300 um when CuCrlZr is deposited
on VZh159. Unfortunately, the study did not include
mechanical testing of the samples to identify the effects
of a multi-material structure on material properties.

The literature review suggests that SLM can be
employed to produce low-defect multi-material pro-
ducts, particularly in systems such as steel-bronze,
steel-heat-resistant nickel alloy, and heat-resistant
nickel alloy-heat-resistant bronze. However, the lat-
ter system remains poorly studied, lacking informa-
tion on its mechanical properties at both room and
elevated temperatures. Thus, the objective of this study
is to investigate the mechanical properties of the heat-
resistant nickel alloy-heat-resistant bronze system
(VZh159—-CuCrlZr) obtained through SLM. To fulfill
this objective, the following tasks were undertaken:
conducting tensile and compressive strength tests
on the multi-material samples, performing fractography
after tensile tests, analyzing polished sections post-
compression, and comparing the measured mechanical
properties with available data.

Materials and methods

We used an SLM 280HL 3D printer (SLM
Solutions, Germany) for the fabrication of multi-
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material samples comprising VZh159—CuCrlZr alloys,
which were subsequently subjected to tensile and
compressive strength tests. The samples were const-
ructed using VZh159 and CuCrlZr spherical pow-
ders (Fig. 1, Table 1), both of which were produced
through atomization. Particle size distribution for
the powders was determined employing the laser dif-
fraction method with an Analysette 22 NanoTec plus
system (Fritsch GmbH, Germany). The particle size
distributions for the VZh159 and CuCr1Zr alloys are as
follows (um): d,,= 17, d,, = 32, d,, = 55 and d,, = 14,
ds,=29,dy,=52.

The VZh159—CuCrlZr multi-material samples
were produced using SLM, involving 3D printing
of the CuCrlZr alloy onto the VZh159 alloy. To mini-
mize defects in the interface zone (12 layers), the prin-
ting settings were adjusted from the standard settings for
VZh159 [16] and CuCrlZr alloys [17]. Table 2 details

Fig. 1. Metal powder morphology
a—VZh159; b — CuCrlZr

Puc. 1. Mopdonorust MeTamIn4eckoro mopolka
a — crutaB BXK159, b — crumas BpX1pT B

the SLM settings for the VZh159-CuCrlZr multi-
material sample printing. Fig. 2 illustrates the samp-
les post-fabrication. For the tensile tests, the sample
dimensions are as follows (mm): tested area width — 5,
length — 20, thickness — 2 (1 mm each of VZh159 and
CuCrlZr alloys along the entire length of the sample),
width of the grips — 8.2, length of the grips — 15.
The dimensions for the compressive strength tests are
as follows (mm): height — 7, width — 4.5, thickness — 6
(3 mm of VZh159-CuCrlZr alloys along the entire
height of the sample). The compressive test samples
made of the CuCrlZr alloy have the following dimen-
sions (mm): height — 8.3; width and thickness — 3.

The heat treatment conditions for the VZh159—
CuCrl1Zr multi-material samples adhered to the standard
VZh159 heat treatment procedures [18]. The heat treat-
ment comprised five stages:

1) heating to 800 °C (10 °C/min heating rate);
2) holding for 8 h;
3) cooling to 700 °C in the furnace;

Fig. 2. VZh159—CuCr1Zr multi-material samples
after SLM fabrication and machining

a — tensile test samples, b — compressive strength samples

Puc. 2. MynsrumMarepuasbHble 00pa3ibl
cucrembl BXK159—bpXIpT B nocne usrorosnexus
metozoMm CJIIT n Mexanuueckol 00paboTKH

a — o0pasipl Ha pacTshHKeHue, b — 00pasIbl Ha CKaTHE

Table 1. Chemical composition, %, of VZh159 and CuCr1Zr powders
Ta6bnuya 1. Xumuueckuii cocras, %, nopoumxos BXK159 u bpXIIpT B

Alloy Cr Ni Al Mo Nb Cu Zr
VZh159 26-28 | Base metal | 1.25-1.55| 7.0-7.8 | 2.7-3.4 - -
CuCrlZr | 0.4-1.0 | Upto 0.03 - — - Base metal | 0.03-0.08
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Table 2. SLM parameters for the manufacturing of VZh159—CuCr1Zr multi-material samples

Tabnuya 2. Ilapamerpsl CJIII-nponecca H3roToB/IeHHs] MyJIbTHMATEPHAILHBIX 00pa310B
cuctembl BXK159-bpXIpT B

Allo Scanning Laser Hatch Layer Energy
Y speed, mm/s | power, W | spacing, um | thickness, um | density, J/mm?
VZh159 760 275 100 50 72
VZh139 + CuCrlZr 160 400 150 50 325
(12 layers)
CuCrlZr 300 400 150 50 177

4) holding for 10 h;
5) air cooling.

It’s noteworthy that conducting heat treatment
to enhance the properties of both alloys is challenging
due to the disparities in their structural and phase com-
positions. In the VZh159—-CuCr1Zr system, the VZh159
alloy exhibits higher strength. Consequently, applying
heat treatment to this alloy is more suitable. The stan-
dard heat treatment conditions for the VZh159 alloy do
not alter the properties of the CuCr1Zr alloy or the inter-
face zone between the alloys.

For mechanical testing, Zwick/Roell uniaxial
floor-standing testing machines (Zwick Roell Group,
Germany) were employed. Tensile tests were conducted
on a Z050 machine (Zwick/Roell) at a 0.3 mm/min tensile
rate, while compressive strength tests were performed
on a Z100 machine (Zwick/Roell) at a 0.25 mm/min
compression rate. Fractographic studies of the samp-
les were carried out using a Mira 3 scanning elect-
ron microscope (Tescan, Czech Republic). The polished
section with a crack that occurred after the compressive
strength test was examined using a Leica DMi§ M
optical microscope (Leica Microsystems, Germany).
For phase composition analysis, a Rigaku SmartLab
X-ray diffractometer (Rigaku Corporation, Japan) with
a 100 um pinhole was employed.

Results and discussion

Fig. 3 displays the X-ray diffraction patterns
of the VZh159-CuCrlZr multi-material sample in
the pure alloy zones and the interface zone. The phase
compositions in the pure alloy zones are characterized
by solid solutions. In the XRDs of the interface zone,
peaks are evident, indicating the presence of both
alloys. The X-ray beam size was approximately 150 pm,
fitting entirely within the interface zone (with a size
of approximately 300 pum). The peaks in the interface
zone overlap and cannot be distinctly separated, a phe-
nomenon consistent with findings in other studies [12].
The XRD analysis did not reveal the presence of any
additional phases.
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Fig. 4 presents the results of tensile and compres-
sive strength tests conducted on the VZh159—CuCrlZr
multi-material samples, along with pure CuCrlZr alloy
compressive strength tests. Table 3 provides a compa-
rison of these test results with available data. The ten-
sile strength of the VZh159—CuCrl1Zr multi-material
samples was 6, = 430 + 20 MPa, and the relative elon-
gation was € = 4.6 + 0.3 % (see Table 3). The compres-
sive test results were as follows: o, =822 + 23 MPa,
relative compression € =42.5 + 1.5 %.

Comparing the tensile test results with available
data (Table 3) reveals an increase in ultimate strength
by approximately 53 % relative to the pure CuCrlZr
alloy and a decrease by approximately 65 % relative
to the pure VZh159 alloy. However, direct comparisons
may lack precision due to variations in sample shapes
and sizes among different researchers. Additionally,
stress analysis considers the total cross-section contain-
ing both alloys, each comprising 50 % of the samples.
Reassessing stress for the alloy with a greater impact
on strength, the resulting tensile strength doubles
to 860 MPa, reducing the relative difference to the pure
VZh159 alloy to approximately 29 %. It’s essential
to note that available data [19] pertain to samples sub-

o ® °
-A L CuCrlZr b
2 @ a-Cu
'q;v; m a-Ni
< | m
Zle .
A CuCrl1Zr + VZh159 ®
]
J VZh159 -
1 1 1 b
42 62 66 70 74

20, deg

Fig. 3. Phase composition
of the VZh159—CuCr1Zr multi-material samples

Puc. 3. ®a3oBblii cocTaB MyJIbTHMaTepHaIbHBIX 00pasIoB
cucremsl BX159-bpXIpT B
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Fig. 4. Tensile (a) and compressive (b) stress-strain diagrams of the VZh159—-CuCr1Zr system multi-material samples
Compressive stress-strain diagram of the pure CuCrlZr alloy (c and d)

Puc. 4. lnarpamma nieopMUpOBaHUS IPU UCTIBITAHUSIX Ha pacTsbkeHue (a) u cxarue (b) MynbTHMaTepuaibHBIX 00pa31oB
cucremsl BX159-bpXIpT B, a takxe Ha cxxarue uncroro ciiasa bpXLpT B (c u d)

jected to hot isostatic pressing (HIP), a process enhan-
cing mechanical properties, which was not conducted
in this study.

The relative elongation of the VZh159-CuCrlZr
multi-material samples in the tensile tests, when
compared to the pure CuCrlZr and VZh159 alloys,
reduces by 66 % and 83 %, respectively (see Table 3).
This notable decrease can be attributed to the halving
of the volume of the VZh159 alloy, which has a more
pronounced effect on strength. Consequently, the size

and number of defects in this alloy exert a greater influ-
ence on the reduction of its mechanical properties.

Comparing the results of the compressive strength
test for the VZh159—CuCrlZr multi-material samples
with the available data (see Table 3) indicates a decrease
in tensile strength by approximately 57 % (or 55 %) and
a reduction in relative compression by 9 % (or 22 %)
compared to Inconel 718 (analogous to VZh159).
Similar to the analysis of tensile strength, it’s impor-
tant to note that stress analysis considered the entire

Table 3. Comparison of mechanical testing results
of the VZh159—CuCr1Zr multi-material samples with available data

Ta6bnumya 3. CpaBHeHHe pPe3yJIbTATOB IIPOBeJeHHUs] MeXaHUYeCKHX HCNBITAHUI MYJIbTHMATEPHAIbHBIX 00pa31 0B

cuctembl BXK159—bpXLpT B ¢ 1uteparypHbIMH JaHHBIMH

_ Allo Allo
mlztzi?rizferglllgz:r;irles CuCr 1er VZh13519 Inconel 718 alloy tests
Test (this study) [17] [19] [20] [21]
c,, MPa g, % c,, MPa g, % c,, MPa g, % c,, MPa g, % c,,MPa | & %
Tension 430+20 | 4.6+£03 | 203+£8 | 13.5+2.5[1202+13|26+2.5 - - - -
Compression | 822 +23 425+ 1.5 - - - - 190010 | 47+2.5 | 180050 |55+5
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cross-section containing both alloys in a 1:1 ratio.
After adjusting stresses for the alloy with a greater
impact on strength, the reduction in ultimate strength in
the specimens is 14 % and 9 %, respectively. Smith D.
et al. [20] and Ghorbanpour S.et al. [21] present data for
samples after HIP.

We also compared the compressive strength
of the pure CuCrlZr alloy (see Fig. 4, ¢) with avai-
lable data. Our findings indicate that the properties
of our samples are not inferior to those described
in other studies. The offset yield strength (o, true
stress) of the VZh159-CuCrlZr multi-material
samples (Fig. 4, b) is approximately 80 % higher
than that of the pure CuCrlZr alloy (Fig. 4, d). Fig. 5
illustrates the VZh159—-CuCrlZr multi-material samp-
les after the tensile and compressive strength tests.

Fig. 6 displays a fractography results of a VZh159—
CuCrl1Zr multi-material sample after the tensile test. In
the CuCrl1Zr alloy region, pits of various sizes and pores
are evident, but microcracks are not present. The VZh159
alloy region exhibits a smooth fracture surface with
some microcracks, suggesting that this region is more
brittle compared to the CuCrlZr region. In the interface
zone, there are pits and an absence of a smooth surface,
along with some microcracks. This observation implies
that the interface zone exhibits both more ductile frac-

Fig. 5. VZh159-CuCr1Zr multi-material samples
after tensile (a) and compressive strength (b) tests

Puc. 5. MynsriumMarepuasbHbie 00pasiibl
cuctems! BXK159-bpXIpT B nmocne nposenenust
HCTIBITaHUH Ha pacTsbkeHue (@) u cxarue (b)
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ture features characteristic of the CuCrlZr alloy (pits
and no smooth surface) and less ductile fracture fea-
tures characteristic of the VZh159 alloy (microcracks).

Fig. 7 shows a polished section of VZh159-CuCrl1Zr
multi-material samples after the compressive strength
tests, along with an approximate crack pattern. The crack
is oriented at 45° to the direction of load application in
the VZh159 region. The crack ceases in the interface
zone and does not propagate into the CuCrlZr region.
This observation suggests that the presence of a more

=100 pm
| |

Fig. 6. Fractography of a VZh159-CuCr1Zr multi-material
sample after tensile tests
a — general view, b — area 4, ¢ — area B

Puc. 6. Opaxrorpadust MyasTHMATEPHAIBLHOTO 00pasia
cucremsl BXK159-bpXI1pT B nocne nposenenust
UCHbITaHUH Ha PaCTsHKEHUE

a — oOuwii BuJ, b — 061acTh A, ¢ — 06nactTs B
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Fig. 7. Polished section of VZh159—CuCr1Zr multi-material
samples after compressive strength tests (a)
and approximate crack pattern (b)

Puc. 7. 11lnu¢ MynsTuMaTepuaibHOro o0pasiia CHCTEMBI
BX159-bpX1LpT B nocne npoBeneHus UCTIBITAHUN
Ha CKaTHe (@) ¥ CXeMaTHIHOE H300pakeHUe
pacrpocTpaHeHus TpeluHsI (b)

ductile CuCrlZr alloy in the interface zone contributes
to the cessation of crack propagation.

Conclusions

In our investigation of the VZh159-CuCrlZr
multi-material system, we explored the phase compo-
sition of the interface zone and assessed mechanical
properties, including ultimate strength, relative elon-
gation, and relative compression through tensile and
compressive strength tests. Additionally, we conducted
fractography following tensile tests and analyzed crack
propagation post-compressive strength tests. Our find-
ings led to the following conclusions:

1. The phase compositions in the pure alloy zones
are solid solutions. XRD patterns of the interface zone
exhibit peaks corresponding to both alloys.

2. The tensile strength of the VZh159-CuCrlZr
multi-material samples, as determined by tensile
tests, is o, =430+ 20 MPa, with a relative elonga-
tion of € =4.6 £ 0.3 %. The results of the compressive
strength test were as follows: o = 822 + 23 MPa, and
relative compression € = 42.5 + 1.5 %.

3. Tensile tests revealed that the ultimate strength
of the VZh159—CuCr1Zr multi-material samples, when
compared to the pure CuCrlZr alloy, is approximately
53 % higher (according to available data), and the con-
ditional yield strength increases by ~80 %.

4. The fractography of the VZh159-CuCrlZr
multi-material sample after tensile tests indicates
that the interface zone displays both more ductile frac-
ture features characteristic of the CuCrlZr alloy (pits
and no smooth surface) and less ductile features charac-
teristic of the VZh159 alloy (microcracks).

5. Examination of the polished section of a VZh159—
CuCrlZr multi-material sample after compressive
strength tests demonstrates that the presence of a more
ductile CuCrlZr alloy in the interface zone contri-
butes to arresting the crack, which propagates at 45°
to the direction of load application in the VZh159 alloy
region.
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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
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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)
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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

6/
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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 .
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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
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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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Simulating multi-material specimen
manufacturing from VZh159 and CuCriZr alloys
via SLM method: Computational modeling
and experimental findings
A. V. Orlov®, A. V. Repnin, E. M. Farber,
E. V. Borisov, A. A. Popovich

Peter the Great St. Petersburg Polytechnic University
29 Polytekhnicheskaya Str., St. Petersburg 195251, Russian Federation
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Abstract. Manufacturing of multi-material products through layer-by-layer synthesis poses various challenges encompassing process

parameter optimization, equipment calibration, and the mitigation of warping and internal stresses within the manufactured parts.
The article investigates the feasibility of simulating the selective laser melting (SLM) process for manufacturing multi-material compo-
nents, exemplified through specimens composed of the VZh159 nickel alloy and CuCrlZr copper alloy. The study entails numerical
simulations of the printing process, which were then validated against real specimens produced through SLM. Each test specimen was
vertically divided into three parts: the top and bottom sections consisted of the VZh159 alloy, while the central part was composed
of the CuCrlZr alloy. Simulations involved using identical process parameters as employed in the printing process. Thermal and
mechanical analyses for each part of the multi-material specimen were sequentially addressed, transferring the outcomes of the preceding
analysis as initial conditions for subsequent calculations. The study concludes that while the obtained simulation results are indicative,
they do not precisely capture the deformation observed in the specimens manufactured via the SLM method. The numerical values
of deformations derived from simulation results slightly underestimate the actual deformations, attributed to limitations in the chosen
calculation algorithms. For future utilization of numerical computer simulation in the SLM manufacturing of multi-material specimens,
the study suggests the necessity of implementing a seamless, continuous simulation process without transitions between different parts
of the specimen. This entails considering the entire manufacturing process without segregating sections, ensuring a comprehensive
account of continuous deformation and stress accumulation throughout fabrication.

Keywords: multi-material, thermal and mechanical analysis, simulation of the process, selective laser melting, VZh159, CuCrlZr,

deformation
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AHHOTauMﬂ. H3sroroBnenne MYJIbTUMATEPUATBbHBIX HM3ACIHI METOIOM ITOCIOMHOIO CHHTE3a KpO€T B cebe MHOXKECTBO BOIIPOCOB,

CBSI3aHHBIX KaK C TEXHOJOTMUECKHMH ITapaMeTpaMH M MOATOTOBKOW 0O0OpyNOBaHMS, TaK M C KOPOOJNCHUSMH M BHYTPEHHHMH
HAaIpsHKCHUSIMA TIONTy9aeMBIX JieTaneil. B manHoi crarbe mokazaHa BOSMOKHOCTE MOJISITHPOBAHS MIPOIiECcca CETEKTHBHOTO JTa3ep-
Horo rasnennst (CJII) B wacTu co3ganus MynbTHMAaTEepUANbHBIX JeTajlell Ha MpuMepe 00pasoB W3 HuKenaeBoro cruraBa BXK159
n mexnoro crasa bpXIpT B. Pe3ynsrars! unciaeHHOTO MOJAETMPOBAaHHS IpoIiecca IedaTH ObUTH BEpU(HIIPOBAHBI HA OCHOBE
M3TOTOBIICHHBIX 00pa3oB. Mccaemyemslit oOpa3sern ObIT pas3aeneH Ha 3 4acTH MO BEPTUKAIN: HIDKHSSI U BEPXHSIS 9aCTH N3TOTaBIIH-
Basych u3 cruaBa BXK159, nentpansuas — n3 cnnasa bpXLpT B. Jlis npoBeneHust 4MCISHHOTO MOJIEIMPOBAHUS UCIIOIB30BAUCH
TaKHe e TEeXHOJIOTHIECKUE MapaMeTphl, Kak U JUIs rmedary. [locieoBaTeIbHO pemaich 3a1adl TEPMUUECKOTO 1 MEXaHHIECKOTO
aQHaJIM30B JUIS KOKIOHW M3 YacTell MyIbTHMaTepHAIOHOTO 00paslia ¢ Iepefadell pe3ysibTaToB pacueTa Mpe/IIIeCTBYIONeH 3a1adn B
HavalbHBIE YCIOBHUS MOCHEMYIOMmeH 3a1aun. B pe3ynsraTe mpoBeJeHHOTO HCCIEIOBAHMS YCTAaHOBICHO, UYTO MOJyYEHHBIE Pe3yib-
TaThl MOZICJIUPOBAHUS SIBISIOTCS MOKA3aTeIbHBIMH, OHAKO HE COBCEM TOYHO OIMHUCHIBAIOT AeopManuio oOpasia, H3roTOBICHHOTO
metomoMm CJIII. Uncnennsle 3HadeHWH AedopMaIii, MOTyYeHHBIE MO pe3yiIbTraTaM MOJCIHPOBAHUS, HECKOJIBKO MEHBINE, YeM
peabHBIe, YTO CBS3aHO C HECOBEPIICHCTBOM BHIOPAHHBIX allTOPUTMOB pacuera. J{jis BO3MOXKHOCTH JaTbHEHIIIETO NCTIOIb30BAHHS
YHCIIEHHOTO KOMITBIOTEPHOTO MOJEIHPOBAHMS IIPOIECCa BBHIPANIMBAHNS MYIIbTUMATepHaIbHbIX 00pas3nos merogom CJIIT Heobxo-
JIIMO Pean30BaTh HETIPEPBIBHBIA MPOIecC MOJAETNPOBaHMs, Oe3 mepexoia Mex/Iy 4acTIMH 00pasiia, KOrjia OfHa YacTh HAYMHAET
paccMaTpHuBaThCS CHCTEMOH Kak Mmojuroxkka. HeoOXoauM ydeT HempephIBHOTO M3TOTOBJICHHMSI 00pasia M, COOTBETCTBEHHO, HENpe-
PBIBHOTO 1epOPMUPOBAHNS M HAKOIIIICHHS HAPSKSHHUH.

KnioueBbie csioBa: MyibTUMaTepHall, TEPMUYECKHI M MEXaHMYECKHMIl aHalIn3, MOAEIMPOBAHME IIPOIECCa, CENEKTHBHOE Ja3epHOe

mnasienne, BXK159, BpXLpT B, nedopmarms
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The classification of multi-materials includes com-
positions like polymer—-metal, metal-metal (bimetal),

Introduction

Today, numerous high-tech engineering challenges
necessitate the use of products crafted from metals
and alloys possessing enhanced and distinct proper-
ties that cannot be attained through a singular mate-
rial composition [1]. Multi-material approaches prove
invaluable in addressing such issues — encompass-
ing the incorporation of multiple materials or alloys
into a product’s composition. This method enables
the amalgamation of their properties or facilitates pre-
cise distribution of these attributes, thereby achieving
desired qualities like localized wear resistance, elevated
thermal conductivity, thermal insulation, resistance
to chemical corrosion, among others, at specific points
within a product or component [2].
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metal—ceramic, among others [3]. Bimetallic products
are combinations of two metals or alloys achieved by
welding or soldering, effectively mitigating their respec-
tive drawbacks while preserving the desired properties
of each [4]. For example, copper-based alloys such as
GRCop-84 exhibit remarkably high thermal conduc-
tivity, facilitating rapid cooling, elevated temperature
strength with minimal thermal expansion, and substan-
tial resistance to oxidation. This makes them suitable
for applications in combustion chambers, jet sleeves
of regenerative-cooled rocket engines (jet linings), and
areas exposed to high-temperature gas flows [5; 6].
Conversely, nickel-based alloys like Inconel 718 are
renowned for their resistance to high-temperature cor-
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rosion, making them prevalent in aerospace applica-
tions, especially in gas-turbine and rocket engines due
to their impressive tensile and tear strength, coupled
with oxidation resistance at elevated temperatures.
Nonetheless, these alloys have low thermal conducti-
vity [7; 8]. Consequently, employing copper alloys atop
nickel alloys (like Inconel 718 or similar) can enhance
the thermal conductivity of products while upholding
their strength characteristics [5].

To fabricate these products, both conventional
technologies and additive manufacturing techniques
are viable, enabling the production of items with intri-
cate, sophisticated geometries [1; 3]. Presently, sci-
entific literature exists detailing the characteristics
of bimetallic and functional-gradient products falling
under the “nickel alloy —copper alloy” classifica-
tion (In718—Cu; In718-GRCop-84). These studies
employ various methods, including direct energy and
material supply processes [5; 6; 9], as well as synthesis
processes on substrates, such as selective laser melt-
ing (SLM) [10; 11]. The SLM process involves numerous
parameters that significantly impact the resultant proper-
ties, internal stresses, and potential defects in the manu-
factured materials and products [12—14]. Fine-tuning
these process parameters is a crucial and indispensable
aspect of the product development process [15]. Using
numerical computer simulations proves pivotal in reduc-
ing the duration of parameter refinement and minimizing
the cost of potential errors, particularly when fabricating
products with intricate geometries [16—18].

Up to this point, simulations of the SLM process
have been extensively documented [14; 16; 17; 19].
However, these studies have not addressed the simula-
tion challenges associated with manufacturing products
from multi-material compositions, particularly bimetal-
lic products. Therefore, advancing the effective appli-
cation of additive technologies in producing bimetallic
products/parts for diverse purposes necessitates explor-
ing the feasibility of simulating the SLM process for
such products.

The objective of this study is to conduct numeri-
cal computer simulations of the SLM manufactur-
ing process for multi-material specimens composed
of the VZh159 nickel alloy and CuCrlZr copper alloy.
Subsequently, the obtained simulation results will be
validated based on the specimens manufactured in
the real-world setting.

Materials and methods

The numerical computer simulation of the multi-
material specimen growth via the SLM method was
conducted using the finite-element analysis package
“ANSYS Workbench 2019 R2” with the utiliza-
tion of the “Transient Thermal” and “Static Structural”

modules [20]. Fig. 1 illustrates the model of the speci-
men, delineating the material composition of its three
distinct parts: top, middle, and bottom. The simula-
tion process involved a sequential resolution of the ther-
momechanical problem for each segment of the speci-
men. Initially, the thermal aspect was addressed
using the “Transient Thermal” module, followed by
the mechanical problem tackled through the “Static
Structural” module. Fig. 2 provides a block diagram
outlining the steps involved in the numerical computer
simulation.

The simulation process for the product growth
via the SLM method utilized specific parameters: for
the VZh159 alloy — laser power of 275 W, scanning rate
at 760 mm/s, distance between laser passes setat 0.1 mm,
and a layer thickness of 0.05 mm; for the CuCrlZr
alloy — laser power of 400 W, scanning rate at 300 mm/s,
distance between laser passes at 0.15 mm, and a layer
thickness of 0.05 mm. Detailed physical and mechanical
properties of the alloys employed in the simulation pro-
cess are provided within a referenced Table.

Spherical powders of the VZh159 alloy (with distri-
bution quantiles d,, = 17 um, d,, = 32 pm, d; = 55 pm)
and CuCrlZr alloy (with d,;=14 um, d,; =29 um,
dy, =52 um) were used to create bimetallic mate-
rial specimens. Fig. 3 displays SEM images depicting
the particles of these powders.

The manufacturing process occurred within an inert
gas atmosphere employing the SLM280HL machine
(SLM Solutions GmbH, Germany). This machine is
equipped with an ytterbium fiber laser possessing a
wavelength of 1070 nm, a maximum power output
of 400 W, a minimum laser beam diameter of 80 um,
and a maximum scanning rate of 15 m/s. The produced
specimens were constructed with the upper and lower
parts comprised of VZh159 alloy, while the middle sec-
tions were fashioned from CuCrl1Zr alloy.

@ CuCr1zr
[ Inconel 718
M VZh159

4

@
30.0 mm
] X

Fig. 1. Initial design of the multi-material specimen
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Fig. 2. Block diagram of computer simulation for manufacturing multi-material specimens

Puc. 2. Biiok-cxema YnuCcIICHHOTO KOMIIBIOTEPHOI'O MOACIIMPOBAHUS U3IOTOBICHUS MYJIbTUMATCPUAJIBHBIX 06p33L[0B

Fig. 3. SEM image of CuCrl1Zr (@) and VZh159 (b) alloy powders used in the study
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Physical and mechanical properties of modeled alloys

DuU3UKo-MeXaHHYeCKUe CBOMCTBA MOJCJIUPYEMBIX CIIJIABOB

. Therm.al- Thermal Specific Elasticity
Alloy Tempe:,)ra- Dens1t3y, expansion conductivity, | heat capacity, Young's Poisson
ture, °C kg'm coefficient, o o .
105 °C1 W/(m-°C) J/(kg-°C) modulus, GPa ratio
25 8.43 11.47 11.01 0.39 213.18 0.31270
100 8.41 11.82 12.19 0.41 208.37 0.31473
500 8.27 13.85 18.38 0.47 180.35 0.32554
VZh159 1000 8.04 16.41 26.03 0.56 139.68 0.33905
1100 7.99 16.92 27.55 0.71 130.79 0.34175
1350 7.65 25.68 27.67 0.69 - -
2000 7.09 31.97 35.97 0.76 - -
25 8.93 16.34 92.97 0.01 129.53 0.34903
100 89.00 16.59 101.86 0.01 125.96 0.35319
500 8.71 18.15 134.91 0.01 101.42 0.37662
CuCrlZr 1000 8.43 20.40 162.42 0.01 57.78 0.40650
1100 8.10 35.51 160.79 5.17 - -
1350 7.76 38.22 167.71 0.50 - -
2000 7.18 41.26 180.12 0.50 - -




Pon e

POWDER METALLURGY AND FUNCTIONAL COATINGS. 2024;18(1):73-80
Orlov A.V,, Repnin A.V.,, etc. Simulating multi-material specimen manufacturing from VZh159 ...

The examination of the acquired specimens was
conducted using a light optical microscope called
“Leica DMI 5000 (Leica Microsystems, Germany).
To facilitate the examination process, the specimens
were sectioned using the electroerosion method.

Results and discussion

Fig. 4 illustrates the outcomes of simulating the SLM
manufacturing process for multi-material specimens,
showcasing the deformation fields along the Y-axis.
Notably, inward deformation of the specimen’s sides is
evident, reaching a maximum deformation of 83 um.

| L
10.0 mm *

25 7.5
a

Movement
relative
to the Y axis, mm

0.082678 Max
0.064305
0.045932
0.027559
0.0091865
-0.0091865
—0.027559
—0.045932
—0.064305

7 —0.082678 Min

Particularly, the middle section of the specimen
made of CuCrlZr experiences the most significant
deformation. Additionally, the top part composed
of VZh159 displays considerable deformation, espe-
cially at the interfaces between materials.

In Fig. 5, the simulation results portray the stress fields
following the production of multi-material specimens via
the SLM method. The highest stress values, approxi-
mately 900 MPa, are observed at the corners of the speci-
men at the material interfaces. Elevated stress, ranging
from 400 to 500 MPa, is noticeable in the upper part
of the specimen fabricated from VZh159. Comparatively,
the lowest stress values do not exceed 100 MPa.

Fig. 4. Results of simulating of multi-material specimen manufacturing — specimen deformation along the Y axis

a — general view, b — view in the X plane
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Equivalent
stress, MPa

994.24 Max
884.27
774.29
664.32
554.35
444.38
334.40
224.43
114.46
4.4855 Min

b

Fig. 5. Results of simulating of multi-material specimen manufacturing — specimen stress

a — general view, b — view in the X plane
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Fig. 6. Manufactured multi-material specimen ()
and thin section prepared from the specimen (b)

Puc. 6. VI3roToBIICHHBII MyJIbTHMATepUAIBHbINA 00paser (a)
Y TIOITOTOBJIEHHBIH i obpasua (b)

Fig. 6 displays the multi-material specimens made
using the SLM method. Visual examination indicates
the absence of significant deformations or visible
defects such as fractures or failures.

In Fig. 7, the verification of the deformation simula-
tion for the specimen produced via the SLM method is
presented, specifically at the interface between its top
part (constructed from VZh159) and the middle part
(constructed from CuCrlZr).

Movement
relative
to the Y axis, mm

0.082678 Max
0.064305
0.045932
0.027559
0.0091865
—0.0091865
—-0.027559
—0.045932
—0.064305
—0.082678 Min

The simulations depicted in Fig. 7, a, revealed
deformations ranging from 64 to 83 pm at the interface
between the top and middle sections of the specimen,
illustrating distinct inward bending occurring sepa-
rately in both the top and middle parts. Upon experi-
mental examination of the SLM-manufactured
specimen (Fig. 7, b), the deformation at the interface
measured approximately 100 um, slightly exceeding
the simulated values (with the largest deviation being
36 um). Inward bending with maximum deforma-
tion near the interface is predominantly observed in
the middle part of the specimen constructed from
CuCrlZr.

The disparity between the simulation results and
experimental data might be attributed to the inher-
ent characteristics of the simulation process. As
the simulation initiates the fabrication of the top
part of the VZh159 specimen, its middle part ceases
to influence stress and deformation calculations, being
treated as part of the substrate. This leads to limita-
tions in the acquired values of stresses and deforma-
tions. Consequently, the distinct nature of specimen
deformation, observed when the simulated specimen
deforms in two separate sections, is a direct conse-
quence of this phenomenon. This limitation under-
scores the challenges in employing simulations for

Yum 0
0

200 X, um

200

400
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800

1000

1200
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b

Fig. 7. Validation of deformation simulation at the interface between the top and middle parts
of the VZh159 and CuCrlZr alloys in the multi-material specimen produced by SLM

a — simulation results, b — experimental specimen
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multi-material manufacturing processes using SLM
method.

Nonetheless, the deformation values obtained
through simulation generally present a representative
approximation, closely aligning with the experimental
values. However, for more intricate structures, opti-
mizing the system becomes essential to achieve better
alignment with real-world results.

Conclusion

Based on the completed research results, several
conclusions have been drawn regarding the numerical
computer simulation of the manufacturing process for
multi-material specimens made from the VZh159 nickel
alloy and CuCrl1Zr copper alloy.

1. The simulation results, while indicative, do not pre-
cisely mirror the deformation observed in the specimen
produced via the SLM method. The numerical values
of deformations obtained from simulations (from 64
to 83 pm) slightly underestimate the actual deformations
(approximately 100 um). This discrepancy is attributed
to the imperfections in the chosen calculation algo-
rithms, particularly when the system stops considering
the middle part of the specimen in the calculation and
treats it solely as a substrate after initiating the calcula-
tion of the top part of the specimen manufacturing.

2. To enable the continued utilization of numerical
computer simulation for the growth of multi-mate-
rial specimens via the SLM method, it is imperative
to implement a seamless simulation process without
the discontinuity between different parts of the speci-
men. This involves accounting for the continuous manu-
facturing process of the specimen, thereby considering
uninterrupted deformation and accumulation of stresses
throughout the fabrication procedure.
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Mechanical properties of high-nitrogen steel
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and spheroidized powders
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Abstract. In recent years, the development of additive technologies has been one of the priority tasks in the sector. Primarily, additive
technologies enable the effective implementation of various design and engineering ideas in high-tech industries, such as the aircraft
industry, engine technology, and rocket engineering. The expanded range of standardized materials for additive technologies will facili-
tate their integration into large-scale production. Of significant interest is the potential use of nitrogen-containing heat-resistant powder
alloys to produce complex-shaped aircraft parts using additive technologies. This paper describes the complete process of obtaining
samples from powders of alloys with superequilibrium nitrogen content using the selective laser melting (SLM) method. Four different
compositions of high-nitrogen steels were obtained through mechanical alloying. Subsequently, the powders of these steels under-
went processing using the plasma spheroidization method to be utilized in the SLM process. The SLM method was also employed to
produce samples for mechanical tests. Throughout each stage of the process, the powders were thoroughly analyzed. One of the most
critical parameters was the nitrogen content in the resulting powders. At each subsequent production stage, its proportion decreased,
yet it remained at the superequilibrium content level of 0.13—-0.44 wt. %. The mechanical tests confirmed that the alloys fabricated
by the SLM method are not inferior in terms of their properties compared to those obtained using classical metallurgical technologies.

Keywords: high-nitrogen steels, superequilibrium nitrogen content, plasma spheroidization, mechanical alloying, additive technologies,
selective laser melting
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W3BECTUA BY30B

MexaHn4yeckue CBOMCTBaA CTanm
C BbICOKMM CofiepXXaHMeM a3oTa, Nosly4YeHHOMU MeTOAO0M
CENIeKTUBHOIO JlJa3epPHOro niaBfieHUs
C UCMONb30BaHMEM MeXaHUYECKU NIerMpoBaHHbIX
cheponansnpoBaHHbIX MOPOLLKOB
H. E. Osepckoii ©, H. I. Pasymos, A. O. CunuH,
E. B. bopucos, A. A. IlonoBuy

Cankr-IlerepOyprekuii nonurexuuyeckuii yausepcuret Ilerpa Beauxoro
Poccust, 195251, r. Cankr-IlerepOypr, yi. [Tonutexnuueckas, 29

B3 nikolaiozerskoi@yandex.ru

AHHOTayums. B nociieHne robl pa3BUTHE aAJUTHBHBIX TEXHOJIOTHH SBISIETCS OMHOM M3 MPUOPUTETHBIX 3a/1a4 OTpaciell. AJAUTHBHbBIC

TEXHOJIOTUH TI03BOJISIOT, MPex/e Bcero, 3h(eKTUBHO pPean30BbIBaTh JIIOObIE KOHCTPYKTOPCKHE W WHXKEHEPHbIC UJICH B TAKHX
BBICOKOTEXHOJIOTMYHBIX OTpacisiX, Kak aBUaCTPOEHUE, JABUTaTeNIeCTPOEHHE, PAKETOCTPOeHHEe. Pacipenie HOMEHKIATyphl CTaH-
JAPTH30BaHHBIX MAaTEPHANIOB Ui aJJUTHBHBIX TEXHOJOTHH OyJeT crocoOCTBOBAaTH MX BHEJPEHHIO B MAcCOBOE IPOM3BOJCTBO.
3HauMUTEIbHBIN MHTEPEC MPECTaBIsIeT BO3MOKHOCTD MCIIOIb30BAHHS a30TCOAEPIKAIIMX KAPOMPOUHBIX TTOPOIIKOBBIX CIJIABOB IS
W3TOTOBIICHUsS JIeTallell JIeTaTeNbHBIX allllapaToB CIOKHON (OpPMBI ¢ MPUMEHEHHEM aJIUTUBHBIX TEXHOJOTHil. B nanHoil pabore
OTHUCaH MOJIHBIA MK MOMy4eHHs: 00pa3IoB U3 MOPOIIKOB CIIJIABOB CO CBEPXPABHOBECHBIM COAEPMKAHMEM a30Ta METOJOM CeJleK-
TUBHOTO J1a3epHoro ruasnenus (CJIIT). MexaHu4eckuM JiernpoBaHHeM ObUTH MOJIy4eHbI 4 Pa3IMYHBIX COCTABA BBICOKOA30THCTHIX
cTaneil. 3aTeM MOPOLIKU 3THX cTajeil Obut 00paboTaHbl METOJOM IUIa3MEHHOH cheporan3aliy Ul UCIOIb30BaHuUs B IpoLiecce
CJIII. Taxxe metonom CJIIT ObutH M3roTOBIEHBI 00PA3Lbl U1 MEXaHUYECKUX HcIbITaHUN. Ha ka)xioM sTare nporecca MOpoLIKT
MO/IBEPTaluCh AeTalbHOMY HccliefoBaHuI0. OTHUM M3 Haubolee BaXKHBIX MapaMeTpoB ObIIO COAEpKaHHE a30Ta B MOIyYaeMbIX
nopomkax. C KaxJbIM 3TaroM MPOHM3BOJCTBA €r0 JI0Ms CHUKAach, HO OCTAaBalach Ha YPOBHE CBEPXPABHOBECHOI'O COIEPIKAHUS
0,13-0,44 mac. %. MexaHuueckue HCIBITAaHUA IOKa3ald, YTO CIUIaBbl, moiydeHHble meropoM CJIII, He ycTymaroT mo cBoum

CBOMCTBaM CIUIaBaM, U3rOTOBJICHHBIM 10 KJIACCUYCCKUM METAJUTYPTrUYCCKUM TEXHOJIOTUAM.

KnroueBble c/nioBa: BHICOKOA30THCThIE CTaJIu, CBEPXPABHOBECHOC COACPIKAaHUE a30Ta, IJIa3MEHHas C(bepOI/I,HI/I?;aL[I/IH, MCXaHNUYECKOC
JIETUPOBAHUEC, AJTUTUBHBIC TEXHOJIOI'MH, CEJIEKTUBHOC JIa3€PHOC IJIaBJICHUE

Ana yntnposaums: Ozepcroii H.E., Pasymos H.I', Cunun A.O., Bopucos E.B., TTonoBua A.A. MexaHudeckue CBOICTBA CTaJM C BbI-
COKHM COJIep’KaHHEeM a30Ta, TTOTyYeHHON METOJIOM CEJICKTHBHOTO JIA3EPHOTO IUIABJICHHS C UCIIOIb30BAaHHEM MEXaHHUYECKH JICTHPO-
BaHHBIX c(hepONIN3NPOBAHHBIX MTOPOIIKOB. M36ecmus 8y306. [lopowkosas memannypaus u @yHkyuonanvhvle nokpvimus. 2024;18(1):

82-94. https://doi.org/10.17073/1997-308X-2024-1-81-94

Introduction

Currently, nitrogen is extensively utilized as
an alloying element alongside Cr, Ni, Mn, Mo, and
others [1]. This usage enables the production of steels
with a distinctive blend of strength, ductility, and corro-
sion resistance. Nitrogen possesses a critical advantage
over other alloying elements due to its virtually unlim-
ited availability. Obtaining nitrogen does not necessi-
tate the destruction of the Earth’s surface and subsoil,
which is typically unavoidable during ore mining.

Presently, research on steels alloyed with nitrogen,
focusing on structure formation and the interrelation-
ships of steel properties with nitrogen, has generated
significant results, leading to the proposal of new areas
for their application [2-5]. Owing to their exceptional
properties, nitrogen-containing steels have found wide-
spread use in nuclear and thermal power engineering,
the medical industry, aviation, the automotive industry,
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and more. Nitrogen alloying has the capability to confer
special properties to steel and enhance its characteris-
tics, thereby broadening its scope of applications. As
of now, the full potential of nitrogen alloying remains
unrealized, and research in this field continues.

The literature review reveals active scholarly
investigations into the potential use of nitrogen-con-
taining steels in various additive technologies (AT).
Numerous studies have been published examining
the testing of nitrogen-containing steels in selec-
tive laser melting (SLM) [6; 7], laser powder bed
fusion (LPBF) [8—15], wire and arc additive manufac-
turing (WAAM) [16-19], and electron beam additive
manufacturing (EBAM) [20-22]. Each technology pos-
sesses its distinct characteristics and features.

Studies [6; 7] emphasize that nitrogen emission occurs
during the SLM of nitrogen-containing stainless steels.
The emission levels correlate with the energy den-
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sity, which is directly proportional to the laser power
and inversely proportional to the scanning speed.
Investigations [9—14] demonstrate the potential use
of powders of nitrogen-containing steels in LPBF tech-
nology. They indicate that regardless of the process gas
used to feed the powder into the melt pool, the nitro-
gen content decreases. Higher melt pool temperatures
reduce nitrogen solubility in the melt, resulting in
degassing and the formation of gas pores. Moreover,
a study [15] illustrates that during LPBF, local changes
in the geometry of the melt pool, influenced by energy
density, can affect nitrogen emission. Elevated energy
densities lead to prolonged melt pool lifetimes and
higher maximum liquid phase temperatures. Assuming
that nitrogen is primarily lost during the melting stage,
increased maximum temperatures and extended life-
times of the melt pool contribute to nitrogen loss. With
increased energy density, the size of the melt pool — its
depth and area — along with its temperature and lifetime
also increase.

The paper [19] introduces a novel concept in wire
and arc additive manufacturing aimed at achieving pure
austenite with an exceptionally high nitrogen content.
This technique involves the simultaneous introduc-
tion of nitrogen-containing steel welding wire and
nitride alloy powder into the melt pool. As the nitride
powder dissolves within the melt pool, it dissociates
and is adsorbed to create steel with a superequilibrium
nitrogen content. The authors highlight that during
the wire and arc additive manufacturing process utilizing
HNS6 wire (Fe-21.6Cr—16.8Mn—2.1Ni—1.2Mo0—0.8N),
there is a recorded nitrogen loss rate of up to 17.7 %.
However, in hybrid wire and arc additive manufactur-
ing, where nitride powder is introduced into the melt
pool, the nitrogen content in the resultant material
increases significantly, potentially reaching 1.07 wt. %
based on the powder feed rate. Concurrently, there is a
substantial reduction in ferrite content. As the feed rate
reaches 0.33 g/min, the ferrite phase disappears entirely,
resulting in a fully austenitic structure in the deposited
metal. This transformation contributes to the enhance-
ment of the material’s mechanical properties.

The paper [20] details the successful applica-
tion of the electron-beam additive method to produce
high-nitrogen steel with the chemical composition:
Fe-20.7Cr-22.2Mn—-0.3Ni-0.6Si-0.15C-0.53N (wt. %),
utilizing rods as the initial material. The authors demonst-
rate that during the manufacturing process, significant
amounts of manganese and nitrogen undergo combus-
tion. Consequently, the alloy obtained, with the compo-
sition  Fe—22.9Cr-10.8Mn—0.1Ni-0.6Si—0.1C—0.48N,
exhibits an increased proportion of ferrite, rising from
20 % in the initial rod to 40 % in the alloy produced
via additive technologies (AT). Their findings indi-

cate that alloys generated using both At and traditional
methods possess comparable mechanical characteristics.

The primary method for producing nitrogen-con-
taining steel powders is through gas atomization [6; 7;
9; 13; 14; 22-24]. The nitrogen content in these resul-
tant powders typically does not surpass the equilibrium
level and is contingent upon the specific alloy compo-
sition. Nevertheless, several researchers have explored
the possibility of producing steel powders with nitrogen
content surpassing equilibrium levels. In a study by
the authors [25], the impact of various factors — such
as atmosphere composition, chamber pressure, and gas
jet pressure — during atomization on the nitrogen con-
tent in Cr17Mn11Mo3N alloy powder was investigated.
The research demonstrated that the nitrogen propor-
tion in atomized powders escalates as the pressure in
the chamber increases during the melting and spraying
process. Through the combined effect of chamber pres-
sure during melting and spray pressure, the nitrogen
content can reach up to 0.4 wt. % even in the absence
of nitrogen-containing components added to the charge.
The findings suggested that by regulating the spray
pressure and/or pressure in the chamber, it is feasible
to control both the powder particle size and the nitrogen
content in the resultant powders.

The paper [26] presents findings from research
involving the production of 17-4PH stainless steel
powder using plasma wire atomization. The authors
successfully produced powder with a nitrogen content
of up to 0.15 wt. %, which was then utilized in the SLM
technology.

In the paper [27], the production of high-nitrogen
steel powders through plasma spraying of a rotating
electrode is detailed. The resulting powder exhibited
anotably high nitrogen content, surpassing levels achiev-
able under normal conditions, and displayed an almost
perfect spherical particle shape. Notably, in a nitrogen
atmosphere during plasma spraying, the nitrogen content
in the steel powders remained consistently at approxi-
mately 0.6 wt. % N, regardless of the nitrogen content
in the plasma gas itself. It was observed that even when
the nitrogen content in the plasma gas is 0 %, the steel
becomes nitrogenized to 0.6 wt. % N. This occurrence
is attributed to the interaction between the argon plasma
and the surrounding nitrogen gas, which is sufficient for
nitrogen sorption onto the steel particles.

The papers [28; 29] detail the process involving
powders of AISI 316L and Fel7Crl1Mn3Mo alloys
obtained through gas atomization and subsequently
nitrogenized in a nitrogen atmosphere under pressure.
The research demonstrates that, based on the nitro-
genizing duration and powder composition, powders
with nitrogen content up to 1.3 wt. % can be achieved.
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Analysis indicates that this elevated nitrogen content
is attained due to the formation of chromium nitride
both on the surface and throughout the cross-sec-
tion of the powder particles. However, this process is
characterized as low-yielding, and there exists an issue
concerning the homogeneity of nitrogen content across
the particles.

The LPBF technology as described in paper [8],
allows the utilization of non-spherical-shaped powder
materials. High-nitrogen austenitic steel derived from
powder synthesized by mechanical alloying (MA)
is explored in this context. The study demonstrates
that the alloy retains more than 71 % of the initial
powder mixture’s nitrogen content. Remarkably, this
material surpasses 316L steel significantly in terms
of mechanical properties.

Furthermore, in the additive technology (AT) process
of welding steels with high nitrogen content, there’s a
tendency for nitrogen to be released in the melt pool,
resulting in diminished mechanical characteristics
of the final products. Researchers have been exploring
various methods over the last few decades to increase
nitrogen content in the solid solution in deposited mate-
rial and reduce loss due to nitride or pore formation.
These methods include optimizing the chemical compo-
sition to enhance nitrogen solubility [30-33], modifying
shielding gas characteristics by increasing nitrogen par-
tial pressure [34—37] or adding surfactants [38] or multi-
component gas mixtures [39] during welding, and using
nitride flux-cored wire as feed material [40; 41]. While
these approaches can reduce nitrogen loss during steel
welding to some extent, the nitrogen content in the weld
or deposited metal remains lower than that in the base
or filler metal. Thus far, no solution has been presented
to increase the nitrogen content in the deposited metal or
weld beyond that of the filler or base metal.

Based on the outlined objectives, the following
research is proposed: 1) establishing physical and
chemical synthesis patterns of metallic nitrogen-con-
taining heat-resistant powder alloys via MA and plasma
spheroidization methods; 2) determining the influence
of physical and chemical parameters within the SLM
process on the nitrogen content of the alloy and evaluat-
ing the resulting material’s mechanical properties.

This investigation will focus on studying a
specific  heat-resistant  nitrogen-containing  steel,
Fel6Cr2.2Ni0.6Mn1.1Mo0.1N, with the following
chemical composition, wt. %:

Fe......... Base Ni....... 2.0-2.5
Cr..... 15.0-16.5 C...... 0.12-0.18
Mo...... 09-13 Si.......... <0.6
Mn........ <0.6 N...... 0.03-0.10
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Materials and methods

In this research, powder materials of the composi-
tion Fe—16Cr—2.2Ni—0.6Mn—1.1Mo were synthesized
using the MA method. Gaseous nitrogen, nitroge-
nized ferrochrome (FCr20), chromium nitride (Cr,N),
and nitrogenized ferromanganese (Mn87H6) were
employed as nitrogen source during the synthesis. In
order to investigate how the method of nitrogen intro-
duction during MA affects the nitrogen content and dis-
tribution in the alloy, six compositions were examined:
1) Fe—Cr-Ni—-Mn—Mo — mechanical alloying in the nitro-
gen atmosphere; 2) Fe—Cr—Ni—-FeMnN—-Mo — incorpora-
ting manganese in the form of nitrogenized ferromanga-
nese; 3) Fe~Cr,N-Ni-Mn-Mo — introducing chromium in
the form of chromium nitride; 4) Fe—FeCrN-Ni-Mn—-Mo —
adding chromium in the form of nitrogenized ferro-
chromium; 5) Fe—(0.5Cr-0.5Cr,N)-Ni-Mn-Mo and
Fe—(0.5Cr-0.5FeCrN)-Ni-Mn—-Mo — incorporating
50 % of the total chromium content in the form of chro-
mium nitride or nitrogenized ferrochrome.

The calculation was conducted utilizing the
CALPHAD method through ThermoCalc software for
thermodynamic analysis employing the TCHEA4 data
package.

Experimental investigations regarding pow-
ders plasma spheroidization were carried out using
the TekSphero 15 unit (Tekna Plasma Systems
Inc., Canada). This unit is equipped with a high-
frequency generator reaching a maximum output
of 15 kW, operating within a frequency range of 2
to 4 MHz. The experiments were conducted on com-
positions including Fe—(0.5Cr-0.5Cr,N)-Ni-Mn-Mo,
Fe—Cr,N-Ni-Mn-Mo, Fe—(0.5Cr-0.5FeCrN)—Ni—
-Mn-Mo and  Fe-FeCrN-Ni-Mn-Mo  within
both argon-hydrogen and argon-nitrogen plasma
environments.

For studying powder morphology, the SEM
Tescan Mira 3 scanning electron microscope (Tescan,
Czech Republic) was utilized alongside the X-Flash 6/10
fluorescence detector (Bruker, USA), while the Leica
DMI 5000 optical microscope (Leica Microsystems,
Germany) aided in obtaining cross-sectional images
to assess chemical makeup. The carbon content analy-
sis was conducted using the absorption method via
the CS-230 analyzer (LECO, USA, ISO 9556-1989).
Determination of oxygen and nitrogen content was car-
ried out by the reducing fusion method in an inert car-
rier flow (helium) using the TC-500 analyzer (LECO,
USA, ISO 17053-2005 and ISO 15351-1999). The par-
ticle size distribution analysis of the acquired powder
(ISO 8130-13) was performed using the Analysette 22
laser diffractometer (Fritsch GmbH, Germany). X-ray
diffraction analysis was conducted using the Bruker D8
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Advance X-ray diffractometer (USA) with CuK  radia-
tion (1.5406 A) within the range 20 = 30+100°.

The samples were produced from nitrogen-contain-
ing steel powders using the SLM technology within
a nitrogen atmosphere, employing the SLM280HL
selective laser melting system (SLM Solutions GmbH,
Liibeck, Germany). This system is equipped with
the YLR laser featuring a wavelength of 1070 nm and
focal length of ~80 pm.

Nitrogen-containing steel powders were com-
pacted using the SLM technique. The experi-
ments were conducted on compositions including
Fe—~(0.5Cr-0.5Cr,N)-Ni-Mn-Mo, Fe-Cr,N-Ni-Mn-Mo,
Fe—(0.5Cr-0.5FeCrN)-Ni—-Mn—Mo and Fe—FeCrN—Ni—
—Mn—Mo, synthesized in an argon-hydrogen plasma,
influenced by oxygen content within the produced
powder. To examine the influence of SLM parame-
ters on the relative density and chemical composi-
tion of the resulting alloys, cubic samples with a side
length of 10 mm were manufactured. This was achieved
by varying laser power, scanning speed, and energy
density. The powder layer applied was 0.05 mm thick,
and the laser pass spacing was set at 0.12 mm. The spe-
cific SLM parameters utilized in these experiments are
detailed in Table 1.

Results and discussion

The phase diagram calculation for the Fe—16Cr—
—2.2Ni—0.6Mn—1.1M0—0.04C-N  alloy, performed
using the ThermoCalc software package for thermody-
namic analysis, revealed that the nitrogen concentra-
tion limit during crystallization is 0.2 wt. %. When this
limit is surpassed, nitrogen is emitted into the gas phase,
potentially leading to the formation of bubbles and
pores during crystallization. Throughout solidification,
the composition of the liquid phase and the evolving
solid phases continuously alter with changes in tempe-
rature and the amount of the liquid phase. Consequently,
the solubility of nitrogen in d-ferrite within the tempera-

Table 1. SLM parameters for printing mode testing

Ta6baunya 1. lapametpsr CJIII
NpH 0TPadOTKE PE:KMMOB Me4yaTn

No. polj:rirw Scanning rate, mm/s | E, J/mm?
1 240 650 61.54
2 300 800 62.50
3 300 650 76.92
4 360 650 92.31
5 300 500 100.00
6 300 650 115.38

ture range of 1470—-1750 K does not exceed 0.07 wt. %,
while in austenite, it reaches 0.6 wt. %.

It has been observed that during the initial stages
of MA, the dissolution of alloying elements in all investi-
gated systems follows a general pattern. Due to significant
plastic deformation, the particles from the initial powder
undergo flattening and subsequent welding, resulting in
the formation of a composite structure. Following a dura-
tion of MA for 7, = 5 h, the composite particles exhibit
a characteristic layered structure comprising various
combinations of the initial components.

With a prolonged duration of MA, the primary
processes involve the homogenization of the compo-
sition concerning chemical makeup and the interac-
tion between the initial components aimed at reduc-
ing the system’s free energy. Analysis of the acquired
diffractograms revealed that Ni is the initial alloy-
ing element to dissolve into the iron lattice (atomic
radius r, =124 pm), followed by Mn (r, =127 pm),
Cr (r,=130pm), and Mo (r,=139 pm). This
sequence is attributed to Ni, Mn, and Cr alloying ele-
ments forming substitutional solid solutions with
iron, whereby the atomic radius of nickel is closest
to that of iron (r, = 126 pm), followed by manganese,
chromium, and molybdenum, respectively. The dis-
solution of alloying elements leads to a modifica-
tion of the a-Fe lattice parameter, ranging from 0.2866
to 0.2887 nm, contingent upon the system. Considering
the proportions of the components, it is presumable
that diffusion predominantly occurs along the crys-
tal lattice defects during the MA process. In both
the initial Fe—-16Cr—2.2Ni—0.6Mn-1.1Mo composi-
tion and the one utilizing nitrogenized ferromanganese
as the nitrogen source, the alloying elements exhibit
nearly uniform distribution throughout the powder
volume. They correspond to the chemical composi-
tion of the initial mixture after t,,, = 10 h (Fig. 1, a).
However, the dissolution of molybdenum is conside-
rably impeded due to its atomic radius being signifi-
cantly larger than that of the other composition ele-
ments. The MA process in these systems is similar
owing to the fact that nitrogenized ferromanganese is
primarily composed of manganese nitride — a compound
easily degraded — with inclusions of iron and a small
quantity of ferromanganese from the initial charge.

In systems where chromium nitride (Cr,N) and
nitrogenized ferrochrome (according to XRD results —
80 vol. % CrN + 20 vol. % Cr,N) were utilized as
nitrogen sources, the dissolution behavior of alloying
elements differed from that in the initial composition.
Following t,,, = 10 h, alloying elements exhibited hete-
rogeneous distribution across the volume. Upon rea-
ching t,,, =15h, chromium continued to remain
non-uniformly distributed, residing inside the particles
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b

Fig. 1. Component distribution
of the Fe—16Cr—2.2 Ni-0.6Mn—1.1Mo composition after MA
a — without nitrogen, t,,, =10 h
b — with nitrogenized ferrochromium, t,,, = 15 h

Puc. 1. PactipenienieHue KOMIIOHEHTOB KOMITO3UIIUU
Fe-16Cr-2,2Ni—0,6Mn-1,1Mo nocie MJI

a—0e3 asora, 1, = 104
b — ¢ asotuposannbeM peppoxpomom (PX20), 1y, =154

in the form of submicron-sized inclusions evenly dis-
persed throughout the volume (Fig. 1, b). This pattern
emerged because chromium was introduced in the form
of chromium nitride — a relatively stable chemical
compound — not in elemental powder form. Evidently,
the energy imparted during the MA process might be
insufficient for its breakdown and subsequent dissolu-
tion. Upon joint analysis of XRD results and the distri-
bution of alloying elements within particle volumes, it is
evident that the decline in Cr)N peaks is likely attributed
to its disintegration and distribution across the volume,
rather than its dissolution into the iron lattice (Fig. 2).
According to XRD results, a portion of Cr,N remains
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undissolved even after 15h of mechanical alloying.
However, when materials such as chromium nitride
or nitrogenized ferrochrome are incorporated at 50 %
of the total chromium content, they demonstrate almost
complete dissolution into the iron lattice, with only spo-
radic submicron-sized inclusions observed. This change
in solubility may be attributed to the presence of pure
chromium, which, due to its high affinity for nitro-
gen, attracts a portion of the nitrogen from the nitride,
expediting its decomposition and facilitating nitrogen
diffusion into the lattice.

The nitrogen content analysis in powder samples
revealed that throughout the MA process, up to 2.5 wt. %
nitrogen can be introduced into the Fe—16Cr—2.2Ni—
—0.6Mn—1.1Mo alloy, while the equilibrium content
remains at 0.1 wt. % (Table 2). The samples employ-
ing nitrogenized ferrochrome or chromium nitride as
the nitrogen source exhibited the highest nitrogen pro-
portions. With this method of introduction, the nitro-
gen assimilation rate reached approximately 90 %.
According to XRD and SEM results, a major por-
tion of the nitrogen is dissolved within the Fe lattice.
However, some nitrogen remains in nitrides, uniformly
dispersed throughout the particle volume in the form
of submicron-sized inclusions.

The analysis of the particle size distribution in
the obtained powders indicates a correlation between
higher nitrogen content in the alloy and an increased
presence of powder particles smaller than 45 um. This
reduction in particle size is attributed to undissolved
submicron nitride inclusions, inducing significant dis-
tortions within the crystal lattice and acting as stress

concentrators. Under intensive mechanical forces
b e —Fe (Im-3m)
m —Cr,N
A —Ni
¢ - Mo °
ey, m,:\_ AIS h
= A ° __./.\ 10h
g .
Z -_:JL o 7.5h
— [ ]
" ] . b _J.\,..E.E.-.
n o Initiall
. LU s Sm am =
T ]
30 45 60 75 90
26, deg

Fig. 2. Evolution of phase constitution
with MA duration in Fe~Cr,N-Ni-Mn-Mo composition

Puc. 2. I3menenue (a30Boro cocrasa B 3aBHCUMOCTH
ot nponospkuTenbHocTH MJI komnozunun Fe—~Cr,N-Ni-Mn-Mo
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Table 2. Chemical composition of MA-powder for Fe-16Cr-2.2Ni—0.6Mn—1.1Mo alloy

Ta6nuya 2. Xumnveckuii cocraB MJI-nopomka cmiapa Fe-16Cr-2,2Ni-0,6 Mn-1,1Mo

Composition EleITlent content, wt. %
Fe Cr Ni Mn Mo N ©

Fe—Cr—Ni-Mn—Mo Basic | 16.28 | 2.10 | 0.64 | 1.24 | 0.02 | 0.05
Fe—Cr-Ni-FeMnN-Mo Basic | 15.63 | 244 | 0.83 | 1.05 | 0.04 | 0.19
Fe—Cr,N-Ni-Mn-Mo Basic | 1592 | 226 | 0.59 | 1.29 | 1.90 | 0.15
Fe—FeCrN-Ni—-Mn-Mo Basic | 15.59 | 2.37 | 0.65 | 1.13 | 248 | 0.28
Fe—(0.5Cr-0.5Cr,N)-Ni-Mn-Mo Basic | 16.15 | 2.11 | 0.82 | 1.1l | 1.06 | 0.14
Fe—(0.5Cr-0.5FeCrN)-Ni-Mn-Mo | Basic | 16.23 | 2.35 | 0.69 | 1.02 | 1.32 | 0.22

during the MA process, the existence of such stress
concentrators tends to prompt crack formation, subse-
quently leading to material disintegration.

Several research studies [42-44] have high-
lighted that spherical powders of nitrogen-containing
alloy Fe—16Cr—2.2Ni-0.6Mn-1.1Mo with a high
degree of sphericity can be produced using ther-
mal argon-hydrogen and argon-nitrogen plasma
generated in a high-frequency plasmatron (Fig. 3).
Investigation into powder particle morphology indi-
cated that the proportion of spheroidized particles in
the resulting powders ranges between 70-96 %. It was
observed that, at the same powder feed rate, the occur-
rence of non-spherical particles after spheroidization in
argon-nitrogen plasma is higher due to differing physi-
cal and chemical properties of the plasma-forming gas
mixtures. Hydrogen dissociates by 90 % at 7=4700 K,
while nitrogen does so at 7= 9000 K, significantly affec-
ting the plasma’s heat content (enthalpy). To achieve
powders with an equivalent proportion of spheroidized
particles, the powder feed rate in argon-nitrogen plasma
needs to be reduced by 10-15 %.

The analysis of SEM images and particle size dis-
tribution in the obtained powders has revealed distinct
characteristics. Powders with low nitrogen content
(Fe—Cr-Ni-Mn—Mo, Fe—Cr—Ni-FeMnN-Mo composi-
tions) exhibited a differential curve in the particle size
distribution after plasma spheroidization. The peak
of this curve lies within the range of 30 to 125 pm,
indicating a slight shift towards smaller sizes compared
to the initial material (which ranged from 45 to 125 pum).
Conversely, in powders with high nitrogen content,
a considerable proportion (about 30-50 %) of particles
emerged with sizes below 30 um, despite the initial
powder size range being 45 to 125 um. These variations
suggest the presence of elevated mechanical stresses and
microcracks within the powder particles, likely a conse-
quence of the intense mechanical impact during the MA
process. The initial plasma temperature significantly
surpasses the material’s boiling point, not merely its
melting point. Consequently, the powder particles expe-
rience rapid melting. During this swift heating and melt-
ing process, nitrogen might be swiftly released from
the solution, transforming into the gaseous phase at a
high rate. This phenomenon contributes to the wedging

Fig. 3. Powder morphology after plasma spheroidization
a — Fe-Cr-Ni-Mn-Mo; b — Fe—(0.5Cr-0.5Cr,N)-Ni-Mn-Mo; ¢ — Fe-Cr,N-Ni-Mn-Mo

Puc. 3. Mopdosiorust mopoiika mocie mia3MeHHON cheponu3aim
a — Fe-Cr-Ni-Mn-Mo; b — Fe—(0,5Cr-0,5Cr,N)-Ni-Mn-Mo; ¢ — Fe-Cr,N-Ni-Mn-Mo
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® - a-Fe 1 - Fe—~(0.5Cr—0.5FeCrN)-Ni-Mn-Mo
2 — Fe—(0.5Cr-0.5Cr,N)-Ni-Mn-Mo
3 — Fe-FeCrN-Ni-Mn-Mo

4 — Fe—Cr,N-Ni-Mn-Mo

5 — Fe-Cr-Ni-FeMnN-Mo

6 — Fe—Cr-Ni-Mn-Mo

m —y-Fe
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Fig. 4. Phase composition of Fe—Cr—Ni-Mn—Mo alloy powders
after spheroidization in argon-hydrogen plasma

Puc. 4. ®a30Bblii COCTaB TOPOIIKOB
cmaBa Fe—Cr—-Ni-Mn—Mo nocie ceponanzannu
B apPrOHOBOJOPOIHOM I1a3Me

of microcracks and the destruction of particles before
melting occurs, or during the intensive boiling and dis-
integration of already-melted particles. Some powders
were found to contain individual hollow spheres, pri-
marily exhibiting a cracked shell structure.

® - o-Fe 1 - Fe-FeCr-Ni-Mn-Mo

2 — Fe-CrN-Ni-Mn-Mo

3 — Fe—(0.5Cr—0.5FeCr)-Ni-Mn-Mo
4 — Fe—(0.5Cr—0.5CrN)-Ni-Mn-Mo
5 — Fe—Cr—-Ni-FeMn-Mo

6 — Fe—Cr-Ni-Mn-Mo

m —y-Fe
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Fig. 5. Phase composition of Fe—Cr—Ni-Mn—Mo alloy powders
after spheroidization in argon-nitrogen plasma

Puc. 5. ®a30Bblii cOCTaB ITOPOIIKOB
cmaBa Fe—Cr—-Ni-Mn—Mo nocie cdeponauzanmu
B aprOHOA30THOM I1a3Me

The X-ray phase analysis conducted on the pow-
ders post-spheroidization revealed the existence of a-
and y-Fe peaks (Fig. 4, 5). Nitrogen, being an element
conducive to austenite formation, results in a marginal
increase in the proportion of y-Fe as the nitrogen content

3.0 1.0
| - After MA
- Ar-H, plasma
2.5 2 B
o B - Ar-N, plasma °\° 0.8
= B - Afterthe SLM || £
= 20r £ o6}
= 2
% 1.5 §
3 s 04}
5 2
en =
1.0 i=
2 Z 02
Z
0.5 |
0 I I
After After After
0 L L MA  spheroidization spheroidization

(71-100 pm)  (45-71 um)
Particle size

b

Fig. 6. Nitrogen content in powders post plasma flow treatment («) and particle size-dependent nitrogen content variation (b)

1 — Fe—Cr—-Ni-Mn-Mo; 2 — Fe—Cr—Ni—-FeMnN-Mo; 3 —

Fe~Cr,N-Ni-Mn-Mo; 4 — Fe-FeCrN-Ni-Mn-Mo;

5 — Fe—~0.5Cr-0.5Cr,N)-Ni-Mn-Mo; 6 — Fe—~(0.5Cr-0.5FeCrN)-Ni-Mn-Mo

Puc. 6. Coneprkanue a30Ta B OPOIIKaX MOcie 00paboTKU B MOTOKE TIJIa3MEI (a)
1 3aBHCUMOCTH COJIEpKaHM a30Ta OT pasMepa gactull (b)
1 — Fe-Cr-Ni-Mn-Mo; 2 — Fe-Cr-Ni-FeMnN-Mo; 3 — Fe-Cr,N-Ni-Mn-Mo; 4 — Fe-FeCrN-Ni-Mn-Mo;
5 —Fe—~0,5Cr-0,5Cr,N)-Ni-Mn-Mo; 6 — Fe—(0,5Cr-0,5FeCrN)-Ni-Mn-Mo
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in the alloy elevates. The phase composition of the pow-
ders subsequent to plasma spheroidization aligns with
the results derived from the calculated state diagrams,
indicating that the powders are in a quenched state.

The investigation revealed that a portion of nitrogen
is lost from the alloy during spheroidization in plasma.
Post-spheroidization, in argon-hydrogen plasma,
the nitrogen content ranges between 0.01 to 1.0 wt. %,
showcasing a decrease by 50-75% (Fig. 6, a).
Conversely, in argon-nitrogen plasma, the nitrogen
content experiences a maximum reduction of 40 %.
The use of argon-nitrogen plasma leads to the cham-
ber atmosphere becoming saturated with molecular
(N;) and atomic (N¥) nitrogen ions. This occurrence
arises from the excitation of electronic states within
molecules by oscillating electrons in the flow of high-
temperature argon plasma, followed by the subsequent
decomposition of excited molecules. Consequently, this
saturation contributes to an increased limit concentra-
tion of nitrogen within the melt during crystallization.
Additionally, it slows down the release of nitrogen
from the melt and aids in plasma-chemical nitriding
processes. The variance in nitrogen content concern-
ing the fractional composition of the powder mixture
can be attributed to diffusion processes. Specifically,
it involves the differential distance of nitrogen dif-
fusion from the powder particle to its surface during
spheroidization when the powder transforms into metal
droplets. Furthermore, differences in the temperature
of molten metal droplets play a role in this varia-
tion. Therefore, particles with smaller diameters tend
to exhibit a lower mass fraction of nitrogen compared
to particles with larger diameters. Regarding residual
nitrogen amounts, the investigation found 0.54 wt. %
in the powder fraction of 71-100 um and 0.39 wt. %
in the powder ranging from 45-71 pm. This is in con-
trast to the initial alloy’s nitrogen content, which was
approximately ~0.9 wt. % (Fig. 6, b).

In the process of spheroidization, when hydrogen
is introduced into the plasma-forming gas, oxides are
reduced, resulting in a decrease in the oxygen content
to levels lower than 0.1 wt. % across all compositions.
Conversely, during spheroidization in argon-nitrogen
plasma, the reduction in oxygen content occurs pri-
marily due to the evaporation of the oxide phase from
the surface of molten particles, followed by subsequent
condensation into submicron particles. Chemical analy-
sis revealed that the oxygen content in the powders
produced via spheroidization in argon-nitrogen plasma
ranges between 0.2 and 0.3 wt. %.

The testing of the obtained powders in the SLM
unit resulted in the formation of compact alloys show-
casing a minimum porosity of 0.8 % (as depicted in
Fig. 7). Notably, an increase in the initial powder’s

nitrogen content correlates with a rise in the minimum
alloy porosity, reaching up to 11.5 %. During the SLM
process, the nitrogen content in the alloy ranges from
0.13 to 0.44 wt. %, exceeding the nitrogen concen-
tration limit during crystallization by twofold. This
excess in nitrogen concentration prompts a challenge
in steel solidification, where nitrogen release occurs
into the gas phase, leading to the formation of nitrogen
bubbles and subsequent porosity within the material.
Throughout solidification, there’s a continual altera-
tion in the composition of the liquid and solid phases,
contingent upon variations in temperature and the quan-
tity of the liquid phase. Moreover, the local solubility
of nitrogen in the residual liquid phase experiences
changes, depending on the type of crystallization (aus-
tenitic, ferritic, or mixed) and the proportion of phase
quantities. Ensuring compliance with a specific condi-
tion throughout the entire solidification duration is cru-
cial for obtaining a dense ingot [45]:

NI 7 < [N, oq py»

where [N]. is the nitrogen content in the residual liquid
at temperature 75 [N] is the equilibrium nitrogen
content in the liquid metal at the same temperature 7
and under the total pressure in the system.
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Fig. 7. Relative porosity of alloys fabricated
via selective laser melting at various energy density levels
I —Fe~0.5Cr-0.5Cr,N)-Ni-Mn-Mo
2 — Fe-Cr,)N-Ni-Mn-Mo
3 — Fe—~(0.5Cr—0.5FeCrN)-Ni-Mn—Mo
4 — Fe-FeCrN-Ni-Mn-Mo

Puc. 7. OtHOCHTEIbHASI TOPUCTOCTD CILTABOB,
TIOTyYEHHBIX METOJOM CEIEKTHBHOTO JIA3€PHOTO IIABICHUS
C Pa3HOM IJIOTHOCTHIO SHEPTUU
[~ Fe~(0,5Cr-0,5Cr,N)-Ni-Mn-Mo
2 — Fe~Cr,N-Ni-Mn-Mo
3 —Fe—(0,5Cr—0,5FeCrN)-Ni-Mn—Mo
4 — Fe-FeCrN-Ni-Mn-Mo
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Fig. 8. Component distribution in Fe-FeCrN-Ni-Mn—Mo composition after SLM

Puc. 8. Pactipenenenne komnonenToB B komnosuuuu Fe—FeCrN-Ni—-Mn-Mo nocnie CJIIT

As noted above, the limit concentration of nitrogen
during crystallization of the studied alloy does not exceed
0.2 wt. %. The actual nitrogen content in the liquid
phase during printing is greater than its equilibrium
solubility, the pressure in the chamber being 1 atm, so
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Fig. 9. Stretching diagram of alloys
fabricated via SLM method
Test temperature: @ — 20 °C; b — 500 °C
I —Fe—0.5Cr-0.5Cr,N)-Ni-Mn-Mo; 2 — Fe-Cr,N-Ni-Mn-Mo
3 —Fe—~(0.5Cr—0.5FeCrN)-Ni-Mn—Mo; 4 — Fe-FeCrN-Ni-Mn-Mo

Puc. 9. luarpamma pacTsoKEeHHs CIUIABOB,
nony4eHHbIX Metogom CJIIT

Temneparypa ucnsitanuii: a —20 °C; b — 500 °C
1 - Fe—~0,5Cr-0,5Cr,N)-Ni-Mn-Mo; 2 — Fe-Cr,N-Ni-Mn-Mo
3 —Fe—(0,5Cr-0,5FeCrN)-Ni-Mn—Mo; 4 — Fe-FeCrN-Ni-Mn-Mo
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nitrogen is released in the gaseous state. It is worth not-
ing that the porosity of alloys obtained from powders in
which nitrogenized ferrochrome was used as the source
of nitrogen is higher than that of alloys with chromium
nitride, which is due to the higher decomposition tem-
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Fig. 10. Stretching diagram of alloys
fabricated via SLM method followed by HIP
Test temperature: a — 20 °C; 6 — 500 °C
1 —Fe~0.5Cr-0.5Cr,N)-Ni-Mn-Mo; 2 — Fe-Cr,N-Ni-Mn-Mo
3 —Fe—(0.5Cr—0.5FeCrN)-Ni-Mn—Mo; 4 — Fe-FeCrN-Ni—-Mn-Mo

Puc. 10. lnarpamma pacTshKeHUS CIUIABOB,
nony4eHHbIX MetogoM CJIIT ¢ mocnenyromum ['UIT
Temneparypa ucnsitTanuii: a — 20 °C; 6 — 500 °C
1 - Fe—~0,5Cr-0,5Cr,N)-Ni-Mn-Mo; 2 — Fe~Cr,N-Ni-Mn-Mo
3 —Fe—(0,5Cr-0,5FeCrN)-Ni-Mn—Mo; 4 — Fe-FeCrN-Ni—-Mn-Mo
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Table 3. Mechanical properties of alloys fabricated via SLM method

Tabnuuya 3. Mexannuyeckue cBOiiCTBa CIJIABOB, MoJy4eHHbIX MeTogom CJIII

SLM SLM and HIP
.. 20 °C 500 °C 20 °C 500 °C

Composition

G20 | Ou 8, | S92 | Op 8, | Opp | Oy 8, | S92 | Op 5,

MPa | MPa| % | MPa | MPa| % | MPa | MPa| % | MPa | MPa | %

Fe-Cr,N-Ni-Mn-Mo 730 | 780 | 5.5 | 480 | 560 5 620 | 840 | 16.0 | 400 | 560 | 8.2

Fe-FeCrN-Ni-Mn-Mo - 980 - 600 | 820 4 800 | 1070 | 1.2 | 600 | 830 | 1.4

Fe—(0.5Cr—0.5Cr,N)-Ni-Mn-Mo 700 | 790 | 12.0 | 430 | 610 10 | 610 | 780 | 21.0 | 370 | 460 | 4.0

Fe—(0.5Cr—0.5FeCrN)-Ni-Mn-Mo | 960 | 1100 | 10.5 | 560 | 800 9 770 | 890 | 16.0 | 530 | 620 | 8.5
15X16H2AM

(According to TS14-1-1431-75) 740 | 935 | 14.0 | 540 | 640 — 740 | 935 | 14.0 | 540 | 640 -

perature of the latter. Further investigation into the dis-
tribution of elements revealed that the alloying elements
exhibit an even distribution across the cross-sections
of the alloys (Fig. 8).

The obtained alloys underwent heat treatment fol-
lowing this procedure: quenching from a temperature
of 1040 + 10 °C in oil, followed by tempering within
the range of 640 to 680 °C for 2 h. Mechanical tests
conducted at room temperature and at 500 °C revealed
(Fig. 9 and Table 3) that the alloys produced via
the SLM technology did not meet the specifications’
requirements for the Fel6Cr2.2Ni0.6Mnl.1Mo0.IN
alloy due to excessive porosity, resulting in inadequate
relative elongation. In order to mitigate the porosity
issue, the alloys underwent hot isostatic pressing (HIP)
at 1160 °C and a pressure of 150 MPa for 3 h. Following
HIP treatment, the porosity in the alloys was success-
fully reduced to not exceeding 0.2 %, consequently
enhancing the material’s ductility at room temperature
(Fig. 10, Table 3).

The heat treatment applied to the SLM alloys fol-
lowed the standard mode specified in the TS for
Fel6Cr2.2Ni0.6Mn1.1Mo0.1N steel. However, due
to variations in carbon content between the synthesized
alloy and the Fe16Cr2.2Ni0.6Mn1.1Mo0.IN steel com-
position (TS14-1-1431-75), the heat treatment methods
as outlined in TS do not yield the most optimal prop-
erties for the synthesized alloy. Consequently, adjust-
ments in the heat treatment modes are required, which
will be the focus of future research.

Conclusion

The study revealed that during the initial stages
of the MA process, regardless of the method of nitro-
gen introduction, the dissolution of alloying elements
in all investigated systems follows a general pattern,
forming a layered composite structure. When nitro-

gen is introduced as chromium nitride (Cr,N), it is not
fully dissolved in the iron lattice; instead, it distributes
evenly throughout the volume as submicron inclusions.
The stability of chromium nitride as a chemical com-
pound might prevent its complete decomposition and
dissolution due to the insufficient energy flow during
the MA process.

By employing various nitrogen-containing initial
components in the MA process, nitrogen up to 2.5 wt. %
can be introduced, whereas the crystallization limit con-
centration remains <0.2 wt. %. Consequently, the degree
of nitrogen assimilation reaches approximately 90 %.
The increase in nitrogen content in the alloy correlates
with a higher proportion of powder particles <45 um
in size. This is attributed to significant distortions in
the crystal lattice caused by submicron nitride inclu-
sions, resulting in crack formation and subsequent
material disintegration.

During spheroidization in argon-hydrogen plasma,
there is a reduction in nitrogen content by 50-75 %
from its initial levels, while spheroidization in argon-
nitrogen plasma leads to a decrease in nitrogen con-
tent by no more than 40 %. Synthesis of powders with
a spherical shape and nitrogen content up to 1.2 wt. %
was demonstrated, depending on the method of nitro-
gen introduction in the MA process and the composi-
tion of the plasma-forming gas.

The investigation delved into the impact of SLM
process parameters on nitrogen content in alloys, their
porosity, and mechanical properties. As the nitrogen
amount in the alloy increases, the minimum poros-
ity escalates to 11.5 %. Nitrogen content in the alloy
obtained by SLM ranges from 0.13 to 0.44 wt. %,
which surpasses the nitrogen concentration limit
during crystallization twice. Mechanical tests affirmed
that the alloys produced via selective laser melting
exhibit comparable characteristics to those obtained
using traditional metallurgical methods.
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