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Evolution of the structural-phase state
of steel swarf during its processing
into a powdered product

E. N. Korosteleva®> 2=, 1. O. Nikolaev!

nstitute of Strength Physics and Materials Science, Siberian Branch of the Russian Academy of Sciences
2/4 Akademicheskii Prosp., 634055 Tomsk, Russia
2 National Research Tomsk Polytechnic University
30 Lenina Prosp., Tomsk 634050, Russia

&) elenak@ispms.ru

Abstract. Industrial waste recycling is not only linked to significant environmental challenges but also to the recovery of material
resources. Typically, these recovered materials are reused within the same technological niche where the waste was generated, often
through remelting or adding them to the charge. This study presents an alternative approach that enables the production of a functional
powder product from steel swarf during the recycling process, which can subsequently be utilized in the creation of powder metal
matrix composites. The initial structure of the swarf, following the turning of a steel billet, was examined using scanning electron
microscopy (SEM) and X-ray diffraction (XRD) analysis after a processing complex involving additional oxidation and grinding.
This analysis aimed to assess the degree of transformation in the structural-phase state of the steel swarf during its processing. It was
observed that the swarf post-turning exhibited a complex morphological structure with an uneven distribution of oxygen and carbon.
The oxygen present in the initial state of the swarf was insufficient to form a noticeable volume of oxides detectable by X-ray diffrac-
tion. However, SEM revealed individual oxide inclusions, each no more than 5 um in size, located sporadically. Additional oxida-
tion followed by grinding in a vibrating mill altered the structure of the steel swarf, increasing the volume fraction of oxide phases.
The study’s findings indicate that the resulting powder from recycled steel swarf is essentially a metal matrix composite with oxide
inclusions based on an iron matrix, which holds potential for various future powder technologies.

Keywords: steel swarf, grinding, oxidation, structure, iron oxides, composite powders, sintering

Acknowledgements: This research was funded by a grant from the Russian Science Foundation and a subsidy from the Administration
of the Tomsk Region, No. 22-1320031, https://rscf.ru/project/22-13-20031/
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SBoNOUMA CTPYKTYPHO-Pa30BOro COCTOAHUSA
CTaNlbHOM CTPYXXKM B NpoLlecce ee nepepabotku
B NOPOLWKOO6pasHbIN NPOAYKT
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AHHOTauHﬂ. VTunuzamuss 0TX0I0B IIPOMBIIIUICHHOI'O IMPOU3BOACTBA CBfA3dHA HE TOJIBKO C PCHICHUEM OHSKOJOIMYCCKUX HpOGJICM,

HO U C TIOBTOPHBIM HCIIONB30BaHHEM MaTepHAIbHBIX pecypcoB. Yamie BCEero BO3BpallaeMble B MIPOM3BOACTBO MaTepHaIbHBIC
pecypchl CTaparoTCsl IPUMEHUTH B TOH K€ TEXHOJOTHUECKON HHIIE, Iie (POPMHPOBAIHNCH CAMU OTXOJBI, Yepe3 MX IEpEIlIaBKy
w nobaBieHue B IUXTy. B maHHOM paboTe mpeyiaracTcst albTepHATUBHBINA ITOAXOM, MTO3BOJLIONINI IPH YTHIM3AMH CTATbHON
CTPY>KKH TIOTy4aTh ()yHKIIMOHAIBHBII ITOPOIIKOBBIHA IPOIYKT, KOTOPBIH MOXKHO B JaJIbHEHIIIEM HCIIONIB30BATh IIPH CO3AaHHUH TIOPOIII-
KOBBIX METAJUIOMATPUYHBIX KOMITO3UTOB. C MOMOIIBIO PACTPOBOH IEKTPOHHOH MHKPOCKOIINY U PEHTTeHO(}A30BOr0 aHaIn3a Obu1a
HCCIIEI0OBAaHA CTPYKTYpa CTPYXKKH B HCXOJHOM COCTOSTHUH (TIOCTIE TOKapHOU 00pabOTKHU 3arOTOBKH 13 CTalM 45) M MOCe JOMOJIHH-
TEJILHOTO KOMITIEKCa 00pabOTKY (OKHUCIICHUS U N3METBUCHHS) C IENbI0 OLIEHKH CTeTICHN TPaHC(OpMAINH ee CTPYKTypPHO-(Ha30BOTo
COCTOSIHUSA B TIporiecce nepepadorku. [lokazaHo, 4To cTpyXKKa Mocie TOKapHOH 00pabOTKH UMEET CIIOXKHBIN MOP(HOIOTHYECKUI BU]
C HEOIHOPOAHBIM PacCIpeAeIeHreM KHUCIOpOoa U yrieposa. PacTpoBast »IeKTpOHHAs MUKPOCKOIHS HCXOHOTO COCTOSIHUS CTPY>KKH
MI03BOJIMIIA BBISIBUTH OT/ICIBbHBIC BKIIOUEHHUS OKCHIOB pazMepaMu He 0oj1ee 5 MKM B YAaJeHHBIX JPYT OT ApYra JOKaJIbHBIX MECTax.
OnHako HEOOBIION COBOKYIHBINH 00beM M MHAMBHAYAIbHBIA pa3Mep OKCHIHBIX BKIIOUCHUH 3aTPyAHIIN HICHTH(OUKAIMIO STHX
(a3 ¢ MOMOIIBIO PEHTTEHOAU(PPAKIIMOHHOTO METOAA. JIONOIHUTETbHOE OKUCIICHHE C MTOCICAYIONINM H3MEIbUCHUEM B BHOPOMETb-
HUIE TPAaHC(HOPMHUPYET CTPYKTYPy CTAIBHOH CTPYXKKH, IOBBIIIAs OOBEMHYIO JOTIO OKCHIHBIX (ha3. Pe3ynbraTel MpOBEJEHHBIX
HCCIIeI0BAaHNH OKa3aJIH, YTO TTOIYYEHHBIN MOPOIIOK U3 epepaboTaHHOM TakKuM 00pa30M CTaIbHON CTPYKKHU MPEACTABIACT COO0H
(haKTUUECKH METaTIOMaTPUIHBIH KOMITO3UTHBIH MaTepHa ¢ OKCHIHBIMH BKIIFOYCHHSMH Ha OCHOBE XKEJIE€3HOH MAaTPHIIBI, KOTOPBII

MOYKHO HCITOJIb30BaTh B JaJIbHEHUIIIEM B Pa3HbIX NOPOIIKOBBIX TEXHOJIOI'UAX.
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Introduction

In the framework of resource efficiency and waste
utilization strategies, powder metallurgy technologies
are highly preferable. This is particularly evident in
the recycling of metallic waste within the engineering
sector [1-3]. Metal processing on various machines
contributes significantly to the total volume of manu-
facturing waste. Regardless of the processing type
and tools used, metal swarf is always produced when
manufacturing any part and is often recycled as metal
scrap in metallurgical processes [2; 3; 5-7].

Traditionally, metalworking waste is reused either
in remelting processes or as a charge for bulk powder
blanks and coatings [1; 2; 4—13]. The range of materials
studied is broad, encompassing traditional steels, cast
irons [5; 6], non-ferrous metals, and alloys [13-15].
Typically, the first stage of recycling metalworking

waste involves cleaning it of impurities and contami-
nants [16—19]. These primarily include organic contam-
inants from various lubricating-cooling fluids (LCF)
and excess oxygen from oxidation processes during
machine processing and waste storage [16]. However,
these “harmful” impurities and contaminants can be
sources of additional elements for forming a functional
multicomponent structure in the recycled waste, ulti-
mately transforming it into a powder form.

Several factors motivate this task. First, the swarf
structure differs from the original metal billet due
to the defect structure formed during cutting [20].
Second, processing modes and environments, inclu-
ding coolant use and oxidation processes, significantly
influence it. Third, the swarf is a sufficiently activated
material that can undergo additional processing, includ-
ing oxidation and crushing, to convert it into a powder
form [19; 21; 22].
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Considering waste from processing steel billets,
the resulting swarf can serve as a convenient raw mate-
rial for preparing powder compositions with a specific
combination of components. For example, excess
oxygen and oxidation products in the waste from
processing steel billets can form oxide inclusions in
the steel matrix. The proposed combination of compo-
nents (Fe + Fe,O, + Fe,O, + FeO) can act as a precur-
sor for further use in other multicomponent powder
compositions [21-23]. The oxide phases formed after
processing steel swarf, along with the iron itself, can
actively interact with titanium, aluminum, or other ele-
ments [24; 25], creating prospects for developing new
metal-matrix composites. Converting steel swarf frag-
ments into powder with a specific phase composition,
morphology, and particle dispersion for further use in
powder mixtures is essential.

Various methods can grind steel swarf, including
electro-physical [8] or simple mechanical methods [19].
Depending on the intended application of the powder
blanks, the technological parameters of crushing are
determined to obtain powder particles of the required
sizes from the recycled waste. Mechanical grinding
using crushers or vibratory mills with steel balls is
most common [19; 21]. The swarf structure transforms
at each processing stage.

Unfortunately, there are currently few studies in
this area, making it challenging to predict the possible
evolution of the structural-phase state of metalwork-
ing waste for further use. If the products of process-
ing steel swarf are considered potential components in
powder mixtures, it is interesting to study the evolution
of the structure of steel swarf from the initial turning
process to converting it into powder form using addi-
tional oxidation and grinding. Such analysis is signifi-
cant in developing new composite materials with oxide
inclusions, which was the aim of this study.

Materials and methods

Steel billets made from carbon steel 45, the most
common alloy in engineering production, were used as
the research material. Its chemical composition accor-
ding to GOST 1050-2013 is as follows (wt. %):

C.ooooiii 0.42-0.50
Sio.o.o.oo.oo 0.17-0.37
Cu............. <0.25
As.....ooooL <0.08
Mn............. 0.50-0.80
Ni.o............ <0.25
P <0.035
Cro............ <0.25
S <0.04

Steel swarf was obtained at a machine-building
enterprise after the facing operation without using
lubricating-cooling fluids (LCF). Its general appear-
ance in the initial state, microstructure of its fragments
after etching with a 4 % aqueous solution of nitric
acid, phase composition, and surface morphology
after machining are shown in Fig. 1. It is worth noting
that the results of X-ray phase analysis of swarf from
steel 45 did not reveal lines of oxide phases, showing a
practically standard set of phases characteristic of this
grade of steel (Fig. 1, d), consistent with previous
results [26]. The size of swarf fragments after machin-
ing the steel billet was 3—7 mm in width and 10-30 mm
in length, necessitating grinding using a vibratory mill
designed by ISPMS SB RAS (Russia). Grinding was
carried out in an air environment for 10 hours with
steel balls of 15 mm diameter at a swarf-to-balls mass
ratio of 1:30.

Despite the machining conditions and associated
processes of temperature fluctuations, oxygen satura-
tion, and work hardening, the swarf remained ductile,
complicating the grinding process. Therefore, addi-
tional oxidation of the swarf fragments was employed,
increasing their brittleness and enabling the produc-
tion of powder with a wide range of particle disper-
sity — from 50 to 350 um. To assess the compressibility
and sinterability of the resulting powder, cylindrical
samples 10—13 mm high and 10 mm in diameter were
pressed and sintered in a vacuum furnace at tempera-
tures ranging

9=[1— Pemp j-lOO %,
ptheor

where Pemp is the actual density of the sample (g/cm?),
and p, . 1s the theoretical density calculated by
the additive method for powder particles from the recy-
cled steel swarf, assuming at least 30 vol. % oxide
phase and the remainder as a solid solution based on
iron corresponding to steel 45.

Since the quantitative values of the oxide fraction
are averaged, determining the exact theoretical density
is challenging. Therefore, to assess the pore content,
the quantitative metallography method was additio-
nally used. The structural-phase changes in the steel
swarf were investigated by comparing the results
of structural and elemental analyses and the morpho-
logy of its fragments in the initial state after turning
the steel billet and a set of subsequent actions — oxida-
tion, grinding, pressing, and vacuum sintering.

The studies were conducted using optical metal-
lography, X-ray phase analysis (XRD), and scanning
electron microscopy (SEM) with energy-dispersive
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Fig. 1. General appearance of steel swarf (a), microstructure of its fragments (b), SEM image
of one of the surface areas (c), and their phase composition (d) after machining

Puc. 1. O6uwmii Bu cTpyXKu u3 cranu 45 (a), Mukpoctpykrypa ee pparmentos (b), POM-uzobpaxenne
OJTHOTO M3 YYaCTKOB MOBEPXHOCTH (¢) 1 (ha30BbIi COCTaB Mociie MeTai000opadbotku (d)

microanalysis. These analyses were performed
using the equipment of the Tomsk Regional Shared-
Use Center of NR TSU and the Shared-Use Center
of ISPMS SB RAS. The specific equipment used
included: optical microscope AXIOVERT-200MAT
(Carl Zeiss, Germany), X-ray diffractometers
XRD (Shimadzu 6000, Japan) and DRON-8 (NPP
Burevestnik, Russia), and scanning electron micro-
scope MIRA 3LMU (TESCAN, Japan).

Results and discussion

The preliminary analysis of the steel swarf showed
that after machining without using lubricating-cooling
fluids (LCF), a highly defective structure formed on
its surface (Fig.2). Elemental analysis revealed an
uneven distribution of carbon and oxygen (Fig. 2, ¢, d).
The noticeable presence of oxygen on the swarf sur-
face suggests the formation of a certain volume of iron
oxides. However, the XRD analysis did not detect
oxide phases (Fig.1,d) in sufficient quantity for
identification.

It can be assumed that the oxidation processes dur-
ing initial machining primarily contribute to the forma-
tion of amorphous oxide films, which are not visible
to XRD, preventing the formation of iron oxide crys-
tallites in significant quantities. Scanning electron
microscopy at high magnification revealed individual
inclusions that can be attributed to iron oxides based
on the elemental distribution map in the local area
of the swarf surface (Fig. 3). However, their size and
quantity fall below the sensitivity threshold of the X-ray
diffractometer.

Since the steel swarf remained ductile after turn-
ing, and the oxide phase content was minimal, it was
decided to further oxidize the swarf fragments. This
aimed not only to increase the iron oxide content but
also to enhance the swarf’s brittleness. Thus, the oxida-
tion process would achieve two goals: effective swarf
grinding and increased iron oxide content. The simplest
methods for this were used: heating in air or soaking in
water followed by drying.

Despite the straightforward task of oxidizing car-
bon steel swarf, the specifics of iron oxidation must be

9
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Fig. 2. SEM image of the cut surface and elemental distribution maps of iron, oxygen, and carbon
in the steel swarf after processing the steel 45 billet

Puc. 2. POM-u300paskeHre NOBEPXHOCTH CPe3a U KapThl paclpeiesIeH s JKene3a, KUCIopo/ia U yriieposa
B CTaJILHOH CTpPYXKe Mocie 00paboTKK 3aroTOBKU U3 CTasu 45

considered. Iron forms several oxides: FeO, Fe,O, and
Fe,0,. The oxidation process also goes through seve-
ral stages, where one oxide can transform into another
under certain conditions or act as a barrier to its for-
mation. There are also specific temperature regimes

that predetermine the formation of a particular group
of oxides [27].

When heating steel swarf in a muffle furnace in air
up to 400 °C, XRD results showed that such thermal
treatment not only removed the work hardening from

? 1
Fe
Fe
z\‘ in Fe
2! CHM Al | JB A
2 e
= 2
Fe
Fe
C L L 1 1 1
0 2 4 6 8 10
E, keV

Fig. 3. SEM image (x10,000) and EDX spectral analysis results of local points on the surface of the steel swarf

1 — area corresponding to the iron oxide spectrum; 2 — area of the base material

Puc. 3. POM-u3o6paxenue (10 000) u pesynbrarsl ciekrpainbaoro ananmusa (OC)
JIOKAJIBHBIX TOYCK Ha TIOBEPXHOCTH CTATBHOMN CTPYIKKI

1 — 06nacThb, COOTBETCTBYIOLIAS CIIEKTPY OKCHA XKele3a; 2 — 001acTh OCHOBHOTO Marepuaa

10
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machining, which hindered grinding in the vibratory
mill but also formed carbide-containing phases based on
Fe,C, FeC, FeCO, or Fe(CO), (Fig. 4, a). Since the lines
of these phases were few and their intensity very weak,
correctly identifying these phases is challenging and
requires separate investigation. It is assumed that a mix-
ture of carbide or oxycarbide phases primarily formed
on the surface of the swarf fragments may be present.

The main goal of the experiment was to test dif-
ferent methods to increase the iron oxide content in
the steel swarf. Therefore, X-ray phase analysis focused
on identifying those oxides not detected by XRD after
thermal treatment.

Another oxidation method involved soaking
the swarf in water for at least 48 h. Wetting with
water followed by air drying at room temperature
allowed XRD to detect up to 30—40 vol. % iron oxides
within 48 h (Fig. 4, ¢). There remains a challenge

in distinguishing the phases of magnetite Fe,O, and
y-Fe,0; by X-ray diffraction, requiring further study.
Additionally, an option was explored to obtain pow-
dered fragments from swarf waste by precipitating
the suspension of ground steel 45 swarf products from
water after evaporation (Fig. 4, b).

After drying the aqueous solution, a fine powder
was obtained. Phase analysis revealed a complex con-
figuration of iron dihydroxycarbonate Fe,(OH),CO,
in the presence of iron oxides. Since this powder pro-
duct had a very complex composition (requiring sepa-
rate study) and the productivity of this method was sig-
nificantly lower than that of the conventional method
of soaking in water, drying, and subsequent grinding,
further research focused on the sifted powder from
the ground swarf after soaking in water.

Structural-phase and elemental analyses of the pre-
oxidized and ground swarf showed that during

A 1 a b
1—a-Fe 3 —Fe,0,/Fe,0,
2—Fe,C, FeC, 4 —Fe,(OH),CO,

FeCO, /Fe(CO);
2 z
£ 2
& 2
E E
1
2 2} II 1{\
I I I I I I I I I I I I I I
30 40 50 60 70 80 90 100 110 30 40 50 60 70 80 90 100 110
20, deg 20, deg
\ 1 c
1 -a-Fe
3 —Fe;0,/Fe,04
2
£
2
k=
3
] 1
3 3 N3 3 4 1
I I I I I I I
30 40 50 60 70 80 90 100 110;-
20, deg

Fig. 4. Phase composition (a—c) and general appearance (d) of metal ground steel 45 swarf

a — swarf after annealing in air in a muffle furnace at 400 °C;
b — precipitated suspension after evaporation from an aqueous solution with steel swarf;
c and d — swarf after soaking in water for 48 h and drying at room temperature

Puc. 4. ®azosslit cocta (a—c) 1 o0umii Bua (d) H3MEIIBYCHHON METAIUIHYECKON CTPYKKH U3 cTainu 45

a — CTPYKKH TI0CIIe OT)KUTA Ha BO3yXe B MydenbHol neun npu ¢ = 400 °C;
b — ocak/IeHHOH B3BECH MOCIIE UCIIAPEHUS U3 BOJHOTO PAaCTBOPA CO CTATIBHOU CTPYKKOMU;
¢ ¥ d — CTPYKKH [IOCJIE BBIICP)KKU B BOZIE B TeUeHHE 48 4 U CYIIKU IPU KOMHATHOW TeMIeparype
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the selected comprehensive treatment with oxidation
in water and intensive mechanical crushing, the frag-
ments of steel 45 swarf transform into a composite
metal matrix powder material (Fig. 5). The particles
consist of an o-Fe matrix, with iron oxides Fe,O, or
Fe, O, as inclusions. It is noteworthy that the oxide
phases primarily form on the surface of the ground
oxidized swarf fragments (Fig. 5, a), while the original
structure is preserved inside the particles.

The swarf fragmented into particles of a wide size
range — from large fragments (300-350 pm) to small
ones (2050 pm). The presence of a significant amount
of oxides (at least 30 vol. %) could pose challenges for
compacting the obtained powder. Therefore, samples
were pressed at a low pressure (350—400 MPa) without
adding any plasticizers to test this.

Despite the presence of oxides, the powder was
well-compacted, and under the selected pressing
load, the residual porosity of the samples was about
40 %. Subsequent vacuum sintering of the pressed
samples led to a reduction in porosity due to shrink-
age, the intensity of which increased with the sintering
temperature (see the Table).

Relative change in volume and porosity
of compacts from recycled steel swarf
after vacuum sintering

OTtHocuTe/IbHOE H3MeHeHHne 00beMa U MOPUCTOCTH
MPeCCOBOK U3 NMepepadoTaHHOM CTAJLHON CTPYKKH
nocJjie BAKYYyMHOIO CIIeKaHUS

Sintering o o
temperature, °C Bl % | B8, %
1000 5.9 4.2
1200 25.0 10.5

Despite the presence of oxides, the powder was
well-compacted, and under the selected pressing
load, the residual porosity of the samples was about
40 %. Subsequent vacuum sintering of the pressed
samples led to a reduction in porosity due to shrink-
age, the intensity of which increased with the sintering
temperature (see the Table). The structural-phase state
of the powder compact sintered at 1000 °C is shown
in Fig. 6. XRD results of the obtained compacts indi-
cated that the formed group of iron oxides Fe,O,/Fe,O,
transitions to monoxide FeO, with a-Fe being the pri-
mary phase (Fig. 6, a). The interparticle contact zones

Fig. 5. Metallographic (a) and SEM (b) image of crushed particles
of treated steel swarf with elemental distribution maps of iron and oxygen

Puc. 5. Meramnorpadudeckoe (a) u POM (b) nzoOpaskeHust ApOOICHBIX YaCTHIL
00paboTaHHOI CTaJbHOM CTPYKKH C KapTaMH PacHpEIeNICHHUs JKeIe3a U KUCIopo/a
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Fig. 6. Phase composition (a), microstructure (b) and elemental distribution maps of iron and oxygen
in the compact sintered at 1000 °C from recycled steel swarf powder

Puc. 6. DazoBblii cocTas (@), MEKPOCTPYKTYpa (b) M KapThl pacpeieNIeHusI Keie3a U KHCIopo/a
B criedeHHoH npu ¢ = 1000 °C mpeccoBke U3 NOpoIIKa epepaboTaHHO CTaIBHOMN CTPYKKH

are predominantly filled with oxide components, while
the main particle area is almost free of oxygen (Fig. 6).
This structural configuration hinders the sintering
of fragmented steel swarf particles due to the oxide-
containing periphery acting as a barrier. The oxygen-
rich extended regions in the recycled swarf powder
particles can potentially play an active role in contact
interactions with other powder components, such as
aluminum or titanium [24], and participate in accom-
panying reduction reactions or intermetallic synthesis,
which is a separate research topic. It is worth noting
that the structural-phase state formed in the recycled
steel swarf powder could be of interest for other pro-
spective uses [28; 29], especially where the presence
of iron oxides is relevant.

Conclusions

1. Steel swarf after turning operations on steel 45
billets exhibits specific structural features due
to the deformation and physicochemical processes
associated with machining. In its initial state, it de-
monstrates a structure with an uneven distribution
of carbon and oxygen, localized in certain areas as fine
inclusions within the steel matrix.

2. The XRD analysis of the swarf in its initial
state revealed a phase composition identical to that
of the steel 45 billet, with the swarf fragments remain-
ing ductile. Additional oxidation of the metalworking
waste in water promotes the growth of the oxide phase
and facilitates the grinding process of the swarf in
a vibratory mill, yielding particles sized 50-350 pm.

3. The analysis of the resulting powders from
the oxidized and ground steel 45 swarf in the vibra-
tory mill showed that the powder particles are a metal
matrix product with oxide inclusions predominantly
in the surface layers. Despite the presence of at least
30 vol. % iron oxides, the powder is well-pressed and
sintered, demonstrating volumetric shrinkage and
reduced porosity.

4. The elongated regions of oxide phases formed in
the ground swarf fragments are active structural inclu-
sions that can interact with additional powder compo-
nents containing other elements, such as aluminum or
titanium. This allows the investigated powder from
steel swarf to be considered a potential precursor or
oxide-containing component for producing multicom-
ponent metal matrix composites with an oxide phase,
utilizing waste from the machine-building industry.
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Experimental study of the feasibility
of producing materials based
on the metastable phase Ti,Fe through
explosive compaction and heat treatment

A. V. Krokhaleyv, V. O. Kharlamov®, D. R. Chernikov,
S. V. Kuzmin, V. I. Lysak

Volgograd State Technical University
28 Lenin Prosp., Volgograd 400005, Russia

&) harlamov_vo@mail.ru

Abstract. The primary regularities in the formation of the structure and phase composition of Fe-Ti system materials, which are
promising for hydrogen storage under explosive compaction of titanium and iron powder mixtures, are considered. It has been
established that under a loading regime ensuring shock-wave compression pressure P = 11.5 GPa and heating in the falling shock
wave to 777 °C, the powder mixture is compacted to an almost non-porous state due to the uniform plastic flow of particles
in a direction perpendicular to the direction of shock compression. Under more severe loading conditions (P = 12.5 GPa and
t =831 °C), a monolithic state is also achieved, but the deformation character of the powder mixture component particles changes
fundamentally: plastic deformation of the particles is localised in their surface layers and has a pronounced jet character with the
formation of specific “vortices”. The influence of the plastic deformation mechanism of powder particles on the formation process
of the metastable intermetallic phase Ti,Fe with increased hydrogen capacity has been discovered. It has been established that solid
layers of Ti,Fe up to 20 um thick are formed at the contact boundaries of iron and titanium particles only in the case of jet flows
of surface layers of particles. It has been shown that the cause of this effect is the local heating of the contact areas to a tempera-
ture above 1085 °C, which according to the phase diagram of the Ti—Fe system, is the minimum temperature for the existence
of a liquid phase in it. It has been demonstrated that an effective method for producing materials based on Ti,Fe is the combination
of explosive compaction of Fe and Ti powder mixtures and subsequent heat treatment with heating to 1100 °C (reactive sintering
in the presence of a liquid phase).

Keywords: explosive powder compaction, metastable intermetallic Ti,Fe, hydrogen capacity, heat treatment, reactive sintering in the
presence of a liquid phase
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OKcnepuMeHTalbHOe UccnefoBaHue
BO3MOXXHOCTM NMOJIyYeHUs MaTepuanoB
Ha ocHose MeTacTabunbHou ¢asbl Ti,Fe

C MOMOLLbIO B3PbIBHOIO NpeccoBaHus

n TepmMuueckomn obpabotku

A. B. Kpoxanes, B. O. Xapnamos “, [I. P. Yepuukos,
C. B. Kyspmun, B. I1. JIpicak

Boarorpaackuii rocyiapcTBeHHbIH TeXHHUECKUI YHUBEPCUTET
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AHHOTayms. PaccMOTpeHbI OCHOBHBIE 3aKOHOMEPHOCTH (hOPMUPOBaHMs CTPYKTYpHI U (pazoBoro cocrasa MarepuanoB cuctemsl Fe—Ti,

MEePCIICKTUBHBIX JJIsl XpaHEHHs BOJIOPO/A, IIPU YIUIOTHEHHH B3PBIBOM ITOPOIIKOBBIX CMECEH THTaHa M jKeje3a. YCTaHOBJICHO, Y4TO
IIPU HCIIOJB30BAaHUN PEKMMa Harpy)KeHHUs, 00eCIeUNBAIOIIEro JaBlIeHUe yrapHo-BoiHOBoro cxarus P =11,5TTla u pasorpes
B Majiarorieii ynapHoi Bosiue 10 777 °C, IPOUCXOIUT YIIOTHEHUE MTOPOIIKOBOM CMECH JI0 MPAKTUYECKU OECIIOPHCTOrO COCTOSIHUS
3a CYeT PaBHOMEPHOTO IJIACTUYECKOr0 PACTEKaHUsI YaCTHI[ B HAIIPABJICHUH, EPICHIUKYIISIPHOM HAIPABICHHIO YIApPHOTO CHKaTHsL.
[Tpu Gonee xectkom Harpyxkenun (P = 12,5 I'Tla u = 831 °C) Takxke JOCTUTAETCs] MOHOJIMTHOE COCTOSIHHE, HO XapakTep aedop-
MalUH 4aCTUIl KOMIIOHEHTOB ITOPOLIKOBOM CMECH NPHHIUITNAIBHO U3MEHSSTCS: IUIACTUYECKAs 1e()OpMaIlHsl YaCTHIL JIOKAIN3YeTCs
B UX ITOBEPXHOCTHBIX CJIOSX M MMEET SPKO BBIPQKCHHBII CTPYIHHBINA XapakTep ¢ 00pa3oBaHHEM CHEHH(DUUSCKHX «3aBUXPEHHI.
OOHapy>KeHO BIUSIHUE MEXaHM3Ma IUIACTUYECKOTo e opMUpPOBaHHS YaCTHI] IIOPOIIKA Ha IIPOIecC 00pa30BaHUsI METaCcTaOHIbHON
HMHTEPMETAIUTUIHOM (a3bl TizFe C MOBBILIEHHON BOJOPOAHON EMKOCTBIO. YCTaHOBIICHO, YTO CIIOUIHBIE IPOCIONKU TizFe TOJIIIUHOMN
110 20 MKM (hOPMUPYIOTCS Ha TPaHMI[AX KOHTAKTUPOBAHMS YAaCTHUII JKeJle3a M TUTaHa JIMIIb B CIIy4Yae pealn3alny CTpyHHBIX TeUeHUH
MIOBEPXHOCTHBIX CJIOEB YacTull. [Toka3aHo, YTO MPUYMHON MOTOOHOTO d(deKTa SBISETCS JOKAUIBHBIA PAa30rpeB MPUKOHTAKTHBIX
obacrteit 10 Temrnepatypsi Bbiie 1085 °C, siBnsiroliieiics, B COOTBETCTBHU C JHArpaMMOii cocTostHus cuctembl Ti—Fe, MUHUMaTbHOM
ISl CyIECTBOBAHHs B Hel xuiKoi (asbl. [Tokazano, 4To 3 PeKTHBHBIM METOIOM MOy YEHHs MaTepuanos Ha ocHose Ti,Fe aBnsercs
COBMeIIIEHHE B3PBIBHOTO IpeccoBanus cmecu nopouikos Fe u Ti u nocnenyromeit Tepmudeckoit 0opabotku ¢ Harpesom 10 1100 °C

(peakMOHHOE CIICKaHKe B IIPUCYTCTBUH KUAKON (a3bl).

Kniouesbie croBa: mpeccoBaHUe IOPOLIKOB B3PBIBOM, METaCTaOMIbHbIA MHTepMeTammua Ti,Fe, BonopoaHas eMKOCTb, TepMHUYECKas

00paboTKa, peaKIMOHHOE CIIEKaHHE B IIPUCYTCTBUHU XKUAKOH (a3bl

BnaropgapHocTy: VccreoBanne BoinoaHeHo npu GpuHancoBoii mogaepxke BonrI'TY B pamkax HayuHoro npoekra Ne 6/464-22.

Ana untuposanuns: Kpoxanes A.B., Xapmamos B.O., Yepnuxos /1.P., Kyzemun C.B., JIsicak B.J. DxcriepuMeHTansHOe HcCIenoBa-
HHE BO3MOKHOCTH MOJYYEHHS MATEPHAJIOB Ha OCHOBE METacTaOMIbHO# (pa3bl Ti,Fe ¢ MOMOIIBIO B3pEIBHOTO IPECCOBAHMS H TEPMHU-
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Introduction

The development of hydrogen energy imposes ever-
increasing demands on hydrogen storage systems [1].
One of the most promising and safe methods for hydro-
gen storage is the use of hydride-forming intermetal-
lics [2]. For example, the volumetric density of hydro-
gen in hydrides based on intermetallics ranges from
approximately 60 to 100 kg/m?, whereas in the gaseous
state, even at a pressure of 400 bar, it is only about
20 kg/m® [3]. Such high values of hydrogen capa-
city enable the creation of anode materials for metal
hydride batteries with a discharge capacity reaching
400 mA-h/g [1].

In addition to the currently most widespread inter-
metallic LaNi,, one of the most attractive materials for
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hydrogen storage is the intermetallic TiFe, which is
characterized by low cost and the ability to operate at
low pressures and ambient temperatures [1].

Currently, many researchers [4-11] are focused
on studying the possibility of solving the “activation”
problem of this material [12—15]. The issue is that
TiFe is very sensitive to air and forms a passivating
layer that prevents hydrogen absorption. The classical
activation method involves heat treatment, which con-
sists of cyclic exposure to elevated and room tempera-
tures at high hydrogen pressure [16]. However, other
methods are now considered more promising, such
as mechanical treatment (ball milling, cold rolling,
high-pressure torsion) [8; 17-20], the use of increased
(compared to stoichiometric) Ti content [5; 9], and
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the addition of alloying elements such as Mn, Cr, Zr, Y,
etc. [6; 10; 21-23].

When using an excess of Ti and alloying, it was
found [5; 6; 9; 10; 21-23] that in addition to TiFe,
a solid solution based on B-Ti (referred to in some
works as the BCC phase or Ti,Fe phase) and the inter-
metallic Ti,Fe appear in the structure of the material,
which act as a kind of “gate” for hydrogen [6-8].
Several studies [4; 5; 9-11] also note a general increase
in the hydrogen capacity of materials during primary
hydriding, indicating hydrogen absorption not only
by the main TiFe phase but also by the secondary B-Ti
and Ti,Fe phases. Statistical analysis of data obtained
by various authors for three-phase materials based
on TiFe, which do not require activation and contain
excess amounts of Ti and/or Mn and Zr, showed that
their hydrogen capacity during primary hydriding
follows the law of additivity and can be described
by the equation [24; 25]

H = 0.01537[TiFe] +0.03213[Ti,Fe] +
+0.03847[Ti,Fe],

where H is the hydrogen capacity of the material,
wt. %; [TiFe], [Ti,Fe], and [Ti,Fe] — are the contents
of the respective phases, wt. %.

As follows from the given equation, the hydro-
gen capacity of the TiFe phase in the multiphase
TiFe-Ti,Fe-Ti,Fe material is about 1.54 wt. % H
(which is quite close to the experimental value
of 1.70-1.85 wt. % H for the TiFeH hydride given
in [10]), the capacity of the BCC solid solution Ti,Fe
is 3.85 wt. % H (slightly exceeding the known capa-
city of 3.7 wt. % H for the Ti,FeH, hydride [9]), and
the capacity of Ti,Fe is about 3.21 wt. % H (also slightly
higher than the theoretical estimate of 3.09 wt. % H
for the Ti,FeH, ., hydride given in [9]). It is interes-
ting to note that in the presence of secondary B-Ti and
Ti,Fe phases, the main TiFe phase apparently does not
form the TiFeH, hydride with the maximum possible
capacity of 1.8-1.98 wt. % H [10], which is more than
compensated by the contribution of B-Ti and Ti,Fe.

Another important fact from the statistical analy-
sis [24; 25] and consistent with the conclusions of [9]
is that increasing the content of B-Ti in Ti and Fe-based
materials reduces their reversible hydrogen capacity,
indicating that the saturation of this phase with hydro-
gen is irreversible. The ability of the intermetallic Ti, Fe
to release stored hydrogen depends on the content
of alloying elements: in their absence or with a small
amount of Mn, hydrogen saturation is reversible [25],
but with Zr alloying, ensuring maximum Ti,Fe content
in the material’s structure, it is irreversible [9; 25]. This

leads to the conclusion that the most promising way
to improve Ti—Fe system materials, capable of dou-
bling their reversible hydrogen capacity, is to increase
the Ti,Fe content in their structure without using alloy-
ing. However, known attempts to solve this problem,
based on melting the components followed by annea-
ling [16; 26; 27], have failed [5].

This work explores the possibility of using explo-
sive compaction of iron and titanium powder mixtures
for this purpose. The starting point for choosing this
method was the well-known fact of frequent interme-
tallic formation during explosion welding of steels and
titanium alloys [28; 29], as well as the fact that during
explosive compaction of powders and explosion wel-
ding, the area of intense plastic deformation on the sur-
face of the joined components forms similarly [30; 31].
Using powder significantly increases the surface area
in the material volume and reduces the effective diffu-
sion paths of elements during interfacial interactions.

Materials and methods

To produce the materials, titanium powder
grade PTM-1 and PZhV powder with particle sizes
up to 200 pm from a commercial supplier in as-received
condition were used. The Ti powder particles had
a spongy shape, while the Fe particles were rounded
with a pronounced polycrystalline structure (Fig. 1, a).
The component content in the powder mixture was
36 wt. % Fe and 64 wt. % Ti, which is nearly stoichio-
metric for Ti,Fe (see Fig. 1, b) and ensures equal volu-
metric content of Fe and Ti in the mixture.

Explosive compaction was performed by placing
the initial powder mixture on the surface of a steel
substrate and loading it with a flat, normally incident
detonation wave through an intermediate layer separat-
ing the detonation products from the powder (Fig. 2).
The calculation of the physical compression param-
eters implemented in the experiments was performed
using the (P, U)-diagram method [33]. The calculation
results are presented in the Table.

The phase composition, structure, and chemical
composition of the phases of the obtained samples
were investigated by X-ray phase analysis using a D8
Advance X-ray diffractometer (Bruker Optik GmbH,
Germany) and scanning electron microscopy using
a Versa 3D microscope (FEI, Czech Republic) with an
integrated Apollo-X energy-dispersive X-ray micro-
analysis system (EDAX, USA).

Experimental results

The study of the materials obtained through explo-
sive compaction showed that using this method,
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Fig. 1. View of Fe and Ti particles in the
initial powder mixture (a) and phase equilibrium diagram (b)
in the Fe—Ti system [32]
Puc. 1. Bux yactun Fe u Ti B cX0HOM NOPOIIKOBOI cMecH (a)

u nmuarpamma (b) cTabuIbpHOTO (Ha30BOTO PAaBHOBECHS
B cucteme Fe—Ti [32]

which ensures a shock-wave compression pres-
sure of P=11.5GPa and a heating temperature
up to 777 °C, the powder mixture is compacted into an
almost monolithic material (Fig. 3, @). In this process,
the deformation of the particles occurs due to uni-

Fig. 2. Scheme of explosive loading [33]
I — electric detonator; 2 — detonating cord; 3 — explosive charge;
4 — intermediate gasket; 5§ — powder; 6 — substrate; 7 — sand pad
Puc. 2. Cxema B3pBIBHOTO Harpyxenus [33]

1 — 5IEeKTPOAETOHATOP; 2 — NETOHUPYIOLIHUH LIHYP;
3 — 3apsiJ] B3pHIBYATOTO BELIECTBA; 4 — IPOMEKYTOUHAS TIPOKIIAIKa;
5 — nopomIOK; 6 — MOAJTIOXKKA; 7 — ecUaHas MoayIKa

form plastic flow, resulting in noticeable flattening
in the direction of shock compression and spreading
in the transverse direction. No traces of changes in
the initial phase composition were detected (Fig. 3, ¢).
Even in the immediate vicinity of the interfacial bound-
aries, the chemical composition of the phases remained
practically unchanged (Fig. 3, b).

Under more severe shock-wave compression con-
ditions (P = 12.5 GPa and 7 = 831 °C) the deformation
character of the component particles of the powder
mixture changes fundamentally. Plastic deformation
localizes in their surface layers and exhibits a pro-
nounced jet character with the formation of specific
“vortices,” as described in detail in [33; 35].

At the interfacial surfaces, solid layers up to 20 um
thick of an intermetallic compound (Fig. 4, b) are
formed, which, based on its chemical composition
(Fig. 4, ¢) and crystalline structure (Fig. 4, d), can be
identified as the metastable phase Ti,Fe.

Detailed examination of the microstructure in
the interaction zone of the original powder mixture
components indicates its chemical heterogeneity,
expressed as periodic (with a period of 1.5-2.0 pm)
composition oscillations of the intermetallic compound
(Fig. 4, d) The deviation from the average stoichiomet-
ric ratio of components reaches up to 7 %.

Parameters of shock-wave compression of powder mixture

HapaMeTle YAapHO-BOJIHOBOI'O CKATHUA IIOpOlIIKOBOﬁ CcMecH

Charge Powder layer Gasket Detonation velocity | Powder heating ISR i
i i i : o reflected
height, mm | height, mm | thickness,mm | of explosive, km/s | temperature, °C
waves, GPa
70 777 1.5
7.0 15 42
85 831 125
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Fig. 3. Structure (a), chemical composition (b), and phase composition (c) of materials

obtained under loading conditions: t =777 °C, P=11.5 GPa

Puc. 3. Crpykrypa (a), xumuueckuii (b) u $as3oBslii (¢) cocTaBbl MaTepHaIIOB,
[OJIy4EHHbIX B pesxuMe Harpyxkenus: t =777 °C, P=11,5ITla
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Fig. 4. Structure (a, b), chemical composition (¢, d) and phase (e) composition of materials
obtained under loading conditions: = 831 °C, P =12.5 GPa

Puc. 4. Crpyxkrypa (a, b), xumudeckuii (¢, d) n $ha3oBblii (€) COCTaBbI MaTEePHAIIOB,
MIOTyYeHHBIX B peXkuMe Harpyxenus: ¢ = 831 °C, P=12,5TTla



DM v on

W3BECTUA BY30B

W3BECTUA BY30OB. [TOPOLIKOBAA METANINIYPTUA U GYHKLLIMOHANBHBIE MOKPbITUA. 2024;18(4):17-25
Kpoxanes A.B., Xapsamog B.O. u dp. IKcriepumeHTanbHOe UcCef0BaHNe BO3MOXKHOCTU MONYYEHUA MAaTePUasos ...

Results and discussion

The data obtained from the conducted studies
indicate that the mechanism of plastic deformation
of titanium and iron particles during explosive com-
paction significantly influences the process of forming
the metastable phase Ti,Fe. Several hypotheses can be
suggested about the nature of this influence. The most
plausible hypothesis is that the intermetallic compound
forms when a liquid phase is generated in the material
during shock-wave treatment. This assertion is prima-
rily supported by the experience of explosive welding
of titanium alloys and steels [28; 29; 36].

Given that the contact melting temperature in the
Ti—Fe system is low, at 1085 °C according to the phase
diagram (see Fig. 1), achieving this temperature at par-
ticle boundaries during explosive compaction under
conditions ensuring an average calculated heating tem-
perature of 831 °C, combined with jet flows of metal
and extreme temperature field heterogeneity, is quite
likely. The heterogeneity of the formed intermetal-
lic layer in this case could be a result of the simulta-
neous growth of its grains from a considerable number
of crystallization centers within the liquid phase under
rapid cooling due to heat dissipation into the “cold”
areas of the structure and the metal substrate.

XY 8

To test the proposed hypothesis, compacts obtained
under loading conditions ensuring uniform plastic flow
of the material particles without intermetallic phases
were heated to 1100 °C in a vacuum with a holding
time of 1 h, followed by cooling in an argon flow.
As a result, the initial components of the compacts
fully reacted with each other, forming a structure con-
sisting of the intermetallic compounds TiFe and Ti,Fe
(Fig. 5, a, b).

The associated impurity elements — carbon, oxy-
gen, and nitrogen — were bound in titanium oxycarbo-
nitrides (Fig. 5, ¢). Through coagulation and coales-
cence in the liquid phase, these formed relatively large
inclusions that were uniformly distributed throughout
the material (Fig. 5, a, b). The incorporation of part
of the Ti into these inclusions appears to be the main
reason why the TiFe intermetallic phase formed in
addition to the Ti,Fe phase in the material’s structure.
Addressing this issue requires increasing the Ti content
(above stoichiometric) in the initial powder mixture.

Another factor likely contributing to the presence
of the TiFe intermetallic phase in the structure of com-
pacts obtained by heat treatment is the significant
increase in the duration of the interfacial interaction
process when transitioning from purely explosive
treatment to a combination of explosive and heat treat-

4500

Ti c
3600 + Element | Weight, % | Atomic, % | NetInt. | Error, %
. CK 7.5 18.9 101.1 10.8
§ NK 11.0 239 144.9 11.1
. 2700 |-
= OK 4.2 8.0 22.6 20.9
2 TiK 76.6 487 43454 | 18
% 1800 - FeK 0.8 0.4 25.6 36.8
— o
Ti
900 - i
N
AC‘Fe Fe  Fe
Il L L 1 ] 1 L ] L
0 1.3 2.6 3.9 52 6.5 7.8 9.1 104  11.7  13.0
Energy, eV

Fig. 5. Structure (a), chemical composition of intermetallic phases (b)
and oxycarbonitride inclusions (¢) of materials obtained by heat treatment of compacts

Puc. 5. Crpykrypa (@), XAMUYECKHI COCTaB HHTEPMETaIUTHIHEIX (a3 (b)
M OKCUKapOOHHUTPUIHBIX BKIIOYEHHH (€) MaTepuaoB, MOJyYeHHbBIX TePMUIECKON 00paboTKOil IpeccoBOK
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ments. As a result, the likelihood of forming the stable
TiFe phase and dissolving the metastable Ti,Fe phase
increased.

Conclusions

1. Under conditions of explosive compaction of iron
and titanium powder mixtures that ensure uniform
deformation of the initial particles without jet flows,
the powder mixture compacts to an almost non-porous
state while maintaining the original phase composition.

2. Using compaction regimes with localized plastic
deformation and jet flows of the material particles in
the original powder mixture forms a chemically hetero-
geneous metastable intermetallic Ti,Fe as continuous
layers between iron and titanium particles.

3. An effective method for producing materials
with a high content of the metastable intermetallic
Ti,Fe is to combine explosive compaction of Fe and
Ti powder mixtures with subsequent heat treatment in
the intercritical temperature range (reactive sintering in
the presence of a liquid phase).
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N\
Teopuda u npoueccobl popMOBaHUA U CMEKAHUA MOPOLIKOBbLIX MaTepuanos
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Dissolution-precipitation and cobalt grain growth
during liquid phase sintering of Cu-Sn-Co
and Cu-Sn-Co-W powder materials

E. G. Sokolov®, A. V. Ozolin, E. E. Bobylev,
D. A. Golius, S. A. Arefieva

Kuban State Technological University
2 Moskovskaya Str., Krasnodar 350072, Russia

&3 e_sokolov.07@mail.ru

Abstract. The study presents the results of the dissolution-precipitation process and cobalt grain growth during liquid phase sintering
of Cu—Sn—Co and Cu—Sn—Co—W powder materials. The samples were obtained by static pressing of mixtures of technically pure
copper, tin, cobalt, and tungsten powders. The average particle size of cobalt was 1.6 um, and tungsten was 20 pm. Some of
the samples contained mechanically activated tungsten with an average particle size of 0.14 pm. Sintering of the materials was
carried out in a vacuum at temperatures of 820 and 1100 °C for durations of 5, 20, and 120 min. The structure of the sintered
materials was studied using scanning electron microscopy and optical metallography. Elemental distribution maps in the mate-
rials were obtained through X-ray microanalysis. The grain sizes of cobalt were measured using specialized software. The largest
grain size was observed in the Cu—Sn—Co material: after sintering at the specified temperatures and durations, it ranged from 8
to 46 pm. It was found that the most intensive grain growth occurred within the first 20 min of sintering. The addition of tungsten
powder to the Cu—Sn—Co material contributed to the formation of finer cobalt grains. This is explained by the fact that tungsten
particles, possessing high surface energy, act as nucleation centers for cobalt crystallization from the liquid phase. Mechanical
activation of the tungsten powder increases its free surface area and enhances the mass transfer of Co through the liquid phase
to the W particles. This helps to reduce the deposition of material on large Co particles and prevent their growth. As a result, in
the Cu—Sn—Co—W material containing mechanically activated tungsten, the minimum average cobalt grain sizes were obtained,
ranging from 3 to 25 pm.

Keywords: liquid phase sintering, dissolution-precipitation, mass transfer, nucleation centers, mechanical activation, grain size
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PaCTBOpeHMe—Oca)Kﬂ,eHMe M POCT 3€pPHa kobanbTa
npu )KMD,KO(I)a3HOM cCneKaHnn NOpoLWKOBbIX MaTepunanos
Cu-5n-Co u Cu-Sn-Co-W
E. T. Coxonos®, A. B. O30onuH, 3. 3. bo6bines,

I. A. Tonmnyc, C. A. ApedbeBa
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AHHoTayums. TIpescTaBiIeHbl Pe3y/IbTaThl UCCIEOBAHMS MPOIECCa PACTBOPEHUSA—OCAKACHUS M POCTA 3€pHA KOOAnbTa MPH JKHIKO-

(azHoM crekaHnu mopomkoBbiX MarepuanoB Cu—Sn—Co m Cu—Sn—Co—W. OOpasipl moiaydaan CTaTHYECKHUM HPECCOBaHHUEM
cMecell TIOPOIIKOB TEeXHHYECKH YHCTBIX MENIH, 0JIoBa, koOambra W Bomb(ppama. CpemHuid pasMep YacTHI[ KOOalabTa COCTaBIIAI
1,6 MxM, Bompgppama — 20 MkM. YacTh 00pa3LoB comepkaid MEXaHOAKTHBUPOBAHHBINA BONB(GPAM CO CPEAHUM PasMEpPOM YaCTHIL
0,14 mxM. CriekaHre MaTepHaIoB MPOBOAMIN B BakyyMme npu Temmepatypax 820 u 1100 °C ¢ Beiaepkkamu 5, 20 u 120 mun. Ctpyk-
Typy CHEUEHHBIX MATEPHAJIOB MCCIIEOBAIN METOIAMU CKaHUPYIOMIEH MEeKTPOHHONH MUKPOCKOIMY ¥ ONTHYECKOH MeTayuiorpadumn.
KapTer pacmpeneneHust 3I€MEHTOB B MaTepHaiax MOMydald ITyTeM MHKPOPEHTTeHOCHEKTPalbHOTO aHaiamu3a. Pa3meps! 3epHa
KoOasIbTa M3MEPSUTH ¢ MOMOIIBIO CHENHAIN3UPOBAHHOTO MPOrpaMMHOro obecnedenus. Hanbonpmmii pa3Mep 3epHa HaOmogancs
B Matepuaie Cu—Sn—Co: moce criekaHus NpH yKa3aHHBIX TEMIIEpaTypax M BBIACPIKKAX OH COCTABISLT 8—46 MKM. YCTaHOBJIEHO, YTO
Han0osee MHTEHCUBHBIN POCT 3epHa MPOMCXOINT B TeueHHe nepBrix 20 MuH cniekaHus. Jlo0aBka mopomika BoJab(ppama B MaTepHa
Cu—Sn—Co crniocoOcTBYeT HhOpMHPOBAHUIO OOJIee MEJIKOTO 3epHa K0OabpTa. DTO 0OBSICHAETCS TEM, YTO YaCTHIIBI BOJb(ppama, obma-
JTAFOILIETO BBICOKOW TIOBEPXHOCTHON SHEPTHEH, UTPAIOT POJIb LIEHTPOB KPUCTAIUIN3AIMH KOOAIbTa U3 )KUIKOH (ha3el. MexaHndeckas
aKTHBALUS TTOPOIIKA BONMb()pamMa yBEITHMUMBAET IUIOMAb €T0 CBOOOJHOM MOBEPXHOCTH M CIIOCOOCTBYET yCHIICHHIO MacCoNepeHoca
Co gepe3 kuakyto $asy Kk yactuam W. DTo O3BOJISET 0CIA0NUTh OCAXKICHHUE BEIIECTBA Ha KPYITHBIX yacTuiax Co 1 MpeoTBPaTUTh
ux poct. B pesynsrare B Marepuane Cu—Sn—Co—W, coneprkaiieM MeXxaHOAaKTHBHPOBAHHBIN BOIb(PaM, MOTyUCHbI MUHUMAIbHBIE

3HAUEHHs CPETHETO pa3Mepa 3epHa KoOanbTa, HaXOIsAIIHecs B THana3one 3—25 MKM.

KnioueBble cnoBa: )KI/I,Z[KO(baSHOG CIIEKaHUEC, PACTBOPECHUEC—OCAKIACHNUE, MACCOINIEPEHOC, UCHTPHI KPUCTAJIM3AllUU, MEXaHUYCCKas

aKTHBAIMsS, pa3Mep 3epHa

bnarogapHocTy: lccrenoBanue BBITONHEHO 3a cdeT rpanta Poccuiickoro nHayunoro ¢omuma Ne 23-29-00706, https://rscf.ru/

project/23-29-00706/

Ana untupoBanmsa: Coxonos E.I., Ozomuu A.B., bo6suies D.0., Tomunyc JI.A., ApedreBa C.A. PacTBopeHne—ocakieHne U POCT 3epHa
kobanpTa npH xKuaKo(azHOM criekanuu mopourkoBbix MarepuanoB Cu—Sn—Co u Cu—Sn—Co-W. Uzeecmus 6y3o6. [lopowkosas me-
mannypeus u gyukyuonanvrvie nokpuimus. 2024;18(4):26-34. https://doi.org/10.17073/1997-308X-2024-4-26-34

Introduction

The production of sintered materials with a fine-
grained structure and enhanced mechanical properties
is a current challenge in powder metallurgy.

During the liquid phase sintering of various mate-
rials, a dissolution-precipitation process occurs, which
is observed when the solid phase material is soluble
in the liquid phase [1-3]. The dissolution-precipitation
of the solid phase material contributes to the shrinkage
and densification of the material, but it can also lead
to the formation of a coarse-grained structure and dete-
riorate its mechanical properties [4—6].

Various methods are employed to achieve a fine-
grained structure in sintered materials, including those
aimed at suppressing the dissolution-precipitation
process. These methods include homogenizing the sin-
tered mixture by the size and shape of the powder par-

ticles [6; 7], reducing the sintering duration [8; 9], and
introducing grain growth inhibitors into the powder
material [10; 11].

To reduce the duration of the material’s expo-
sure to high temperatures, spark plasma sintering is
used [8; 9]. However, this method is not applicable
to all materials and products. During spark plasma sin-
tering, the molds wear out rapidly, negatively affecting
the dimensional accuracy of the products.

To inhibit grain growth, small amounts of chro-
mium, vanadium, niobium, or other refractory
metal carbides are added to tungsten-cobalt hard
alloys [10; 11]. There is also evidence of grain growth
inhibition in hard alloys with the addition of aluminum
oxide nanoparticles [12]. During liquid phase sintering,
these substances precipitate on the surface of tungsten
carbide particles, inhibiting their growth. However,
the addition of these substances leads to the formation
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of brittle layers around the tungsten carbide particles,
which negatively affects the mechanical properties
of the sintered materials.

Some composite materials include diamond-gra-
phite nanoparticles, which serve as nucleation centers
for the liquid phase crystallization during cooling after
sintering [13]. The addition of such particles allows for
the formation of fine grains from the liquid phase, but
it does not prevent dissolution-precipitation and grain
growth of the solid phase during sintering. Thus, there
is a need to develop new methods for forming a fine-
grained structure in sintered materials.

The study [14] demonstrated that when two dis-
similar solid metals, which are only partially soluble
in the liquid phase, are placed in a melt, mass transfer
occurs towards the metal with higher surface energy.
This phenomenon provides opportunities to influence
the dissolution-precipitation process by introducing
particles with high surface energy into the powder
material.

Cu-Sn—Co powder materials are used as metal
binders in diamond abrasive tools [15-17], which
exhibit resistance to abrasive wear and good adhesion
to diamond grains [16]. During the liquid phase sin-
tering of these materials, cobalt grain growth occurs,
which negatively impacts their mechanical properties.
To prevent this effect, it is advisable to introduce tung-
sten particles into the Cu—Sn—Co material. Compared
to other components of this alloy, tungsten has a higher
surface energy, ranging from 2.7 to 5.57 J/m? accor-
ding to various sources [18; 19]. Additionally, tungsten
is a carbide-forming metal, and its addition improves
the adhesion of Cu—Sn—Co binders to diamond abra-
sive grains [17].

The objectives of this study were as follows:

—to identify the patterns of dissolution-precipita-
tion and cobalt grain growth during the liquid phase

sintering of Cu—-Sn—Co and Cu—Sn—Co-W powder
materials;

—to develop a new method for producing sintered
materials with a fine-grained structure.

Fig. 1. Shape and size of Diacob-1600 cobalt powder particles

Puc. 1. ©opma 1 pa3mep gacTHIl Topolka kodansra Diacob-1600

Research methodology

For the research, the following metallic powders
were used: PMS-1 copper powder (GOST 4960-75),
PO1 tin powder (GOST 9723-73), and Diacob-1600
cobalt powder (Dr. Fritsch Kg., Germany). The latter
was obtained by the carbonyl method, with rounded
particles averaging 1.6 um in size (Fig. 1).

W16.5 special tungsten powder from “Pobedit”
JSC (Russia), consisting of equiaxed particles with
an average size of about 20 um, was mechanically
activated using a AGO-2U planetary centrifugal mill
(NPO “NOVITS”, Russia) for 60 min at a rotational
speed of 800 rpm [20]. After treatment, the tungsten
particles retained an equiaxed shape and ranged in size
from 0.025 to 12.0 um, with an average size of approx-
imately 0.14 pm.

Mixtures were prepared from the specified powders,
and their compositions are given in the Table.

Powder samples weighing 20 g were compacted
by uniaxial static pressing under a load of 850 MPa.
The resulting cylindrical samples, with a diameter
of 21 mm, were sintered in a vacuum at temperatures
of 820 and 1100 °C for 5, 20 and 120 min, and then
microsections were prepared. To reveal the microstruc-
ture, an etchant containing 5 g of FeCl;, 15 ml of HCI,
and 100 ml of water was used.

Composition of powder materials

CocraB NMOPOIIKOBBLIX MaTE€pHaJI0B

. Content of powder components, wt. %
Mater'laEI Copper . Cobalt Mechanically
composition PMS-1 Tin POI Diacob-1600 Tungsten W16.5 activated tungsten
Cu—-Sn—Co 46 21 33 - -
Cu-Sn—Co-W 43 20 30 7 -
Cu—Sn—Co—W(m) 43 20 30 - 7
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The microstructure of the sintered alloys was stu-
died using a scanning electron microscope EVO HD 15
and a metallographic microscope AxioObserver.Alm
(both manufactured by Carl Zeiss AG, Germany) at
magnifications of 50-1000%. Grain size measure-
ments in the sintered materials were carried out using
AxioVision Rel.4.8 software (Carl Zeiss AG).

The elemental distribution in the samples was inves-
tigated by X-ray microanalysis using the EVO HD 15
microscope.

Results and discussion

In Fig. 2, the microstructure of the Cu—Sn—Co-W
material containing tungsten W16.5, sintered at
820 °C for 20 min, is shown. The phase composition
of the Cu—Sn—-Co and Cu-Sn—Co-W alloys has been
investigated in studies [20; 21].

After sintering at temperatures of 820-1100 °C,
the materials consist of the following phases: a cop-
per-based solid solution (Cu), the intermetallic phase
Cu,,Sn, (&-phase), and o-Co. In the Cu-Sn—Co-W
samples, o-W and metastable B-W are present.
Intermetallic compounds of Co—Sn and Co—W were not
detected in the sintered materials. X-ray microanalysis
showed that tungsten does not dissolve in the copper-tin
phases (Cu and &) or in a-Co. The W particles observed
in Fig. 2 retained their original shape characteristic
of W16.5 powder. In the structure of the material con-
taining mechanically activated tungsten powder, fine
W particles remain after sintering, including some with
transverse sizes less than 100 nm.

The structural formation of the materials during sin-
tering consisted of several stages:

— formation of the liquid phase: melting of tin, its
diffusion into copper particles, and subsequent melting
of surface layers enriched with tin;

—viscous flow of the liquid and rearrangement
of Co and W particles;

— dissolution-precipitation of cobalt;

—during subsequent cooling, crystallization
of the liquid phase into a solid solution (Cu) and inter-
metallic &-phase.

According to X-ray microanalysis, the cobalt con-
tent in the (Cu) and & phases is 2 wt. % and 3 wt. %,
respectively. This indicates its solubility in the liquid
phase at sintering temperatures.

The  dissolution-precipitation  process leads
to noticeable changes in the shape and size of Co par-
ticles. In Fig. 3—5, they appear as the brightest compo-
nent. With increasing temperature and duration of sin-
tering, Co particles become more equiaxed and more
uniform in size.

Studies [22; 23] present an equation showing a non-
linear relationship between the duration of liquid phase
sintering and the size of the solid phase particle sur-
rounded by the melt:

D" - Dy =kr,

where D" and Dy are the particle sizes after and before
sintering; T is the sintering duration; k is a constant;
and the exponent n depends on which stage deter-
mines the intensity of the solid phase material’s
dissolution-precipitation:

— if the slowest process is the dissolution of the solid
phase in the liquid, then n = 2;

— if the determining stage is the diffusion of the dis-
solved substance in the liquid phase, then n = 3.

The kinetic curves of Co particle growth, shown in
Fig. 6, align well with the given equation if the para-
meter n = 3. This indicates that the rate of Co particle
growth is limited by the diffusion rate of Co atoms
through the liquid phase.

In Fig. 6, it is evident that the size of Co particles
grows most intensively during the first 5-20 min of sin-
tering. During the dissolution-precipitation process, Co

Fig. 2. Microstructure of the sintered Cu—Sn—Co—W material («) and distribution maps of cobalt (b) and tungsten (c)
1 — solid solution (Cu); 2 — &-phase; 3 — 0-Co; 4 — tungsten particles

Puc. 2. Mukpoctpyktypa criedenHoro Marepuasa Cu—Sn—Co—W (&) u kapThl pacnpesencHus kodansra (b) u Bonshpama (c)

1 — tBepapii pacteop (Cu); 2 — &-dasa; 3 — a-Co; 4 — gactuusr W
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820 °C

1100 °C

120 min

Fig. 3. Structure of Cu—Sn—Co alloys
Light image (x500)

Puc. 3. Crpykrypa crutaBoB Cu—Sn—Co
CseroBoe m3o0paxenue (xX500)

820 °C

1100 °C

5 min 20 min 120 min

Fig. 4. Structure of Cu—Sn—Co—W alloys containing tungsten W16.5
Light image (x1000)

Puc. 4. Crpyxkrypa criaBoB Cu—Sn—Co—W, coneprkamux Bosbdpam W16,5

CaeroBoe nzodpaxenue (x1000)
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820 °C

1100 °C

5 min

20 min

120 min

Fig. 5. Structure of Cu—Sn—Co—W(m) alloys containing mechanically activated tungsten
Light image (x1000)

Puc. 5. Crpykrypa crmaBoB Cu—Sn—Co—W(m), coneprkaniux MexaHOaKTHBHPOBAHHBIN BOJIb(pam

CaeroBoe nzobpakenue (x1000)

particles become more uniform in shape and size, lead-
ing to a decrease in the difference in chemical potentials
of cobalt within the particles. As a result, during further
isothermal holding, the driving force for mass transfer
weakens, and the rate of Co grain growth slows down.

The addition of tungsten to the Cu—Sn—Co powder
material significantly reduces the size of Co grains.
X-ray microanalysis of the sintered material showed
a cobalt layer on the surface of W particles (visible

T, min

in the component distribution maps, Fig.2). It is
known that tungsten has a higher surface energy than
cobalt [18; 19], which facilitates the mass transfer
of cobalt through the liquid phase to the surface of W
particles during sintering. The thickness of the Co layer
is predominantly uniform (Fig. 7, @). Some uneven
areas with greater thickness formed due to the sintering
of Co particles to W particles (Fig. 7, b). The probable
mechanism of sintering is the dissolution of Co at con-

0 20 40 60 80

100 120

T, min

Fig. 6. Dependence of cobalt grain size on sintering duration at 820 °C (a) and 1100 °C (b)
1 — Cu—Sn—Co; 2 — Cu—Sn—Co-W; 3 — Cu—Sn—Co-W(m)

Puc. 6. 3aBucumocTpb pazmepa 3epHa koOanbTa OT npoposnkuTeabrocTH criekanust npu ¢ = 820 °C (a) u 1100 °C (b)
1 — Cu—Sn—Co; 2 — Cu—Sn—Co—W; 3 — Cu—Sn—Co—W(m)
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-

Fig. 7. Cobalt layer on tungsten particles formed by the precipitation
of Co from the liquid phase (a) and sintering of Co particles (b)

Puc. 7. KoGanbToBblil ClI0i Ha 4acTuIax Boib(ppama, CHOpMUPOBaHHEIN 3a cueT ocaxaenust Co
u3 KuaKoit Gasel (a) u npunekanust gactui Co (b)

tact points and its precipitation on the free surface of W
particles [1; 3].

It should be noted that, due to their high density,
tungsten particles occupy only 2 % of the volume
of the sintered material at a mass fraction of 7 %. As
a result, the diffusion flux directed from Co particles
to W particles is limited by the relatively small free
surface area of the tungsten particles.

After mechanical activation under the above con-
ditions, the free surface area of the tungsten powder
increases significantly. In the mechanically activated
powder, the average particle size of W is about 0.14 pm.
Calculations using known geometric formulas show
that reducing the diameter of equiaxed (spherical) par-
ticles from 20 to 0.14 pm increases the free surface
area of the powder by approximately 140 times.

Increasing the free surface area of tungsten enhances
the mass transfer of cobalt through the liquid phase
to the W particles. As a result, deposition on large Co
particles decreases, leading to the formation of a fine-
grained structure in the material (see Fig. 5).

The identified patterns of cobalt mass transfer were
utilized in developing a new method for producing
sintered materials with a fine-grained structure [24].
This method involves introducing fine refractory par-
ticles with high surface energy into the powder mate-
rial. The addition of these particles alters the direction
of mass transfer during liquid phase sintering and
inhibits the growth of solid phase grains.

The positive effect of introducing mechanically
activated tungsten powder into the Cu—Sn—Co mate-
rial is evident in the following example. At a sintering
temperature of 820 °C and a holding time of 20 min,
Co grains with an average size of 13 um form in
the material. The introduction of 7 wt. % mechanically
activated tungsten powder under the same sintering
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conditions results in Co grains with an average size
of 5 pm.

Conclusions

1. The study determined the patterns of the dissolu-
tion-precipitation process of cobalt during the liquid
phase sintering of Cu—Sn—Co and Cu—Sn—Co—W pow-
der materials.

2. It was found that the addition of tungsten powder
to the Cu—Sn—Co alloy promotes the formation of finer
cobalt grains. This is explained by tungsten particles
with high surface energy acting as nucleation centers
for cobalt crystallization from the liquid phase.

3. Mechanical activation of tungsten powder
increases its free surface area and enhances the mass
transfer of cobalt through the liquid phase to the W par-
ticles. This helps to reduce the deposition of material
on large Co particles and further decreases the size
of the cobalt grains.

4. Based on the identified patterns, a new method
for producing sintered materials with a fine-grained
structure was proposed. The essence of this method
is that the addition of fine refractory particles with
high surface energy to the powder material changes
the direction of mass transfer and inhibits the growth
of the solid phase grains during liquid phase sintering.
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Phase transformations, microstructure formation,
and magnetic properties of a hysteresis alloy
based on the Fe-Cr-Co-Mo system
doped with Sm, Zr, and Cu

M. A. Beltyukova®, A. A. Shatsov

Perm National Research Polytechnic University Russia
29 Komsomolskiy Prosp., Perm 614990, Russia

&3 marievamar@rambler.ru

Abstract. The development of new hard magnetic materials (HMM) is crucial for meeting the ever-increasing demands of industry. Today,
the advancement of energy, electrical engineering, and instrumentation sectors requires manufacturers of HMM products to enhance
the energy efficiency and power of devices while reducing their size and weight, which increases scientists’ interest in these alloys.
Among HMM, magnets derived from rare-earth elements such as Sm and Nd (Nd,Fe, ,B, SmCo,, Sm,Co, ;) possess the highest magnetic
energy at smaller sizes and weights. Alloys based on the Fe-Cr—Co system offer the best reliability, strength, corrosion resistance, and
manufacturability, making them particularly in demand among HMM. Creating a magnet based on two alloying systems, Sm—Co
and Fe-Cr—Co, may yield a material with unique properties that combine the advantages of both systems. This study investigates
the powder hysteresis alloy 22Kh15K4MS (22 % Cr-15 % Ni—4 % Mo—Co—Si) doped with the rare-earth magnet KS25DTs in amounts
ranging from 1.5 to 9.0 %. The microstructure, transformation kinetics, phase composition, and magnetic properties of the developed
alloys were examined. It was found that the magnetic characteristics of the alloys depend on the concentration of the rare-earth magnet
additive and the thermal treatment regime. It was demonstrated that the introduction of 3 % KS25DTs achieves the maximum magnetic
properties of the alloy: H, = 55.6 kA/m, B, = 1.33 TL, (BH),, = 41 kJ/m®. The combination of the developed alloy composition and
the thermal treatment regime allows for an increase in the rectangularity coefficient of the magnetic hysteresis loop (K)) — one of the
most important characteristics of precision hysteresis electric motors.

Keywords: hard magnetic material (HMM), powder alloy, magnetic properties, rectangularity coefficient of the magnetic hysteresis
loop, Fe—Cr—Co—-Mo, Sm—Co.

For citation: Beltyukova M.A., Shatsov A.A. Phase transformations, microstructure formation, and magnetic properties of a hysteresis
alloy based on the Fe—Cr—Co—Mo system doped with Sm, Zr, and Cu. Powder Metallurgy and Functional Coatings. 2024;18(4):
35-44. https://doi.org/10.17073/1997-308X-2024-4-35-44
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OcobeHHOCTU pa30BbIX NpeBPaLLEHUN,
bopMUpOBaHUA MUKPOCTPYKTYPbl U MarHUTHbIX CBOUCTB
rMCTEepPEe3nUCHOro crnsiiaBa Ha OCHOBe CUCTEMDI
Fe-Cr-Co-Mo, nernuposaHHoro Sm, Zr u Cu

M. A. Benpriokosa®, A. A. lllanos

IMepMcknii HAMOHAJIBLHBIN MCCIEA0BATEIbCKUI MOJIMTeXHUYECKHII YHUBEPCUTET
Poccust, 614990, r. [lepmb, Komcomonbckuit mp-t, 29

&3 marievamar@rambler.ru

AHHoTayums. Pa3paboTka HOBBIX MArHUTOTBEP/IbIX MaTepranoB (MTM) BaxkHa Julsl yIOBIETBOPEHUS TIOCTOSHHO PACTYIIUX TPEOOBaHMIT
IpOMBIIICHHOCTH. CeroiHst pa3BUTHE HYHEPTETHYECKOW, AIEKTPOTEXHHYECKOW M MPHUOOPOCTPOUTENbHOI oTpacieil Tpedyer or
npousBoauTeniel u3nenuid 13 MTM noBbImeHHsT SHEProaGHEKTHBHOCTH, MOLIHOCTH NMPUOOPOB IPH YMEHBIICHHH HX Pa3MepoB
U Macchl, 4TO yBEJIMYMBACT HHTEPEC y4YeHbIX K 3TUM cruiaBaM. Cpean MTM HauGonblieil MarHUTHON SHEPrUeil MpU MEHBIIHNX
pasMepax M Macce O0Na/IaroT MATHHTBI, TIOMyYEHHBIC U3 PEIKO3EMENBHBIX JJIEMEHTOB, Takux kak Sm u Nd (Nd,Fe ,B, SmCo,,
Sm,Co,,). Haunyuuiue XxapakTepucTHKH HaJEKHOCTH, MPOYHOCTH, KOPPO3HOHHOH CTOMKOCTH M BBICOKYIO TEXHOJIOTMYHOCTH
M3TOTOBJICHHS UMEIOT CIUIaBbl Ha 0CHOBe cucTeMbl Fe—Cr—Co, 4To Takxke JenaeT uX 0coOCHHO BocTpeOoBaHHBIMU cpean MTM.
Co3zaHne Maruura, B OCHOBE KOTOPOro Jiexar ase cucteMsl JierupoBanust Sm—Co u Fe—Cr—Co, MOKeT criocoOCTBOBATH MOIYUCHHIO
MaTepHaa ¢ yHUKaJIbHbIMH CBOHCTBAaMH, COYETAIONIET0 B cebOe JOCTOMHCTBA KayK/I0il U3 yKa3aHHBIX cucTeM. B pabore uccnenoBan
MIOPOIIKOBBIN rucTepe3ncHsii cruaB 22X 15K4MC, nerupoBanHbIN 100aBKOH penko3eMensHOro maranta Mapku KC25/11] B konu-
gectBe OT 1,5 10 9,0 %. M3yueHsr MUKPOCTPYKTypa, KHHETHKA NIPEBPAICHUH, (ha30BbIil COCTaB M MarHUTHBIC CBOWCTBA pa3pado-
TaHHBIX CIUIABOB. YCTAHOBJICHO, YTO MarHUTHBIC XapaKTEPUCTHKH CIUIABOB 3aBUCSAT OT KOHLEHTPALMH JT00ABKH PEIKO3EMEIBHOTO
MarHuTa ¥ pexxuma TepMudeckoil oopadoTku. [Tokasano, uro BBegenue crumaBa KC25/I1] B kommuectBe 3 % MO3BOIAET HOCTHYBL
MaKCHMAaJbHBIX MarHATHBIX CBOUCTB JIETHPOBAHHOTO Marepuana: H, = 55,6 kA/m, B = 1,33 T, (BH),,, = 41 kJlx/v>. Couetanue
Pa3pabOTaHHOTO COCTaBa CILUIABA U PEKMMA TEPMHYECKON 00pabOTKH IT03BOJISET MOBBICUTH KOAD(UIUECHT PSMOYTOIBHOCTH METIIH
MarHUTHOTO THCTepesuca (K| ) — 0mHOM 13 BaKHEHIINX XapaKTepHCTUK IPEIU3HOHHBIX TUCTEPE3UCHBIX YIEKTPHIECKUX ABUTaTeNeH.

Knrouesbie cnosa: maruutoTBepasiii Matepuain (MTM), mopoIIKOBbIi CIJIaB, MArHUTHBIE CBOWCTBA, KOIPPHULUUCHT NPSIMOYTOJIBHOCTH
[eTJIM MarHuTHOTO ructepesuca, Fe—Cr—Co-Mo, Sm—Co

Ans untnposaHus: bensriokoBa M.A., I1lanoB A.A. OcobeHHOCTH (Ha30BBIX TPEBpAICHHN, OPMUPOBAHISI MUKPOCTPYKTYPBI H Mar-
HUTHBIX CBOMCTB T'MCTEPE3UCHOro cruiaBa Ha ocHoBe cuctembl Fe—Cr—Co—Mo, nerupoBanHoro Sm, Zr u Cu. Uszeecmus 6y308.
Topowkosas memannypeus u gyuxyuonanvhvie nokpvimus. 2024;18(4):35—44. https://doi.org/10.17073/1997-308X-2024-4-35-44

achieved in the alloy with 2 % Y: the maximum mag-
netic energy (BH)__ increased from 51.3 to 61.6 kJ/m’,
residual magnetic induction (B)) increased from 0.71
to 1.05 T, and coercive force (H,) increased from 97
to 130 kA/m compared to the original alloy. Further
increase in yttrium content to 3 % led to a decrease in
magnetic properties due to phase coarsening and struc-
tural heterogeneity. In [10], adding up to 2 % samarium
during metallurgical production of cast ingots (BH)_
increased by 86 %, B by 47 %, and H_ by 28.7 %.
The authors attributed this growth in magnetic proper-
ties to enhanced shape magnetic anisotropy and mag-
netic field anisotropy due to intermetallic compounds
of the rare-earth magnet SmCo,. Additionally, X-ray

Introduction

Recently, there has been a global trend towards
producing magnetic materials with enhanced con-
sumer qualities at a lower cost. When comparing
rare-earth metal (REM) magnets with magnets from
the Fe—Cr—Co system, the former appear less attractive
due to their high cost, expensive extraction processes,
import dependencies, low mechanical strength, and
environmental restrictions during production [1-3].
Research on Fe-Cr—Co-based alloys mainly focuses
on reducing the content of expensive elements such as
Co [4; 5], and the introduction of micro-additives like
Si, Mo, Ti, Dy, Nd, Y, and Sm [6—11].

The greatest interest lies in studies where FCC alloys
are doped with REM and W [8; 9—11]. In [9], a cast
alloy 43Fe-28Cr-23Co-3Mo-2V-1Zr! was doped
with 0-3 % yttrium. The best magnetic properties were

"' Here and throughout the text, mass percent (wt. %) is implied
unless otherwise specified.

36

phase analysis revealed that samarium atoms concen-
trate in the a,-phase, thereby increasing the lattice
parameter of the strongly magnetic Fe—Co phase and
its volume fraction.

Alloys SmCo, and Sm,Co,, were developed in
the 1960s—1980s and are still widely used in valve
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motors of submersible pumps, flaw detector mag-
nets, magnetic lenses, and couplings [13]. According
to research, SmCo, and Sm,Co,, alloys have
high values of magnetocrystalline anisotropy
(up to (15+20)-10° J/m?®) [14], corrosion resistance
(0.1 mg/cm? in Na,S and NaCl, 20 mg/cm? in HCI) [15],
Curie temperature (727 °C for SmCo, and 920 °C for
Sm,Co,), and exceed Nd-Fe-B magnets in temperature
stability [16—-17].

Fe—Cr—Co alloys have already found wide applica-
tion in mechatronic systems, rotors of high-speed and
ultra-high-speed electromechanical energy conver-
ters, hysteresis motors, and even microwave radia-
tion absorbers [18-20]. Introducing elements with
shape anisotropy of ferromagnetic anisotropic par-
ticles, high values of crystal anisotropy constant, and
saturation magnetization into Fe—Cr—Co alloys can
improve the magnetic properties of the alloy: H_, B ,
(BH),,, [21], and K, — the rectangularity coefficient
of the magnetic hysteresis loop, related by the formula

where B is the residual magnetic induction, and B
is the maximum magnetic induction (GOST 19693-74).

Increasing the residual induction of the magnet will
allow achieving greater excitation flux while main-
taining the torque value in the electric motor with
lower armature current, thus increasing the device's
efficiency. Due to the demagnetizing factor, the induc-
tion at the operating point is lower than B, so ensu-
ring the convexity and rectangularity of the magnetic
hysteresis loop is essential [22]. Enhancing the power
of Fe—Cr—Co hard magnetic alloys will expand their
application areas.

The aim of this study is to determine the possibi-
lity of improving the magnetic properties of a powder
hysteresis hard magnetic alloy based on the Fe—Cr—Co
system by doping it with the KS25DTs alloy.

Materials and methods

The study investigated the powder alloy 22Kh15K4MS,
doped with the KS25DTs additive in amounts ranging
from 0 to 9 % as a substitute for iron (Table 1). The fol-
lowing metal and alloy powders were used as the initial
batch components:

— chromium PKh-1S (TU 14-5-298-99) with an
average particle size d = 10 um and a standard devia-
tion 6 =5 pum;

—cobalt GP-OK (TU 1793-008-92), d = 24 um,
6 =13 pm;

— carbonyl iron OSCh 6-2 (TU 6-09-05808008-262-
92),d=2 pm, 6 =2 pum;

— ferrosilicon FS50 (GOST 1415-93), d = 8§ um,
6 =4 um;

—molybdenum MPCh (TU 48-19-69-80), d = 2 pm,
c=1pum.

Pure samarium powder has low corrosion resis-
tance and a relatively high sintering temperature,
so the KS25DTs alloy powder (GOST 21559-76),
containing 24-27 % Sm, 1.5-3.5 % Zr, 13-20 % Fe,
4-6 % Cu, and 57.5-43.5 % Co, obtained by crushing
magnet scrap, was used in the experiments. Recycling
of the sintered SmCo, alloys, crushed in a hydrogen
environment, allows for the production of magnets
with an improved microstructure and enhanced mag-
netic properties compared to the original magnets [23].

All components of the charge were sieved through
a 63 um mesh and homogenized in a mixer with an
offset rotation axis for 8 h. The sample billets were
obtained by cold pressing in a metal mold in two stages
with an intermediate pre-sintering operation. Pressing
was carried out at a pressure of 29.4 MPa, followed
by pre-sintering at a temperature of 860 °C and holding
for 3 h in a hydrogen environment. The samples were
then calibrated at a pressure of 34.3 MPa and finally
sintered in a vacuum with a residual pressure of 102 Pa
according to the regime ¢ = 1350 °C, t = 4 h. The den-
sity after all sintering stages was determined hydro-
statically using a VLR-200 device (Gosmer, Russia)
according to GOST 25281-82.

Quenching of all samples was carried out from
a temperature of 1250 °C in a 15 % aqueous NaCl solu-
tion. Aging of the billets was performed sequentially in
7 stages with the application of an external magnetic
field of 150 kA/m. The processing parameters are speci-
fied in Table 2. Phase transitions in the studied samples
were examined using differential scanning calorimetry
(DSC) during the heating and cooling of samples
weighing 3—4 g on an STA 449 F3 Jupiter (Netzsch,

Table 1. Chemical composition of experimental alloys

Ta6bamya 1. XuMHUYECKHH COCTAB ONBITHBIX CIIABOB

Compo- Content, wt. %

sitionNo. | Fe | Cr | Co | Mo | Si | KS25DTs (Sm)
1 57.5 0
2 55.5 1.5 (0.36)
3 54.5 3.0 (0.77)

225|150 | 40 | 1.0

4 53.0 45 (1.15)
5 515 6.0 (1.53)
6 | 485 9.0 (2.30)
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Germany). The heating rate was 10 °C/min. The main
parameters and shape of the magnetic hysteresis loop
of the experimental samples were determined after
quenching and multistage aging using a Permagraph L
hysteresis graph (Magnet Physik, Germany) with
PERMA software. Experimental data were processed
using Fityk and Proteus Analyses software packages
(Marcin Wojdyr, Poland).

X-ray phase analysis of the samples was performed
using XRD on a D8 Advance ECO powder diffractome-
ter (Bruker, Germany) under the following conditions:
cobalt radiation with a wavelength A = 1,78897 A,
an accelerating voltage of 35 kV, and an X-ray tube
current of 25 mA.

Qualitative and semi-quantitative analyses were
carried out using the Diffrac.Eva software. The PDF-2
2013 powder diffraction database was used for phase
identification.

Hardness was measured using a Rockwell hardness
tester (Tochpribor, Russia) according to GOST 9013-59
with a load of 150 kg. The microstructure of the samp-
les was investigated using a GX-51 metallographic
microscope (Olympus, Japan) with STAMS 800 soft-
ware. For high-resolution structural analysis, VEGA 3
(TESCAN, Czech Republic) and FEI Quanta 650FEG
(FEI, USA) electron microscopes were used.

Research results

The magnetic characteristics of the 22Kh15K4MS
powder alloy are shown in Fig. 1. The base alloy, pro-
cessed through stages 1 to 7 (Table 2) with the applica-
tion of an external magnetic field, exhibits the follow-
ing maximum properties: H, = 38.9 kA/m, B = 1.16 T,
(BH), .. = 20 kJ/m’. These properties increased in
samples containing KS25DTs additives (with Sm
concentrations ranging from 0.36 to 0.77 %), reach-
ing a maximum with the introduction of 0.77 % Sm:
H, =556 kA/m, B, = 1.33 T, (BH)_, = 41 kl/m’.

c max

However, the magnetic properties deteriorated with

Table 2. Aging mode

Ta6nuya 2. Pexxumbl cTapeHnst

Stage No. t,°C T, min
1 670 15
2 640 40
3 600 40
4 575 40
5 555 30
6 535 30
7 525 30
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an increase in the Sm content from 1.15 to 2.3 % due
to phase coarsening [10] and the segregation of sama-
rium at grain boundaries (see Fig. 2, ¢).

Multistage aging of the alloys with the application
of an external magnetic field led to the spinodal decom-
position of the o-solid solution into the a,-phase,
enriched with iron and cobalt, and the a,-phase, enriched
with chromium. The alternation of the strongly mag-

60

-4 50

440

430

H., kA/m

420

(BH)max

| |
0
650 600 550 500

Aging temperature, °C

Fig. 1. Dependence of coercive force H, (a),
magnetic induction B, (b) and maximum
magnetic energy (BH), (c) on the aging temperature
of the base alloy 22Kh15K4MS and samples with KS25DTs
additive in concentrations ranging from 0 to 9 %
(values indicated on the curves)

Puc. 1. 3aBuCHMOCTb KOOPUUTUBHOM cuibl H (@),
MarHUTHOM HHAYKIMH B (b) 1 MakCHMAaJIbHOM
MarHuTHOM >Hepruu (BH),  (€) OT TeMIIEpaTyphl CTApEHUS
ucxonHoro cruiaBa 22X 15K4MC u o6pa3ios ¢ 1o6aBkoi
KC25111 ot 0 10 9 % (umdps! y KPUBEIX)
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Fig. 2. Microstructure of the alloys after sintering (x1000)
Composition / (without additive) (@), 3 (b) and 6 (c) (see Table 1)

Puc. 2. MukpocTpyKTypa CIutaBoB nocie crekanus (x1000)
Cocras [ (6e3 no6askn) (a), 3 (b) u 6 (¢) (cm. Tabm. 1)

netic a,-phase in the weakly magnetic a,-matrix, along
with the presence of samarium-containing phase inclu-
sions that enhance the magnetic anisotropy of the alloy,
resulted in increased magnetic properties (H,, B,
(BH)_,,.) compared to the original sample (see Fig. 1).

The structure of the samples after sintering consists
of a lamellar 6-phase, constituting 70—80 vol. %, pri-
marily located at the grain boundaries, with interlayers
of the a-phase (Fig. 2). Samarium, appearing as dark
areas in the photographs in Fig. 2, b and ¢, is also pre-
dominantly observed at the grain boundaries.

Due to the presence of the o-phase, the hard-
ness of the samples after sintering was 35-42 HRC.
However, with an increase in the concentration
of the KS25DTs additive from 0 to 9 %, the hardness
decreased, as did the density (Table 3). The change in
porosity exhibited the opposite trend accordingly.

The heating temperature for quenching was selected
based on available research results [24] and DSC data.
The microstructure of the base alloy after quenching
represented an a-solid solution (Fig. 3, @). In samp-
les containing the KS25DTs additive, in addition
to the a-phase, undissolved Sm inclusions were present
(Fig. 3, b, ¢).

The hardness of the samples after quenching ranged
from 20 to 24 HRC and decreased with an increase in
the KS25DTs concentration.

To determine the distribution pattern of the KS25DTs
additive in the structure of the 22Kh15K4MS alloy,
a sample after quenching was examined using a scan-
ning electron microscope. It was found that the basis
of the quenched alloy's structure is an a-solid solution
with inclusions containing samarium and zirconium.
According to the distribution maps (Fig. 4, b), sama-

Fig. 3. Microstructure of the alloys after quenching (x1000)
Composition / (without additive) (@), 3 (b) and 6 (c) (see Table 1)

Puc. 3. MuKpocTpyKTypa CIuIaBoB nocie 3akaiku (x1000)
Cocras [ (6e3 no6askn) (a), 3 (b) u 6 (¢) (cm. Tabm. 1)
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rium is unevenly distributed within the structure, with
areas of accumulation present.

The regions of Sm and Zr distribution overlap
when the inclusion size is greater than 1 pum (see
Fig. 4, b). The authors attribute this to the hindered
diffusion processes in the larger initial KS25DTs
particles. When the particle size of the additive is
below 1 pum, Zr is not detected (Fig. 4, d), indicating
its uneven distribution in the initial charge material.
Regions enriched with Sm are depleted in Co, sugges-
ting partial redistribution of samarium from KS25DTs
into the a-solid solution.

The thermal effects during heating of quenched
samples, both of the base composition and with

Table 3. Density, porosity and hardness
of sample blanks after sintering

Tabamnya 3. [1710THOCTH, MOPUCTOCTH U TBEPAOCTH
3aroTOBOK 00pa3L0B MOcCJIe CIIeKAHMSs

Conze;rig:tlon De nsitsy, Porosity, % Hardness,
KS25DTs, % | & HRe
0 7.9 0.3 42
1.5 7.9 0.5 41
3.0 7.8 1.4 38
45 77 2.7 39
6.0 7.7 2.7 38
9.0 7.6 4.2 35

the addition of 3 % KS25DTs, exhibited similar
kinetics (Fig. 5 a, b): transformations in both alloys
occurred in the temperature range of 500-1100 °C.
At 500 °C, spinodal decomposition of the a-phase
into strongly magnetic and weakly magnetic phases
began, characterized by heat absorption. The addition
of 3 % KS25DTs did not significantly affect the position
of the first local extremum at around 520 °C. The pre-
cipitation of the c-phase from the solid solution began
at 670-680 °C, with the corresponding local extremum
recorded at around 700 °C in both samples. The tem-
perature of the third local extremum for the base alloy
without the additive was 830 °C, and with the additive,
it was 848 °C.

For the alloy with 3 % KS25DTs (Fig. 5, b), a curve
inflection was observed at 300 °C, which was absent in
the base sample. The same peak appeared on the DSC
curve of the KS25DTs alloy (Fig. 5, d) at 275 °C.
According to the study [25], the eutectoid decomposi-
tion of SmCo, into Sm,Co, and Sm,Co,, phases occurs
at temperatures below 750 °C, as confirmed by the DSC
curve of the KS25DTs alloy (Fig. 5, d). When the con-
centration of the additive in the 22Kh15K4MS alloy
was increased to 9 %, an unusual peak at 800 °C was
observed on the DSC curve (Fig. 5, ¢).

Thus, the addition of 3 % samarium does not signifi-
cantly affect the decomposition temperatures of the
o-solid solution based on Fe—Cr—Co; however, increas-
ing its concentration to 9 % leads to the appearance
of atypical phase transitions in the 22Kh15K4MS alloy.

Fig. 4. Microstructure of alloy composition 3 (see Table 1) after quenching (a)
and distribution maps of Sm (b), Co (¢) and Zr (d) in the structure

Puc. 4. MukpocTpykTypa crutaBa coctasa 3 (cMm. Tabm. 1) mocie 3akanku (a)
u KapTel pacnpenenenus Sm (b), Co (¢) u Zr (d) B cTpykType
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Fig. 5. DSC (1) and dpy5 (2) curves of alloys 22Kh15K4MS (a), 22Kh15K4MS + 3 % KS25DTs (b),
22Kh15K4MS + 9 % KS25DTs (¢) and KS25DTs (d) when heated at a rate of 10 °C/min

Puc. 5. Kpussie JICK (1) n d; . (2) cinasos 22X 15K4MC (a), 22X 15K4MC + 3 % KC25 /1L (b),
22X15K4MC + 9 % KC25111 (c¢) u KC25/111 (d) npu Harpese co ckopoctbio 10 °C/muu

To evaluate the changes in the phase composi- of the initial sample after quenching shows the pres-
tion of the 22Kh15K4MS alloy when doped with 3 %  ence of the a-phase (20 = 52.2°). Multistage aging
KS25DTs, an X-ray phase analysis was conducted on led to a significant increase in magnetic properties.
the samples after quenching and aging. The results The phase composition after 7 stages of aging under-

are shown in Fig. 6. The X-ray diffraction pattern went the following changes.

120 250
1% o Zg— o
of sl [\e Gt e
100 - 2 ool 200 - g e
e 290
G 80f £ eop el
5 150
o
Q
= 50
& 100
Q
2 40
20 50
0 1 1 1 a 0
48 50 52 54 56
20, deg 20, deg

Fig. 6. X-ray diffraction patterns of the base 22Kh15K4MS sample (a) and with the addition of 3 % KS25DTs (b)

after quenching (Z) and thermomagnetic treatment (2)

Puc. 6. Perrrenorpammsl ucxoasoro odpasia 22X 15K4MC (a) u ¢ nobaskoit 3 % KC25/111 (b)
nocie 3akanku (1) u TepMoMarHuTHOM 00paboTku (2)
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During aging, the a-phase peak split into two iso-
morphic phases: o, enriched with FeCo, and o, ,
based on FeCr. This is noticeable in the 22Kh15K4MS
alloy (Fig. 6, a) by the increased half-width of the
a-phase intensity peaks in the region of 20 = 52.24°,
which is not observed in samples with the KS25DTs
additive (Fig. 6, b). In the X-ray diffraction pattern
of the alloy containing the KS25DTs additive, a y-phase
peak (20 = 51.36°) was detected after quenching, which
was absent in the undoped sample (see Fig. 6, a). This
may indicate a narrowing of the a-solid solution region
and a decrease in its stability due to the introduction
of alloying additives. A weak peak of the samarium
phase with a hexagonal crystal lattice was found
at 26 = 49.2°, which can be explained by its low con-
centration (23-25 %) in the KS25DTs alloy. This, along
with the high values of the crystal anisotropy constant
and the saturation magnetization of samarium, led
to an increase in the magnetic anisotropy of the doped
alloy, contributing to the enhancement of its magnetic
properties [10; 21].

Based on X-ray phase analysis data, the lattice
parameters of the a-phase of the base alloy and the alloy
with a 3 % KS25DTs additive are equal and amount
to a =2.87 A. The interplanar distance decreased when
doping the 22Kh15K4MS alloy: after quenching, it
was 2.032 A, and in the alloy with a 3 % KS25DTs
additive — 2.027 A. The invariance of the lattice
parameter and the decrease in the interplanar distance
indicate the absence of Sm dissolution in the a-phase
of Fe—Cr—Co system alloys.

To determine the rectangularity coefficient
of the magnetic hysteresis loop in the 22Kh15K4MS +

1.5

1.0 -

0.5 -

B,T
()

-1.5 1 1 1 1
-30 -20 -10 0 10 20 30

H_, kA/m

Fig. 7. Magnetic hysteresis loop of the 22Kh15K4MS alloy
with 3 % KS25DTs at a magnetizing field intensity
H_ =100 A/cm after aging

Puc. 7. Tletsast MarHuTHOTO THCTepe3uca ciasa 22X 15K4MC
¢ 3 % KC25/1L] npr HaMarHU4eHHOCTH MarHATHOTO TTOJISt
H_ =100 A/cM mocie crapenus
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+ 3 % KS25DTs alloy, a sample with a coercive force
of 10 kA/m was tested under a remagnetizing field inten-
sity of 100 A/cm (10 kA/m), corresponding to the field
intensity of the stator of the hysteresis experimental
motor (Fig. 7). The alloy with a 3 % KS25DTs additive
was aged according to the first 3 stages of the regime
presented in Table 2, with the application of an external
magnetic field. The holding time at each stage ranged
from 5 to 40 min. The combination of the alloy com-
position and the thermomagnetic treatment regime
ensured high K, values — up to 0.87.

Thus, increasing the content of the KS25DTs addi-
tive from 1.5 to 3 % contributes to changes in the mag-
netic properties of the 22Kh15K4MS alloy.

Conclusions

The best combination of magnetic hysteresis loop
parameters was achieved with a 3 % KS25DTs con-
tent in conjunction with thermomagnetic treatment:
H, =556 xA/m, B =1.33 T, and (BH)_, =41 kJ/m3.
However, increasing the KS25DTs additive content
from 4.5 % to 9 % results in a decrease in the alloy's
magnetic characteristics due to phase coarsening,
increased porosity, and the segregation of samarium at

the grain boundaries.

Adding up to 3 % KS25DTs does not significantly
affect the transformation kinetics of the 22Kh15K4MS
alloy. In contrast, increasing the additive concentration
from 4.5 % to 9 % leads to the emergence of trans-
formations not typical for this alloy. The presence
of Sm phases with high crystal anisotropy constants
and saturation magnetization enhances the magnetic
characteristics of the doped 22Kh15K4MS alloy.

The combination of the alloy composition with 3 %
KS25DTs and the thermomagnetic treatment regime
allows for an increased K, value of 0.87, which may
positively influence the dynamic characteristics of pre-
cision hysteresis motors in the future.
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Dispersion strengthening of powder
high-speed steel R6M5K5 with particles
of SHS ceramics MoSi,-MoB-HfB,
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Abstract. The possibility of dispersion strengthening of powder high-speed steel ROM5KS with MoSi,~MoB-HfB, heterophase ceramics
particles was investigated. A mechanically alloyed powder mixture with an average particle size of d = 10 um was used as the base
material; the ceramic powder additive (d =5 um), obtained by the SHS method, was also used. Mixing was carried out in a high plane-
tary ball mill. As a result, powder mixture particles with sizes of 2-25 pm were obtained, close to spherical in shape, with larger parti-
cles being agglomerates. Cold pressing and sintering were performed, achieving a density of up to 92.7 % and a hardness of 62 HRA,
as well as hot pressing with a density of 97.2 % and a hardness of 65 HRC. The hot-pressed billet had a bending strength of 1141 MPa
and a compressive strength of 2157 MPa. The prospects of using heterophase ceramics as a strengthening additive was shown, which
contributes to lowering the temperature of the liquid phase formation and creates a pronounced heterogeneous microstructure, similar
to the microstructure of metallic glass materials. The matrix is a solid solution based on iron (with an average grain size of 14-34 pm)
with a network of eutectic carbide Me,C and ceramic additive inclusions in the form of HfO,, SiO,, and HfSiO, compounds. This
provided a twofold reduction in wear during tribological tests against a counterbody made of VK6 hard alloy. The obtained composite
material, demonstrating high red hardness, may find application in the production of wear-resistant products operating at temperatures
up to 630 °C.
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AuncnepcHoe ynpoYyHeHmne NnopoLKOBOM
6bicTpopexyuwen ctanu P6M5K5
vyactuuammn CBC-kepamuku MoSi,-MoB-HfB,
A. C. AxmeroB %, C. K. Mykanos, M. E. CamommnHa,

B. 10. Jlonatums, JK. B. Epemeena

Haunonanbnblii nccaegoBaresibecknii Texnonornyeckuii ynnsepenter « MUCHC»
Poccus, 119049, . Mocksa, Jlenunckuii nip-t, 4, ctp. 1
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AHHoTauyums. VccrienoBana BO3MOXKHOCTB TUCIIEPCHOTO YIIPOYHEHUS TIOPOIIKOBOU ObICTpopexyIiei cranin POMSKS wactuiiamu rerepo-

(asznoii kepamuku MoSi,-MoB-HfB, . B kagecTBe HCX0IHOT0 MaTepyaa HCroJb30BaHbl: MEXaHHYECKHU JIETHPOBaHHAs TIOPOLIKOBAs
CMeCh CO CPeTHMM pa3MepoM dacTuil d = 10 MKM; M3MeIbUeHHas TTOPOIIKOBas KepaMudeckas 1ooaBka (d = 5 MKM), TOIy4eHHas
METOZIOM CaMOpPACIPOCTPAHSIONIErocs BbicokoTeMneparypaoro cuuresa (CBC). CmemmBanue 0oCyIecTBISUIOCH B IUIAHETApPHOM
LEHTPOOEKHOM MeIbHULE. B pe3ynbrare MomydeHb! 4acTHIB! TOPOIIKOBOH cMecH pazMepoM 2—25 MKM, 1o (hopme, OITH3KOH K OKpy-
TI0H, Ooee KpyIHBIC YaCTHIBI MPEACTABIIN cobol armoMeparsl. [IpoBeIeHBI X0IOAHOE PECCOBAHUE U CIICKAaHHE C JOCTHKE-
HHeM MIoTHOCTH 110 92,7 % u TBepmoctu 62 HRA, a taxke ropsiaee npeccoBaHNe ¢ INIOTHOCTHIO 3aT0TOBKH 97,2 % M TBEPAOCTHIO
65 HRC. IopsiaenipeccoBaHHast 3aroToBKa nMmena npodHocts Ha u3rud 1141 Mlla u Ha cxxarue 2157 MIla. [TokazaHa nepcrneKTuB-
HOCTBH IIPUMEHEHNUS TeTepodazHoOil KepaMUKH B KadeCTBE YIPOUHSIOMIEH 100aBKH, KOTOpasi CIOCOOCTBYET CHIKCHUIO TEMIIEPATy Pl
00pa30BaHuUst KUAKON a3kl U 00pa3yeT SPKO BHIPAKEHHYIO T€TEPOreHHYI0 MHKPOCTPYKTYPY, CXOXKYIO ¢ MEKPOCTPYKTYPOH MeTai-
JIOCTEKIIIHHBIX MaTepraaoB. MaTpuna — TBepAbI pacTBOp Ha OCHOBE JeJie3a (CO CPeHUM pa3MepoM 3epeH 14-34 MKM) ¢ ceTKoH
13 BTEKTHYECKOTO KapOuaa M66C M BKIIFOYCHUSIMH KEPaMHUUCCKOI T00aBKH B BHJEC COCTHHCHHI HfOZ, SiO2 u HfSiO » 10 obec-
MIEYMIIO YMEHBIICHHE B 2 pa3a MPUBEACHHOTO H3HOCA IIPH TPUOOIOTHUESCKHUX HCIBITAHUAX B TTape ¢ KOHTPTEJIOM M3 TBEPAOTO CIIaBa
BK6. [Tomy4yeHHBIN KOMITO3UIIMOHHBIN MaTepHall, TPOAEMOHCTPUPOBABIIINI BEICOKYIO KPACHOCTOHKOCTh, MOKET HAUTH IIPHMEHEHUE

B M3TOTOBJICHUU H3HOCOCTOMKNX M3/ETHH, SKCIUTyaTHPyeMbIX IIpH Temreparypax g0 630 °C.

KnioueBbie c/roBa: GbICTPOpPEXKYILas CTalb, IOPOLIKOBAsS METAJUTYPIUs, AUCIEPCHOE YIIPOUHEHUE, KepaMHKa, TPHOOJIOrUsl, H3HOC

BbnarogapHocTy: llccienoBaHue BBHIIIONHEHO 3a cdeT rpaHTa Poccuiickoro nayyHoro ¢onma Ne 23-49-00141, https://rscf.ru/

project/23-49-00141/

Ana untuposaHus: Axmeros A.C., Mykanos C.K., Camommna M.E., Jlonarun B.1O., Epemeesa JXK.B. JlucnepcHoe yrpodHEHHE T10-
pomKoBoi ObicTpopexymei cramt POMSKS wactunamn CBC-kepamuxku MoSi,~-MoB-HIB,. Hszsecmus 6y3o06. Tlopowxosas me-
mannypeus u gyukyuonanvrvie nokpvimus. 2024;18(4):45-54. https://doi.org/10.17073/1997-308X-2024-4-45-54

Introduction

Effective combinations of type and content of addi-
tives for strengthening powder high-speed steel (HSS)
by introducing dispersed hard particles have been
widely studied. Generally [1], when selecting strengthe-
ning additives, important criteria include their stability
at the operating temperatures of the material being
strengthened and minimal solubility in the matrix.
Carbides such as NbC, TiC, VC, etc. [2—7], and nitrides
like VN [8], meet these requirements for HSS. However,
compounds that actively interact with the matrix can
also be used as dispersed additives. For example,
studies [9; 10] investigated the effect of adding boron
carbide (B,C) on the properties of M3/2 powder steel
(analogous to 10R6MS), consolidated by hot pressing.
It was found that dispersion strengthening led to an
increase in hardness up to 85 HRA, with B,C particles
interacting with the matrix. At optimal concentra-
tions, such an additive can ensure high density at rela-
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tively low sintering temperatures (¢ = 1150+1190 °C)
due to the interaction of both boron and carbon with
the matrix. As a result, these characteristics signifi-
cantly enhance the physical and mechanical properties
of the material [10].

The consolidation of powder high-speed steel with
strengthening additives is often performed by press-
ing and supersolidus sintering or hot pressing (HP),
without resorting to hot isostatic pressing [2—11].

Another important aspect in the dispersion streng-
thening of powder HSS, in addition to the choice
of additive and its content, is the method of mixing.
Incorrect selection of the method and conditions can
lead to particle segregation [12]. Usually, for mixing
metal powders with dispersed additives, a planetary
ball mill is used, which ensures not only high-quality
mixing and uniform distribution of strengthening dis-
persed particles throughout the charge but also addi-
tional grinding of both the strengthening and base
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powder particles [13]. As a result, with a proper selec-
tion of the mixing mode in the planetary ball mill,
a fine-grained structure of the material can be obtained,
enhancing its physical and mechanical properties.
High dispersion of the powder mixture particles can
lead to activated sintering [14]. This also allows for
maintaining a fine-grained structure by achieving high
density with shorter sintering times, preventing grain
growth due to prolonged holding.

The heterophase ceramic MoSi,-MoB-HfB,, pro-
duced using self-propagating high-temperature syn-
thesis (SHS), is of interest as a strengthening additive
due to its high hardness (19.5 GPa) and heat resistance,
particularly its resistance to oxidation at elevated tem-
peratures across a wide range [15; 16]. The boron in
the ceramic composition can help form a liquid phase
at relatively low temperatures and activate the sinter-
ing process [10; 17].

Such complex compounds are rarely used as
strengthening additives, making the study of their
effect on the physical and mechanical properties and
microstructure of HSS a pertinent task.

The aim of this work was to produce consolidated
samples from a powder mixture of high-speed steel with
the addition of heterophase ceramic MoSi,-MoB-HfB,
and to study their properties to identify promising
areas of application for this material.

Materials and methods

The mechanically alloyed powder mixture of HSS
grade R6MS5KS was used as the base material, with
the following composition by mass percentage:

W 6.0
Mo............... 5.0
Co...ovviiii 5.0
Cro...oooiiiii.. 4.0
Voo 2.0
C.o 0.9
Fe............... Rest

This mixture was obtained by milling in a Planetary
ball mill “Activator — 4M” (Russia) at a drum rotation
speed of 800 rpm, with a ball-to-powder ratio of 10:1
and a milling time of 30 min. The characteristics
of the initial powder components used to produce this
mixture are presented in Table 1.

The size range of the main fraction of the mecha-
nically alloyed powder mixture was 3-20 pm,
with an average particle diameter of 10 um and
Dy, =9 um. The mixture consists of solid solu-
tions based on Fe, W, and Mo, as well as WC car-
bide. The ceramic powder additive had a composition

of 60 % (90 % MoSi,~10 % MoB) + 40 % HfB,, with
an average particle size of 5 um. The method of its pro-
duction is described in [15].

The powder steel was mixed with 3 vol. %
of the strengthening additive and processed in
the Planetary ball mill “Activator —4M” at a drum rota-
tion speed of 800 rpm, a ball-to-powder ratio of 10:1,
and processing times of 15, 30, and 45 min.

The microstructure of the samples was examined
using a scanning electron microscope (SEM) S-3400N
(Hitachi, Japan) equipped with an energy-dispersive
X-ray spectrometer (EDS) NORAN System 7 X-ray
Microanalysis System (Thermo Scientific, USA).

X-ray diffraction phase analysis (XRD) of the samp-
les was performed on a D2 PHASER diffractometer
(Bruker AXS GmbH, Germany) using CuK  radiation
(1.5418 A).

Particle size distribution was assessed using
an ANALYSETTE 22 MicroTec plus (Fritsch
GmbH, Germany). The flowability and bulk density
of the powder mixture were determined according
to GOST 20899-98 and GOST 19440-94, respectively.
Additionally, the compressibility during cold press-
ing and the change in density after sintering were
investigated.

Cold pressing of the obtained mixture with and with-
out the ceramic additive was carried out in a steel mold
with an inner diameter of 12 mm at pressures ranging
from 200 to 900 MPa, and the sintering of the billets
was conducted at 1200 °C for 60 min. Hot pressing was
performed in a graphite mold with an inner diameter
of 20 mm in a Direct Hot Pressing DSP-515 SA press
(Dr. Fritsch Sondermaschinen GmbH, Germany) under
vacuum at 1000 °C and 50 MPa. The heating and cool-
ing rates were 50 °C/min, with an isothermal holding
time of 3 min. The mass of the charge during pressing
was calculated to ensure that the height of the pore-free

Table 1. Characteristics of the initial
powder components

Tabnmya 1. XapakTepucTHKHA HCXOTHBIX
MOPOLIKOBBIX KOMIIOHEHTOB

P ;’r‘;’g:r Element|  GOST/TU P‘f;fy
PZhRV 220026 |  Fe TU 14-5365-98 | 99.24
PVCh W | TU4819-5791 | 99.99

PM Mo | TU 14-22-160-2002 | 99.90

PK Co GOST9721-79 | 99.95
ERKh-1 Cr | GOST5905-2004 | 99.99
FVd50U0,5 V| GOST27130-94 | 99.00
P-803 C GOST 7885-86 | 99.90
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billets was 0.5 times the diameter. Heat treatment (HT)
of the obtained hot-pressed billets was carried out
under the following conditions: annealing at 800 °C,
quenching in oil from 1210 °C, and double tempering
at 560 °C [18].

The compressive and flexural strength were evalua-
ted using an LF-100KN testing machine (Walter + Bai,
Switzerland). Hardness after hot pressing, heat treat-
ment, and annealing at 630 °C for 4h (red hard-
ness) was measured using a TR5006 hardness tester
(Tochpribor, Russia).

Comparative tribological tests were conducted at
room temperature using a Tribometer friction machine
(CSM Instruments, Switzerland) in accordance with
ASTM G 99-17 and DIN 50324. The tests were per-
formed in a reciprocating motion mode with a “pin-on-
disc” configuration. A ball made of WC—Co hard alloy
(VK6) was used as the counterbody. The test condi-
tions were as follows: linear speed — 10 cm/s, applied
load — 2 N, track length — 4 mm, and total running dis-
tance — 10,000 cycles. The profiles of the wear tracks
were studied using a WYKO NT 1100 optical profilo-
meter (Veeco, USA).

Results and discussion

After processing (mixing) in the planetary ball mill
for 15, 30 and 45 min, the technological properties
of each powder mixture were determined: flowability,
bulk density, and particle size distribution. The results
are presented in Table 2.

The obtained powder mixtures did not exhibit flow-
ability when tested according to GOST 20899-98.
Minor variations in bulk density values are associated
with differences in particle sizes. The lack of flowa-
bility and low bulk density are due to the high dis-
persion of the powder mixture (average particle size
10-16 pm). Changes in particle size distribution are
explained by the different milling durations: 15, 30 and
45 min. In the latter case, the particles tend to agglom-
erate. Further studies were conducted on the powder
mixture processed in the planetary ball mill for 30 min,

‘q“ 'I : e
| Agglomerates |

Fig. 1. SEM images of the morphology of HSS powder mixture
particles (@) and their microstructure in cross-section (b)

Puc. 1. POM-u300pakennst MOpHOIOTHH YacTHII (@)
nopouikoBoii cmecu bPC 1 uX MUKPOCTPYKTYpbI
Ha nonepeyHoM 1utnde (b)

which is optimal for achieving a dispersed particle size
distribution.

Figure 1 shows SEM images of the morphology
of the powder mixture particles and their microstruc-
ture on a cross-section. It can be seen that the powder
mixture particles range in size from 2 to 25 pm, with
a near-spherical shape, and larger particles are agglo-
merates. The images were obtained in backscattered
electron detection mode, which highlights heavy alloy-
ing elements (tungsten and molybdenum) by contrast,

Table 2. Technological properties of the HSS powder mixture
at different processing durations of the PBM

Tabnuya 2. TexHonornyeckue cBoiicrsa nopokosoii cmecu BPC
NpH Pa3aIudHONi JIuTeabsHocTH 00padoTku B IIIM

. . Particle size . o
Proc?essmg. oy, 6 Bulk Ben3s1ty, dsien e, Aver'flge particle DleEI'lbuthIl
duration, min g/cm size, pm quantile Dy, pm
pum
15 2.66 6-30 12 11
30 Does not 250 3-30 10 8
flow
45 2.90 4-30 16 12
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distributed both on the surfaces and within the iron
particles.

The presence of the introduced ceramic is detected
only through general EDS analysis of the observed
areas, indicating a high uniformity of the dispersion
of the additive within the powder mixture, without
the formation of separate agglomerates.

Figure 2 shows the dependence of the relative den-
sity of the billets on the compaction pressure after
pressing and sintering. The dependencies show that dur-
ing cold pressing, the powder mixtures are compacted
to achieve a relative density of up to 69.8 % at a pres-
sure of 900 MPa. After sintering, the density increases
to 92.7 %. The highest hardness (62.0+ 1.0 HRA)
is observed in the densest sintered billets, pressed at
P =900 MPa. The high level of compressibility dur-
ing cold pressing is provided by the iron-based matrix
powder.

The significant increase in density during sintering
indicates an intense process at 1200 °C. This is due
to the high initial dispersion of the powder mixture,
which provides an increased specific surface area and
promotes the activation of sintering. The presence
of boron lowers the temperature of liquid phase forma-
tion in the steel, further activating the sintering pro-
cess [10; 17]. This may result in the formation of some
amount of liquid phase.

Figure 3 shows SEM images of the microstructure
of the sintered sample of R6EMS5KS steel with ceramic
additive, pressed at P =900 MPa. The microstructure
of the sintered billet is quite homogeneous and porous,
with alloying elements not forming carbide compounds
Me,C and MeC, which ensure the red hardness of HSS.
The effect of the ceramic additive on the microstructure
images and EDS analysis results is difficult to assess. In

95
90
85 -
80 -
75 - .

20 L After pressing 3
65 -
60

55 1 1 1
100 300 500 700 900

|

After sintering

Relative density, %

Compaction pressure, MPa

Fig. 2. Dependence of relative density of billets
on compaction pressure before and after sintering

Puc. 2. 3aBUCUMOCTh OTHOCHTEILHOMN TJIOTHOCTH 3aTOTOBOK
OT JaBJICHUS NIPECCOBAHUS 10 U IOCJIE CIICKAaHUA

Fig. 3, b, grains of the matrix with a size of 3—8 pm can
be distinguished. The general elemental EDS analysis
(integral area in Fig. 3, a) shows the presence of Hf and
Si, which are part of the ceramic but not included in
the composition of REM5KS steel itself (Table 3). This
indicates significant dissolution of the ceramic additive
in the steel matrix.

After hot pressing the powder mixture, the obtained
billet had a hardness of 64.0 £ 0.3 HRC with a relative
density of 97.2 %, and after heat treatment, the hard-
ness changed slightly to 64.7 =0.2 HRC. The high
hardness of the hot-pressed billet is due to the low tem-
perature of hot pressing, which preserves a finer grain
structure. During prolonged holding during annealing
and austenitization at high temperatures, inevitable
grain growth occurs. The increase in hardness after
heat treatment is largely due to the formation of a car-
bide network during quenching and secondary carbides
during tempering [19].

Fig. 3. SEM images of the microstructure
of the sintered sample

at 500 () and 2000” (b) magnification

Puc. 3. POM-u300pakeHHsi MUKPOCTPYKTYPBI
CIIEUCHHOT0 00pas3ia Ipy yBeIHICHUN
500" (@) 1 2000* ()
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Table 3. Results of general and EDS analyses of microstructural components of the sintered HSS billet (see Fig. 3)

Ta6nuya 3. Pesyabrarsl 061ero 1 3/1C aHAIM30B MUKPOCTPYKTYPHBIX COCTABJISIOLINX
crneyeHHoii 3aroroBku BPC (cMm. puc. 3)

Area Content, at. %
(component) C \Y Cr Fe Mo | Hf W Co 0 Si
I (General) | 204 | 24 | 38 | 584 | 40 | 04 | 18 | 25 | 37 | 27
2 (WC) 81.5 | - - 2.4 - - 162 | - - -
3 (Mo) 62.0 | 33 | 24 | 145 | 162 | - 1.8 - - -
4 (Matrix) 172 | 04 | 24 | 786 | 12 - 0.3 - - —
5(FVd) 27.1 | 373 | 24 | 254 | 29 - 4.8 - - -

Figure 4 shows SEM images of the microstruc-
ture of the hot-pressed billet after heat treatment. As
seen from the data, carbide Me,C with characteristic
morphology is distributed along the grain bounda-
ries, which is more typical for cast HSS [18; 20]. This
may indicate the formation of a significant amount
of liquid phase due to the melting of eutectic as a result
of'the influence of boron with the precipitation of eutec-
tic carbide Me,C, necessitating quenching at lower
temperatures [17; 19]. In the matrix, represented by a
solid solution based on iron, alloying elements are dis-
solved. After hot pressing followed by heat treatment,
the introduced ceramic particles are fixed in the micro-

structure (marked in Fig. 4, b according to the pre-
sumed phases). The average grain size is 14-34 pum, and
the size of the ceramic particles is 2—4 um. Secondary
carbide MeC is not detected, and vanadium, according
to EDS results (Table 4), is contained in the matrix and
Me C carbide. Secondary carbide MeC is not observed
in the studied microstructure areas and XRD results
(Table 5), as evidenced by the slight increase in hard-
ness after heat treatment.

According to XRD data, the following phases are iden-
tified: a-Fe (matrix), carbide Me,C (W,Fe,C/Mo,Fe,C),
as well as HfO, and HfSiO,, which is consistent with

Fig. 4. SEM images of the microstructure of the hot-pressed biller after heat treatment

Puc. 4. POM-u300paxeHuss MUKPOCTPYKTYPbI TOPSYCIIPECCOBAHHOM 3ar0TOBKH OCIIE TEPMOOOPaOOTKH

Table 4. Results of EDS analysis of microstructural components of the hot-pressed HSS billet

Ta6bnuya 4. Pesynbrarbl J]C-aHa/3a MUKPOCTPYKTYPHBIX KOMIIOHEHTOB ropsiyenpeccoBaHHoii 3aroropku BPC

Content, at. %
Component -
C (@) Si A\ Cr Mn Fe Co Mo Hf
Matrix 14.3 - - 1.4 3.7 - 745 | 2.8 2.1 - 1.3
HfSiO, 9.8 | 60.2 | 20.0 | 0.9 - 0.4 2.6 0.1 0.4 5.6 -
HfO, 185 | 57.9 - - 0.5 - 3.6 0.4 1.3 | 17.7 -
Sio, 112 | 613 | 206 | 1.3 0.6 0.2 43 - 0.5 - -
MeC 31.9 - - 4.8 3.9 - 328 | 1.6 | 156 - 9.4
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Table 5. XRD results of the hot-pressed R6MSKS billet
with ceramic additive

Tabnuya 5. Pesyabrarsl POA ropsiuenpeccoBaHHoil
3arotoBku P6MSKS ¢ kepamuyeckoii 100aBkoi

Phase Structural Vol.ume Lattice
type fraction, % | parameter, A
a-Fe cl2/1 82.4 a=2.890
MeC cF112/2 9.9 a=11.026
HfSiO, t124/3 1.6 -
HfO, mP12/3 1.5 -
Austenite cF4/1 4.5 a=3.612

the microstructure analysis results. Ceramic inclusions
(Fig. 5) may represent hafnium silicate, which could
form during the hot-pressing process or subsequent
heat treatment [15; 21]. White particles in the structure
of the ceramic additive (see Fig. 4, Table 4) in some
areas are similar in composition to HfO,, indicating
incomplete interaction of HfO, with SiO,, which forms
HfSiO, [21]. Accordingly, the black areas are similar in
composition to SiO,.

The strength characteristics of the hot-pressed
billets were studied: the bending and compressive
strength values were 1141+ 50 and 2157 + 42 MPa,
respectively. Additionally, the red hardness of the hot-
pressed samples was determined by annealing in
air for 4h at 630 °C. The hardness after anneal-
ing was 59.5+ 0.8 HRC, meeting the requirements
of GOST 19265-73.

Figure 5 shows the effect of the ceramic additive
on the friction coefficient dependence on the run-
ning distance and the 2D profile of the wear track
of hot-pressed powder high-speed steel ROM5SKS5 bil-
lets. It was found that they have a consistently low
friction coefficient (0.20-0.22) when sliding against
a VK6 alloy ball. The specific wear values calcu-
lated from the 2D profiles of the wear tracks were
5.40-10° and 2.56-10°% mm?/(N'm) for the REM5K5
and POMS5KS + ceramic billets, respectively. Thus,
the ceramic additive doubles the wear resistance
of R6MS5KS steel (see Table 5). This is primarily due
to the high hardness (64.0 = 0.3 HRC) of the sample,
owing to the formation of a carbide network and hard
particles of SiO, and HfO,. However, the specific wear
of the counterbody (Table 6) is twice as high when test-
ing ROEM5KS with the ceramic additive.

According to [22], the increase in the actual con-
tact area of the tribopair is accompanied by an increase
in the friction coefficient. However, when sliding
the ball on the R6OM5KS sample with the ceramic addi-
tive, this parameter did not change. The wear track
of the ROMS5KS billet with the ceramic additive was
studied using SEM (Fig. 6). At its edge, correspond-
ing products in the form of flake-like agglomerates
are present. According to EDS data (Table 7), they
represent a mixture of oxidized counterbody and steel
particles. Also, an adhered layer of oxidized wear pro-
ducts from the sample and counterbody was found in
the wear track area. The pronounced heterogencous

0.25 0.6
= 03k R6MS5KS + Ceram
.g 0.20 :
= 0
3 o ROMSKS R6M5KS + Ceram £ 03
= 010 | < R6MS5KS
2 -0.6
2 005 — -
= a 09 b
0 1 1 1 1 _1. 2 1 1 1 1
0.02 16.00 32.00 48.00 64.00 8.00 0 100 200 300 400 500
Running distance, m d, pm

Fig. 5. Dependence of friction coefficient on running distance (@) and 2D profiles of wear tracks (b)
of hot-pressed ROMSKS steel billets and R6M5KS steel billets with ceramic additive

Puc. 5. 3aBucumocTb ko3 duIlneHTa TPEHUS OT JTHHBI Tpodera (@) u nzobpaxenue 2D-npoduineit nopokek nznoca (b)
rOpsIYENPECCOBAHHBIX 3aroTOBOK U3 cTainu POMSKS u POMSKS + kepamuueckas to6aBka

Table 6. Results of tribological tests

Tabnunya 6. Pesyabrarhl TPUO0JI0TrHYECKUX HCIBITAHUI

Sample Specific wear, 10 mm?/(N-m) Friction coefficient
Sample Counterbody Initial Average Final
R6MS5KS 5.40 0.20 0.41 0.22 0.23
RO6MSKS + ceramic 2.56 0.47 0.40 0.20 0.20
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Fig. 6. SEM images of the wear track of the hot-pressed sample (a) and wear products (b)

Puc. 6. POM-u300pakeHns JOPOKKH H3HOCA TOPSUEIIPECCOBAHHOTO 06pasiia (a) u npoayktoB u3Hoca (b)

Table 7. Results of EDS analysis of wear track components

Tabnuya 7. Pezyabrarsl ] C-anaau3a KOMIIOHEHTOB IOPOKKH H3HOCA

Area No. Content, at. %

inFigg6 | ¢ | O | Si | V | Cr | Fe | Co | Mo | Hf | W
1 195 — | 23|22 |35|640] 38|30 02| 16
2 98 [543 | — | 12|16 [270] 1.6 | 1.3 | 0.1 | 3.1
3 126|517 — | 09| 1.7 |281 16  — | 01 |33
4 129 463 | 23 | 1.2 | 22 (28519 | 04 | 1.9 | 2.4
5 4491389 050507 11906 | 06| 01 | 13

structure with ceramic inclusions is similar to the struc-
ture of powder metallic glass materials [23].

During wear, HfO,, SiO, and HfSiO, particles may
contribute to its reduction [24]. The formed carbide
structure is more preferable from the wear resistance
perspective compared to dispersed carbides [25]. It can
be assumed that the obtained composite material, dem-
onstrating high red hardness, can also find application
in the production of wear-resistant products operating
at temperatures up to 630 °C.

Conclusions

1. Sintered and hot-pressed billets of HSS grade
R6MS5KS with a 3 % addition of heterophase ceramic
MoSi,-MoB-HfB, were obtained, achieving relative
densities of up to 92.7 % and 97.2 %, respectively.
The hardness of the sintered billet was 62.0 HRA,
while the hot-pressed billet reached 64.7 HRC. Both
billets exhibited a bending strength of 1141 MPa and
a compressive strength of 2157 MPa.

2. It was established that the hot-pressed billet is
characterized by a pronounced heterogeneous micro-
structure, similar to that of metallic glass materials.

52

3. Tribological tests showed that the addition
of the ceramic MoSi,-MoB-HfB, to the hot-pressed
R6MSKS high-speed steel billet resulted in more than
a twofold increase in wear resistance.

4. A method for further improvement of the physical
and mechanical properties is proposed by introducing
a smaller amount of boron-containing ceramic additive
and performing quenching at lower temperatures.
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Oxidation-resistant Zr-Mo-Si-B coatings
deposited by DCMS and HIPIMS methods

A. D. Chertova'®, E. I. Chudarin!, I. O. Vakhrusheval,
Yu. Yu. Kaplansky’, X. Ren?, P. Feng?®, E. A. Levashov',
Ph. V. Kiryukhantsev-Korneev'

' National University of Science and Technology “MISIS”
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2Henan Academy of Sciences
Zhengzhou 450046, China
3 China University of Mining and Technology
Xuzhou 221116, China
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Abstract. This study focuses on the development of high-temperature oxidation-resistant coatings within the Zr—-Mo-Si—B system.
It addresses the deposition processes using direct current magnetron sputtering (DCMS) and high-power impulse magnetron sput-
tering (HIPIMS). The research includes an analysis of gas discharge plasma, investigation of the coating structure, and determi-
nation of the mechanical properties and high-temperature oxidation resistance of the resulting coatings. The coatings were found
to be X-ray amorphous, characterized by a dense, defect-free structure with a uniform distribution of elements throughout their thick-
ness. All coatings demonstrated high oxidation resistance at temperatures of 1100 and 1300 °C. The transition from DCMS to HIPIMS
mode resulted in a 16-21 % reduction in oxidation depth at 1300 °C. The coating obtained via DCMS exhibited the greatest thickness
and the best oxidation resistance at 1500 °C. The high-temperature oxidation resistance of the coatings is attributed to the formation of
a protective surface oxide film of Si:B:0O, with dispersed nanocrystallites #-ZrSiO, and m-ZrO, phases.

Keywords: direct current magnetron sputtering, high-power impulse magnetron sputtering, coatings, high-temperature oxidation
resistance
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XapocTtounkue nokpbitusa Zr-Mo-Si-B,
NoOJly4YeHHble METOAOM MarHETPOHHOIO pacnblJIeHUS
B pexxumax DCMS u HIPIMS

A. 1. Yeprosa! ®, ®. V1. Yynapun', V1. O. Baxpymena',

10. 10. Kannauckmit!, X. Ren?, P. Feng?, E. A. Jleamos',
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2Henan Academy of Sciences
Zhengzhou 450046, China
3 China University of Mining and Technology
Xuzhou 221116, China
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AHHOTayms. PaboTa nocesiieHa co3JaHuio XKapoCTOHKUX TOKPHITHI cucteMbl Zr—-Mo—Si—B. PaccmarpuBatoTcst BOIpoCHI, CBsI3aHHbBIE
C IIPOLIECCOM OCaXICHUSI TOKPBITHIT METOJIAMH MarHeTPOHHOTO pacIblIeHHs Ha octostHHOM Toke (DCMS, direct current magnetron
sputtering) U B BBICOKOMOIIIHOM ummyibcHOM peskume (HIPIMS, high-power impulse magnetron sputtering). BrinonHeH aHamu3
IL1a3MBbl 'a30BOTO pa3psja, UCCIEeJOBaHA CTPYKTYpa, ONpee/IeHbl MEXaHUYECKHE XapaKTePUCTUKU U 5KapOCTOMKOCTh MOJIyUYSHHBIX
MOKPBITHH. YCTaHOBIICHO, YTO OHH SIBIISIFOTCSI PEHTTEHOAMOP(GHBIMU M XapaKTePHU3YIOTCs TUIOTHOW Manofie()eKTHOH CTPYKTypoi
C PaBHOMEPHBIM PACIpEACICHHEM JJIEMEHTOB MO TOJIIMHE. Bce MOKpBITHS 0071a1al0T BHICOKON CTOMKOCTBIO K OKHCICHHIO IPU
temneparypax 1100 u 1300 °C. [Tepexon ot pexxuma DCMS k HIPIMS npuBen k CHIKEHUIO TTyOuHbI OKucyieHus Ha 16-21 % npu
temneparype 1300 °C. [TokpsiTre, nomyueHHoe B pexxume DCMS, umeno MakcuMasbHyIO TOJIIIMHY U TOKA3aJI0 YUy CTOHKOCTh
K okucieHuto npu Temmeparype 1500 °C. Bricokas »apoCTONKOCTh MOKPBITHI 00yCIIOBICHA 00pa30BaHHEM 3alIUTHON MOBEPX-
HOCTHOM OKcHjIHOM ieHkH Si:B:O ¢ nucreprupoBaHHBIMU B Hell HaHOKpUcTauTaMu a3 -ZrSi0, u m-Zr0O, .

KnroueBbie cnosa: MAari€TpoHHOE pPAaCIbUICHUE Ha MOCTOSIHHOM TOKE, BBICOKOMOIIHOC HMITYJIBCHOEC MArHETPOHHOE pPACIIbLIICHUEC,

TIOKPBITHSL, )KapOCTOfIKO CTh

BnaropgapHocTy: Pabora BhinonHeHa npu GpuHAHCOBOI moaaepxke Poccuiickoro Hayunoro ponzaa (mpoekt Ne 23-49-00141).
P. Feng u X. Ren Boipaxatot OmarogapaocTs HaronansHoMy (GoHIy ecTecTBeHHbIX HayK Kurtast 3a pUHaHCOBYIO MOAACPKKY (IPOSKT

Ne 52261135546).
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Introduction

Zirconium disilicide (ZrSi,), owing to its high
strength characteristics and oxidation resistance,
is a promising material for use as a base in the devel-
opment of high-temperature oxidation and wear-resis-
tant coatings [1; 2]. The protective properties of ZrSi,
are due to the formation of a surface layer of silicon
dioxide (Si0, ), which prevents the diffusion of oxygen
atoms into the material and possesses high viscosity,
aiding in the healing of cracks formed during heating.
In multicomponent and multiphase materials, the local
rearrangement of particles caused by the phase transi-
tion from monoclinic zirconium oxide (Zr0O,) to tetra-
gonal ZrO, serves as an additional mechanism for
defect healing [3]. Moreover, ZrO,, formed as a result
of ZrSi, oxidation, has a high melting point and can
react with SiO, to form zirconium silicate (ZrSiO,),
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which is highly chemically stable and has low oxygen
permeability [2; 4; 5].

Despite the high potential for practical applica-
tion, information on the development of materials
based on ZrSi, is limited. Known works [6; 7] describe
ZrSi,~MoSi,~ZrB,, ceramics obtained by self-pro-
pagating high-temperature synthesis (SHS). Due
to the formation of a multilayer structure consisting
of a ZrSiO, layer and sublayers based on ZrO, and
SiO,, these ceramics exhibit high oxidation resistance
at 1650 °C.

In addition to the development of bulk mate-
rials based on ZrSi,, researchers are also focusing on
creating coatings with a similar composition. ZrSi,-
based coatings are widely used to protect zirconium
alloys [8-10], C/C composites [11-14], and gra-
phite [15; 16] from oxidation at high temperatures.


mailto:alina-sytchenko@yandex.ru
https://doi.org/10.17073/1997-308X-2024-4-55-68
mailto:alina-sytchenko%40yandex.ru?subject=
https://www.list-org.com/search?type=name&val=%D0%A4%D0%95%D0%94%D0%95%D0%A0%D0%90%D0%9B%D0%AC%D0%9D%D0%9E%D0%95%20%D0%93%D0%9E%D0%A1%D0%A3%D0%94%D0%90%D0%A0%D0%A1%D0%A2%D0%92%D0%95%D0%9D%D0%9D%D0%9E%D0%95%20%D0%90%D0%92%D0%A2%D0%9E%D0%9D%D0%9E%D0%9C%D0%9D%D0%9E%D0%95%20%D0%9E%D0%91%D0%A0%D0%90%D0%97%D0%9E%D0%92%D0%90%D0%A2%D0%95%D0%9B%D0%AC%D0%9D%D0%9E%D0%95%20%D0%A3%D0%A7%D0%A0%D0%95%D0%96%D0%94%D0%95%D0%9D%D0%98%D0%95%20%D0%92%D0%AB%D0%A1%D0%A8%D0%95%D0%93%D0%9E%20%D0%9E%D0%91%D0%A0%D0%90%D0%97%D0%9E%D0%92%D0%90%D0%9D%D0%98%D0%AF%20%20%D0%9D%D0%90%D0%A6%D0%98%D0%9E%D0%9D%D0%90%D0%9B%D0%AC%D0%9D%D0%AB%D0%99%20%D0%98%D0%A1%D0%A1%D0%9B%D0%95%D0%94%D0%9E%D0%92%D0%90%D0%A2%D0%95%D0%9B%D0%AC%D0%A1%D0%9A%D0%98%D0%99%20%D0%A2%D0%95%D0%A5%D0%9D%D0%9E%D0%9B%D0%9E%D0%93%D0%98%D0%A7%D0%95%D0%A1%D0%9A%D0%98%D0%99%20%D0%A3%D0%9D%D0%98%D0%92%D0%95%D0%A0%D0%A1%D0%98%D0%A2%D0%95%D0%A2%20%20%D0%9C%D0%98%D0%A1%D0%98%D0%A1

Pon e

POWDER METALLURGY AND FUNCTIONAL COATINGS. 2024;18(4):55-68
Chertova A.D., Chudarin F.I., etc. Oxidation-resistant Zr-Mo—-Si—B coatings deposited ...

Studies [8; 9] have shown that the deposition of ZrSi,
coatings reduces the thickness of the oxide layer on
zirconium alloys by a factor of 10 at temperatures
of 1000 and 1200 °C. The introduction of molybde-
num disilicide (MoSi, ), which has self-healing proper-
ties, into ZrSi, coatings is of interest [3]. The addition
of MoSi, reduces the likelihood of the phase transi-
tion of ZrO, from the tetragonal to monoclinic phase,
which causes volume expansion and leads to coating
cracking [12]. In a study [17], ZrSi,~MoSi,-ZrB,, coa-
tings obtained by slip-firing method exhibited record
oxidation resistance at temperatures of 1500—1700 °C.
This can be explained by the following factors:

— formation of a thermally stable heterogeneous
oxide film;

— dissolution of ZrO, in the borosilicate layer form-
ing ZrSiO,;

— formation of thermally stable molybdenum-based
particles that hinder oxygen diffusion;

— high melting point and low thermal conductivity
of the ZrO,-based oxide layer, protecting the inner
layers.

Despite the high oxidation resistance of ZrSi,—
~MoSi,~ZrB,, coatings obtained by the slip-firing
method, the application of this method is limited
by the size of the treated parts. Additionally, it is
not possible to accurately control the phase compo-
sition and thickness of the coating. In this regard,
the direct current magnetron sputtering (DCMS)
method appears promising, as it allows the produc-
tion of defect-free coatings with a specified phase
composition, uniform thickness, high adhesive
strength, and the ability to reinforce complex-shaped
products [18; 19].

The application of high-power impulse magne-
tron sputtering (HIPIMS) opens up additional pos-
sibilities for applying ceramic coatings [20; 21]. Due
to its higher power, HIPIMS significantly increases
the plasma density from ~10' ions/cm?® for DCMS
to 10"*-10' ions/cm® for HIPIMS [22]. In the lat-
ter case, sputtered atoms are intensely ionized while
passing through the plasma, and the flow consists pre-
dominantly of ions rather than atoms, as in DCMS.
The increased ion/atom ratio in the flow characteris-
tic of HIPIMS leads to a significant enhancement in
the adhesive strength of the deposited coatings due
to the formation of pseudo-diffusion layers and ion
implantation effects during the preliminary etch-
ing of the substrate surface [22]. The increased den-
sity of the structure and adhesive strength improve
the mechanical properties, wear resistance, and oxida-
tion resistance of the coatings [23; 24].

The aim of this study was to develop Zr—-Mo-Si-B
system coatings using DCMS and HIPIMS methods,
and to investigate their structure, mechanical proper-
ties, and high-temperature oxidation resistance.

Materials and methods

The coatings were produced using the DCMS
and HIPIMS methods with a functionally graded
target (ZrSi,~ZrB,-MoSi,)/Cr [25]. The coat-
ings were produced using the DCMS and HIPIMS
methods with a functionally graded target
(ZrSi,~ZrB,~MoSi,)/Cr [25]. Deposition was carried
out in a vacuum chamber based on the UVN-2M pum-
ping system (Quartz JSC, Russia) [26]. For the DCMS
mode, a Pinnacle Plus power supply (Advanced
Energy, USA) was used, while HIPIMS deposition was
performed using a TruPlasma 4002 system (Trumpf,
Germany). The average power for coating deposi-
tion using both methods was P = 1 kW. To compen-
sate for the lower growth rate in the HIPIMS mode,
experiments were conducted at an increased power
of P =2 kW. The HIPIMS frequency was 1 kHz, with
a pulse duration of 50 pus, and the residual and working
pressures of Ar (99.9995 %) were 3-10 and 1-107" Pa,
respectively. Polycrystalline Al O, plates (VOK-100-1
grade) and Si (KEF-100 grade) were used as substrates.
To remove surface contaminants before sputtering,
the substrates were cleaned ultrasonically in isopropyl
alcohol for 5 min and then cleaned with Ar* ions at
2 keV for 20 min using an ion source. The deposition
time was 60 min for both modes (P =1 kW) and 30 min
for HIPIMS at P =2 kW.

The magnetron discharge plasma was studied using
optical emission spectroscopy with a PlasmaScope
spectrometer (Horiba Jobin Yvon, France). The com-
position and structure of the coatings were analyzed
using a scanning electron microscope (SEM) S-3400N
(Hitachi, Japan) equipped with a Noran-7 Thermo
energy-dispersive spectroscopy (EDS) attachment.
The surface topography of the coatings was investi-
gated using a WYKO-NTI1100 optical profilometer
(Veeco, USA). The phase composition of the coat-
ings was determined by X-ray diffraction (XRD) using
a D2 Phazer diffractometer (Bruker, Germany) with
CuK  radiation. Elemental profiles of the coatings were
obtained by optical emission spectroscopy with a glow
discharge (GDOES) using a Profiler 2 instrument
(Horiba JY, France) [27].

Mechanical properties such as hardness (H), elas-
tic modulus (£), and elastic recovery (W) were evalu-
ated by nanoindentation using a Nanohardness Tester
(CSM Instruments, Switzerland) at a load of 4 mN.
To determine the oxidation kinetics, stepwise annealing

57



Drm o WU3BECTMA BY30B. MIOPOLWKOBAA METANINYPTUA U ®YHKLUOHANBHBIE MOKPbITUA. 2024;18(4):55-68
' usBECTA 8Y308 Yepmoea A.[., YydapuH ®.M. u dp. HapocToikme nokpbiTna Zr—Mo—Si—B, nonyyeHHble METOLOM MarHeTPOHHOIO ...
Designations, deposition modes, elemental composition, growth rate,
and mechanical characteristics of the coatings
O0o03Ha4eHns, pe;KUMbI 0CAKACHH, JIeMEHTHbIIi COCTaB, CKOPOCTh PocTa
U MeXaHNYecKHe XapaKTePUCTHKU MOKPBITHIT
Composition, at. %
Sample | Mode o ’ Growthrate, | 1 oo | £ GPa | W, %
Zr Si Mo B nm/min
1 DCMS 31 49 8 12 140 11£09 | 177+8 37
HIPIMS
2 26 54 8 12 95 12+0.5] 18112 37
P=1kW
HIPIMS
3 26 55 8 11 95 14+1.2| 208+19 42
P=2kW

was performed in air in a muffle furnace SNOL-7.2/1200
(AB Umega, Lithuania) at 1000 °C with hold times
of 10, 30, 60, and 180 min. To assess the high-tem-
perature oxidation resistance of the coatings, non-iso-
thermal annealing was conducted in a muffle furnace
TK 15.1800.DM.1F (Thermoceramics LLC, Russia)
at temperatures of 1100, 1300, and 1500 °C with
a hold time of 10 min. After annealing, the coatings
were examined using SEM, EDS, and XRD methods.
The designations of the coatings and their deposition
modes are presented in the Table below.

Results and discussion

Plasma diagnostics
during coating deposition
Fig. 1 presents the plasma spectra obtained by sput-
tering of a Zr—Si—-Mo-B target in DCMS and HIPIMS

modes at an average power of 1 kW, as well as in
HIPIMS mode at P =2 kW.

Plasma analysis in the wavelength range of 200
to 880 nm was conducted for the elements pres-
ent in the target, as well as for the working gas (Ar).

100 100

The main characteristic line positions, according
to the Quantum XP software (Horiba JY, France), are
252, 288, and 386 nm for Si; 399 nm for Zr; 313 and
380 nm for Mo; 250 nm for B; and 603, 697, 707,
750, 801, 811, and 842 nm for Ar. When transitioning
from DCMS to HIPIMS mode (with an average power
of 1 kW in both cases), the intensities of the Mo, B, and
Si peaks increased by 1.7, 3.7, and 2.5 times, respec-
tively. The most significant change was observed for
the Zr signal, with peak intensities increasing 14-fold,
reaching a maximum when transitioning from DCMS
to HIPIMS at P = 1 kW. The intensity of the Ar
peaks during HIPIMS deposition decreased by 1.3
to 3.7 times compared to DCMS. Increasing the power
from 1 to 2 kW during HIPIMS deposition resulted in
an increase in the intensity of the Si, Mo, and B lines
by 1.6, 1.7, and 1.5 times, respectively, while the inten-
sity of the Zr remained unchanged.

Thus, transitioning from DCMS to HIPIMS at an
average power of 1 kW allows for the generation
of plasma predominantly consisting of target material
ions [28; 29], with the integrated intensity, calculated
using MagicPlot Pro software, increasing threefold.
Increasing the power from 1 to 2 kW during HIPIMS
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Fig. 1. Plasma spectra obtained by sputtering a Zr—Si—Mo-B target in the DCMS (a)
and HIPIMS (b, ¢) modes at an average power of 1 (a, b) and 2 kW (¢)

Puc. 1. CiekTpsl 11a3MBl, TOJTyYEeHHEIE IIPH pacibuieHnH MumieHn Zr—Si—-Mo-B B pexxumax DCMS (a)
n HIPIMS (b, ¢) npu cpenneit momuoctu 1 kBT (a, b) n 2 kBt (¢)
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operation results in a further twofold increase in this
indicator.

Study of coating structure
and mechanical characteristics

Typical SEM images of the structure, elemental
profiles, and three-dimensional surface images (using
coating / as an example) are shown in Fig. 2.

All samples exhibited a dense, defect-free struc-
ture and a similar roughness parameter Ra in the range
of 7-8 nm. The structure of the initial coatings was
studied in more detail in [25]. According to GDOES
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Fig. 2. Typical SEM micrograph of the cross-sectional
fracture (a), elemental profile (), and 3D surface image (c)
of coating / obtained by the DCMS method

f=]

Puc. 2. Tunnursie COM-mukpodororpadus morepeuHoro
u3joma (@), 3eMeHTHBIN npoG s (b)
U TpEeXMEpHOE M300pakeHne MOBEPXHOCTH (c) ITOKPHITHS /,
noixydyeHHoro merogom DCMS

data (Fig. 2, b), all elements were uniformly distributed
across the thickness of the coatings (refer to the Table).

The thickness of coatings /, 2, and 3 reached 8.4,
5.7, and 5.6 um, respectively. The growth rate of sample
1 was 140 nm/min, but switching to HIPIMS mode
reduced it by 1.5 times. This reduction can be attri-
buted to self-sputtering effects and the decreased over-
all sputtering time in HIPIMS pulse mode [30; 31].
It is worth noting that increasing the power during coa-
ting deposition under these conditions does not affect
the composition or growth rate of the coatings.

According to our previously obtained data [25], all
coatings, regardless of the deposition mode, are X-ray
amorphous.

Nanoindentation results (refer to the Table) showed
that all samples had similar mechanical charac-
teristics: hardness of 11-14 GPa, elastic modulus
of 177-208 GPa, and elastic recovery of 37-42 %. It is
noteworthy that a hardness level of 10-15 GPa is cha-
racteristic of silicide ceramics based on ZrSi, [1; 32].

Study of high-temperature
oxidation resistance of coatings

Fig. 3 shows the specific mass change (Am/S)
of the coatings as a function of holding time, as well
as the appearance of the coatings before and after
annealing at 1000 °C. For all samples, an increase in
the parameter Am/S was observed for holding times
up to 30 min, associated with the growth of the oxide
film on the surface of the coatings. The decrease in this
parameter observed for all coatings during the hold-
ing period of 30—60 min may be related to the partial
evaporation of MoO,. In the range of 60-180 min,
the value of Am/S increased by 25 and 50 % for
samples / and 3, respectively, while for coating 2 it
remained unchanged. The maximum values of Am/S,
11.2 and 10.5 mg/cm?, were recorded for samples /
and 2, while coating 3, produced in HIPIMS mode at
an average power of 2 kW, exhibited the lowest spe-
cific mass change of 5.3 mg/cm?, indicating its supe-
rior oxidation resistance under stepwise annealing at
1000 °C. The visual analysis of the samples (Fig. 3, b)
showed that coatings / and 3 maintained their integrity
during the tests, with no visible damage (delamination
or cracking), whereas coating 2 partially delaminated
during the testing.

To determine the maximum working temperature
at which the coatings retain their protective prop-
erties, non-isothermal annealing was conducted in
the temperature range of 1100-1500 °C. Fig. 4 pre-
sents SEM images of the coating surfaces after annea-
ling at 1100 °C. All samples showed areas of damage
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Fig. 3. Specific mass change (Am/S) of the coatings as a function of holding time (a) and the appearance
of the coatings before and after annealing at 1000 °C (b)

Puc. 3. 3aBHCHMOCTbD YIEILHOTO M3MEHEHHST MACCHI TIOKPBHITHI OT BPEMEHU BBIIEPIKKH (@) ¥ BHELIHHUIA B TOKPBITHIA
IO ¥ mociie OTKHUroB mpu Temmeparype 1000 °C (b)

(blistering), which could be due to the formation and
evaporation of MoO _, as well as phase transforma-
tions accompanied by volume changes of the structural
components. Similar effects were previously observed
in studies of Mo—(Hf, Zr)-Si-B coatings [26]. The size

Coating /

%100

Coating 2

of the local damage areas decreased by 1.3 and
4.0 times when transitioning from coating / to coat-
ings 2 and 3, respectively. Particles of ZrO _and ZrSiO ,
sized 0.4-1.2 pm, were identified on the surfaces
of all samples. According to EDS analysis at points on

%500 %2000

Fig. 4. SEM images of the surface of coatings /, 2, and 3 after annealing at 1100 °C

Puc. 4. COM-mukpodoTorpaduu moBepXHOCTH MOKPHITHiL /, 2 1 3 mocie oTkuroB mpu temmneparype 1100 °C
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the surfaces of coatings / and 2, the formation of MoO_
particles was observed.

Cross-sectional SEM images and EDS maps
of the studied coatings after annealing at 1100 °C are
presented in Fig. 5. The obtained data showed that
an oxide film of equal thickness (~5.0 um) formed
on the surfaces of coatings / and 2, consisting of two
layers:

—the upper layer (~2.6 pm thick) consisting of
an amorphous phase a-Si:B and nanocrystallites of
nc-Zr0,, nc-ZrSi0,;

— the a-Si:B:O layer (~2.4 pm thick).

A porous oxide layer of a-Si:B:O + nc-ZrO, +
+ nc-ZrSiO, with a thickness of 4.8 pm formed
on the surface of sample 3. Notably, the formation
of ZrSiO_and ZrO, effectively enhances the protec-
tive properties of the oxide film by increasing sta-
bility and reducing defects in the borosilicate glass
layer [33; 34]. After annealing at 1300 °C, the sur-
faces of samples /, 2, and 3 exhibited blistering areas
of approximately 500, 250, and 15 pm, respectively
(Fig. 6), as well as cracks, which could be attributed

to oxidation and crystallization processes occurring in
the coatings during heating [35; 36]. It is worth men-
tioning that the presence of cracks facilitates oxygen
diffusion into the material, potentially compromising
its oxidation resistance [37; 38]. It is worth noting that
particles of ZrSiO, formed in the crack area on the sur-
face of coating /, which may provide additional heal-
ing effects [33].

Fig. 7 shows cross-sectional SEM images of the
coatings after annealing at 1300 °C. According to EDS
data (mapping and point analysis), the cross-sectional
fracture of sample / revealed three layers in the oxide
film with a thickness of ~6.2 um:

— the upper porous layer of a-Si:B:O + nc-ZrO, +
+ nc-ZrSiO, with a thickness of ~3.0 pm and pore sizes
0f 0.2-0.6 pm;

—a 200 nm thick layer containing MoO _ particles;

— a layer at the “oxide film-coating” interface, con-
sisting a-Si:B:0 and nc-ZrO,.

The oxide film on the surface of sample 2 consis-
ted of a-Si:B:O + nc-ZrO, + nc-ZrSiO, with a thick-
ness of ~5.2 pum. The layer near the surface had

Coating /

Fig. 5. Cross-sectional SEM images and EDS maps of coatings /, 2, and 3 after annealing at 1100 °C

Puc. 5. COM-mukpodotorpaduu nonepedHsix n3aoMoB U IJ{C-kapTsl mokpsITHil /, 2 1 3 mocie oTKUroB mpu temmeparype 1100 °C
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Fig. 6. SEM images of the surface of coatings /, 2, and 3 after annealing at 1300 °C

Puc. 6. COM-mukpodoTtorpaduu moBepXHOCTH MOKPHITHIL /, 2 1 3 mocie oTxxuroB npu temmeparype 1300 °C
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Fig. 7. Cross-sectional SEM images and EDS maps of coatings /, 2, and 3 after annealing at 1300 °C

Puc. 7. COM-mukpodororpaduu nomnepedHsix uznoMoB u DJ[C-kapTel MOKpbITHiA /, 2 1 3 mocne oTxuros npu Temneparype 1300 °C
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a porous structure with pore sizes of 0.2-1.2 pm,
while the lower layer was dense (see Fig. 7). For
coating 3, the thickness of the porous oxide layer
a-Si:B:0 + nc-ZrO, + nc-ZrSiO, was minimal, measur-
ing 4.9 um. The unoxidized layers of all samples con-
tained crystallites of ZrSi, and MoSi, phases.

The results after oxidation annealing at 1300 °C
demonstrated that using the HIPIMS method instead
of DCMS reduced the thickness of the surface oxygen-
containing layer by 16 %. Increasing the power from 1
to 2 kW during HIPIMS deposition further reduced
the thickness of the oxide layer by 6 %. This effect
may be related to the densification of the structure and
the elimination of structural defects in the coatings when
transitioning from DCMS to HIPIMS [39; 40]. It is
noteworthy that increasing the power during HIPIMS
sputtering enhances ionization rates and ion energy,
which positively affects the quality of the resulting
coatings [41; 42].

Increasing the annealing temperature to 1500 °C
led to the complete oxidation of coatings 2 and 3 due
to their small thickness. On the surface of sample /, in
addition to characteristic blistering areas, crack forma-
tion was observed (Fig. 8). At higher SEM magnifi-
cation (x2000), grains of ZrO, (the brightest areas in
the SEM images) with sizes of 0.6—1.8 um and grains

»

. .. ¥ . . ’r'-
L ;®Xide layer

of ZrSiO, with sizes of 1.2-5.0 pm were identified in
an amorphous Si:B matrix (the darkest areas).

According to SEM images and EDS maps
of the cross-sectional fracture (Fig. 8), coating /
retained an oxygen-free layer, indicating its high oxida-
tion resistance at 1500 °C. The thickness of the protec-
tive layer a-Si:B:0 + nc-ZrO, + nc-ZrSiO,, formed on
the surface during oxidation was ~8.0 pm. The unoxi-
dized layer contained MoSi, grains sized 3.6 to 5.0 um
and Zr,Si, grains sized 0.2 to 1.0 um. The superior
oxidation resistance of coating /, produced in DCMS
mode, can be attributed to its maximum thickness.

X-ray diffractograms of coatings /-3 annealed
at 1100 °C are presented in Fig. 9, a. Peaks corres-
ponding to the phases o-ZrSi, (ICDD 032-1499) and
t-MoSi, (ICDD 41-0612), indicative of the unoxidized
layer, were identified in all samples. Peaks corre-
sponding to the oxide phases m-ZrO, (ICDD 07-0343)
and #-ZrSiO, (ICDD 06-0266) were also observed.
Coatings / and 2 exhibited peaks from the m-MoO,
phase (ICDD 76-1807).

The crystallite sizes of the main phases, determined
using the Debye—Scherrer formula, were similar for all
coatings: 50-57 nm for 0-ZrSi, (131) and £-MoSi, (200),
47-50 nm and 57-70 nm for m-ZrO, (111) and
t-ZrSi0, (200), respectively. The crystallite sizes

Fig. 8. SEM images of the surface (a) and cross-sectional fracture (b) of coating / after annealing at 1500 °C

Puc. 8. COM-u300paxeHust TIOBEPXHOCTH (@) U MONepedHoro uzioma (b) nokpsiTust / mocie omkura npu remmeparype 1500 °C
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Fig. 9. X-ray diffractograms of coatings /, 2, and 3 after
annealing at 1100 °C (@) and 1300 °C (b), as well as coating /
after annealing at 1500 °C (¢)

Puc. 9. PertreHorpaMmbl HOKpBITHIA /, 2 1 3 OCIIE OTXKUTOB
nipu temneparypax 1100 °C (a) u 1300 °C (b),
a TaKKe nokpeITHs / ocie orxura npu 1500 °C (¢)
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of the m-MoO, (200) phase for coatings / and 2 were
61 and 68 nm, respectively.

X-ray diffractograms of coatings annealed
at 1300 °C (Fig. 9, b) revealed peaks from the hexa-
gonal phase A-Zr,Si; (ICDD 79-4988), in addition
to the phases -MoSi,, m-ZrO,, and ¢-ZrSiO,, indica-
ting a phase transition from the orthorhombic 0-ZrSi,
phase to the hexagonal A-Zr,Si, phase. The crystallite
size of h-ZrSi, phase increased from 57 to 77 nm when
transitioning from coating / to coatings 2 and 3.

After heating sample / to 1500 °C, the crystallite
sizes of the ¢-ZrSi0O, and m-ZrO, phases were 50 and
43 nm, respectively, and the sizes of the 4-ZrSi, and
-MoSi, phases were 85 and 77 nm, respectively. A par-
tial transition of the 7-MoSi, phase to -Mo,Si; was
observed (Fig. 9, ¢). The crystallite size of the #-Mo,Si,
phase, determined from the (002) line, was 57 nm.

Thus, among all the samples studied, coating /
exhibited the smallest crystallite sizes for both the main
phases (h-Zr,Si, and #-MoSi,) and the oxygen-con-
taining phases (¢-ZrSiO, and m-ZrO,), indicating its
higher thermal stability and enhanced protective pro-
perties. This assertion is well supported by the fact that
only this sample withstood annealing at 1500 °C. It is
noteworthy that Zr-Mo—Si—B coatings are comparable
in oxidation resistance to previously studied ZrB, and
ZrSiB coatings [43; 44].

Conclusions

1. Coatings of the Zr-Mo—-Si-B system were pro-
duced using DCMS and HIPIMS methods with a func-
tionally graded SHS target (ZrSi,~ZrB,-MoSi,)/Cr.
Transitioning from DCMS to HIPIMS at P = 1 kW
led to an increase in the ionization degree of target
component atoms and a threefold rise in the integral
intensity of the spectra. Increasing the power from 1
to 2 kW during HIPIMS deposition further doubled this
parameter.

2. Regardless of the deposition method (DCMS or
HIPIMS), the coatings were X-ray amorphous with
a homogeneous structure and uniform elemental dis-
tribution throughout their thickness. They exhibited
similar values of hardness (11-14 GPa), elastic modu-
lus (177-208 GPa), and elastic recovery (37-42 %).
All coatings demonstrated high oxidation resistance in
air at = 1100 and 1300 °C. Transitioning from DCMS
to HIPIMS reduced defectiveness and decreased
the oxidation depth by 16-21 % at 1300 °C.

3. The 8 um thick coating showed the highest oxi-
dation resistance at 1500 °C, which is attributed to its
thermal stability and the formation of a dense oxide



Pon e

POWDER METALLURGY AND FUNCTIONAL COATINGS. 2024;18(4):55-68
Chertova A.D., Chudarin F.I., etc. Oxidation-resistant Zr-Mo—-Si—B coatings deposited ...

film on the surface with an amorphous matrix of a-Si:B
and nanocrystallites of -ZrSiO, and m-ZrO,.
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Structural characteristics
and mechanical properties of heat-resistant
TNM-B1 alloy obtained by selective laser melting
from SHS powder spheroidized in thermal plasma

G. M. Markov!'®, A. A. Fadeev"?2, A. A. Skirpichnikova!,
P. A. Loginov', M. G. Khomutov’, A. V. Samokhin?, E. A. Levashov!

I National University of Science and Technology “MISIS”
4 BIld. 1 Leninskiy Prosp., Moscow 119049, Russia
2A. A. Baikov Institute of Metallurgy and Materials Science of the Russian Academy of Sciences
49 Leninskiy Prosp., Moscow 119334, Russia

&3 markov.sci@gmail.com

Abstract. The TNM-B1 + Y,0, alloy powders obtained by the method of self-propagating high-temperature synthesis were
studied. The influence of particle processing parameters in thermal plasma, generated by a DC (direct current) arc plasma torch,
on the morphology and structure of spherical particles was considered. It was established that plasma treatment significantly
changes the shape of the particles and allows obtaining a product with a high degree of spheroidization (from 88 to 97 %), which
depends on the plasma stream temperature, the composition of the plasma-forming gas, and the amount of processed material. Using
hydrogen-containing thermal plasma, the degree of spheroidization can reach 99 %. At the same time, the concentrations of impu-
rity oxygen decrease from 0.8 to 0.13 wt. %, nitrogen decreases by 2 times, and the concentration of hydrogen significantly drops.
Studies were conducted to develop selective laser melting regimes, resulting in samples with minimal defects. The optimal volu-
metric energy density of the laser was 40-50 J/mm?. The gasostatic treatment process allowed achieving almost complete unifor-
mity of the samples’ structure and the absence of pores. Additionally, thermal treatment at # = 1380 °C and t = 120 min contributed
to the transformation of the initial equiaxed structure of the alloy into a lamellar one. According to the results of thermomechanical
tests under the scheme of uniaxial compression in the temperature range from 800 to 1100 °C, it was established that the alloy
with a lamellar structure after selective laser melting, hot isostatic pressing, and thermal treatment has increased strength values
by 80-100 MPa compared to the globular structure. The mechanical properties of the alloy with a lamellar structure at ¢t = 800 °C
are: modulus of elasticity £ = 115.2 GPa, yield strength 6, = 528 MPa, compressive strength 6, = 1148 MPa, and at # = 1100 °C:
E =482 GPa,c,, =98 MPa, 6, = 149 MPa.

Keywords: titanium alloys, plasma spheroidization, powder metallurgy, self-propagating high-temperature synthesis, combustion
synthesis, hot isostatic pressing (HIP), mechanical properties
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XaponpouHoro cnnasa TNM-BI,
NONYYEHHOr O CEeNIeKTUBHbIM JTa3epPHbIM CNIaBNeHUeM
n3 cpepomnansMpoBaHHOro B TEPMUYECKOM Nnasme
CBC-nopoluka
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AHHoTayms. Viccnenosansl mopormku u3 cmmasa TNM-B1 + Y, 0, mony4eHHbIe METONIOM CaMOPACTIPOCTPAHSIOIIETOCS BBICOKOTEM-
MepaTypHOTO CHHTE3a. PaccMOTpeHo BIHMsIHUE MapaMeTpoB 00pabOTKM YacTHI] B TEPMUIECKOH IIa3Me, TeHePHPYEMOH IIeKTPO-
JIyTOBBIM IJIa3MOTPOHOM IOCTOSTHHOTO TOKa, Ha MOP(OJIOTHIO ¥ CTPYKTYPY chepHiIecKruX 4acTull. YCTaHOBJIEHO, YTO IIa3MEHHast
00paboTKa CyIIEeCTBEHHO M3MEHseT (OpPMy YacTHIl U ITIO3BOJSIET ITOJYYHTH IPOAYKT C BBICOKOH CTEIEHBIO ceponau3annu
(o1 88 10 97 %), KOTOpas 3aBHCUT OT TEMIIEPATyPbl HOTOKA IIA3Mbl, COCTaBa MIIa3MO00Pa3yIOLIEro ra3a 1 Kojau4ecTsa 0opadarsi-
BaeMoro Marepuaia. [Ipy HCIOIB30BaHIH BOJOPOJICOACPIKALICH TEPMUIECKON TUIa3Mbl CTEIICHb C(HEPOUIM3ALUH MOXKET JOCTH-
ratb 99 %. [Ipu 3TOM CHMXKAIOTCS KOHIICHTpaLMU NpuMecHoro kuciopoaa ¢ 0,8 mo 0,13 mac. %, azora B 2 pa3a ¥ CyUIECTBEHHO
najgaeT KOHIEHTpalus Bogopoaa. [IpoBeeHbl HCCIeoBaHuUs 0 OTPabOTKEe PEKHMMOB CEIEKTHBHOTO JIa3epHOTO CIIJIaBICHUS,
B pe3ysibTaTe 4ero ObLIM MOCTPOEHBI 00pa3slbl ¢ MHHUMAJIBHBIM KoindecTBOM Jedexros. IIpu 3ToM onTuManbHas oObeMHast
IUIOTHOCTH SHEPruHM sasepa cocraBuina 40-50 JIx/mm. Tpomece razocTarnyeckoit 00paboTKU TTO3BOJINI JOCTUYD TPAKTHIECKH
MIOTHOW OJHOPOAHOCTH CTPYKTYphI 00PA3IOB U OTCYTCTBHUS MOp. JIOMONHUTENBHO MPOBEJACHHAS TepMHUYecKas 00paboTka mpu
t = 1380 °C u 1 = 120 MuH crmocoOCcTBOBaNIa MpeoOpPa30BaHUIO WCXOAHON PaBHOOCHOH CTPYKTYpHI CIUTaBa B JIAMEIUIAPHYIO.
[To pe3ympraTam TepMOMEXaHHUUYECKHUX HCTIBITAHUN IT0 CXEME OJHOOCHOTO CXKaTus B aAuamnasoHe temmneparyp ot 800 mo 1100 °C
YCTAaHOBJIEHO, YTO CIUIAB C JIAMEJUISIPHON CTPYKTYPOH IOCIe ONepanui CeIeKTHBHOTO JIA3EPHOTO CIUIABICHHS, TOPSIETO H30C-
TAaTUYIECKOTO MPECCOBAHUS U TepMHUIecKoH 00paboTku mMmeer nosbimeHHble Ha 80-100 MIla 3HaueHnst MpOYHOCTH IO CpaB-
HEHHUIO ¢ MIOOYISIpHOH CTPyKTypoi. MexaHHdecKHe CBOMCTBA CIIIaBa ¢ JIAMEJUIIPHON CTPYKTYpoil cocrasmiau npu ¢ = 800 °C:
Mozyib ynpyroctu £ = 115,2 I'lla, npexen texky4ecth o, , = 528 MIla, npexen npoynoctn npu cxarnu 6, = 1148 MIla, a npu
t=1100°C—-E=482Tlla, 5,, =98 Mlla, o, = 149 MIla.

KnioueBbie csoBa: THUTAHOBHIE CIUIABHL, IDTa3MEHHas CQEPOWIM3AINsA, MOPOIIKOBAS METaJUIyprusl, CaMOpacHpOCTPaHSIONIHHACS
BBICOKOTEMITEpPATypHBII CHHTE3, CHHTE3 TOpEHHeM, ropsiee n3ocrarundeckoe npeccosanue (I'UIT), mexannueckue cBoiicTa

BnarogapHocTy: Pabora BoinonHeHa mpu GUHAHCOBO# mojiepkke MUHHCTEpCTBA HAYKH U BBICIIero oOpa3oBanust PO B pamkax rocymap-
cTBeHHOTO 3ananust (mpoekt 0718-2020-0034).

Ana yntupoBanma: Mapkos I'M., @anees A.A., Ckuprnuunukosa A.A., Jlorunos I1.A., XomyroB M.I., Camoxun A.B., JIeamos E.A.
OCOOEHHOCTH CTPYKTYPBI U MEXaHHUYCCKHE CBOMCTBa skapompouHoro cruiaBa TNM-B1, momyd4eHHOTO CeneKTHBHBIM JIa3epHBIM
CIUIaBIE€HHEM M3 C(HEepOUTU3UPOBAHHOTO B Tepmudeckoil maasme CBC-moporka. M3eecmus 6y306. Ilopowkosas memannypeus u
@yuryuonavuvie nokpvimus. 2024;18(4):69-82. https://doi.org/10.17073/1997-308X-2024-4-69-82

cific strength superior to that of modern nickel-based
superalloys of similar purpose (~9 g/cm?) [3-5].

Introduction

Heat-resistant alloys based on titanium aluminides

TiAlUTi,Al are of significant interest for technical
applications in mechanical engineering [1; 2]. They are
characterized by high heat resistance, corrosion resis-
tance, and creep resistance. Under the influence of high
temperatures and aggressive environments, these alloys
maintain thermodynamic stability and, in addition,
have low density (~5 g/cm?), which makes their spe-
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The primary challenges hindering the use of
TiAl/Ti,Al-based alloys in the manufacture of comp-
lex-shaped parts include high sensitivity of the phase
composition to process parameters, impurities, and
variations in the concentrations of alloying elements,
as well as the difficulty of processing at room tempera-
ture. Producing such parts through traditional metal-
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lurgical methods followed by mechanical processing
involves high capital costs and significant material
losses [6]. Modern additive manufacturing technolo-
gies, such as selective laser melting (SLM), can address
these issues by minimizing the need for mechanical
processing [4; 5]. Active research is underway to opti-
mize the compositions and production methods of heat-
resistant alloy powders [6-9].

One method for producing TiAl/Ti,Al-based alloy
powders utilizes the technology of self-propagating
high-temperature synthesis (SHS) [10; 11]. The poten-
tial of this method lies in the heterogeneity scale
of powder particles with increased reactive surface
area due to the high speed of combustion wave propa-
gation, allowing the production of powder materials
of the required composition [12—14]. Using this tech-
nology, products from basic TiAl/Ti,Al alloys have
been manufactured [15].

The development of the SLM process opens up
prospects for the creation of complex-shaped products
from TiAl/Ti;Al-based materials [5; 12]. In the SLM
technology, narrow particle size distribution spheri-
cal powders, are used as raw materials, which must
meet specific requirements for chemical composi-
tion, impurity content, and properties such as bulk
density, flowability, granulometric composition, and
sphericity.

Based on these requirements, spheroidized powders
from TiAl/Ti,Al-based alloys can be obtained using
gas atomization, plasma rotating electrode process
(PREP method) and plasma spheroidization technolo-
gies [16-20], which ensure rapid melt crystallization,
contributing to the reduction of grain size and the for-
mation of a homogeneous structure in the solid state.
Producing such powders by gas atomization and PREP
methods involves using pre-manufactured cast bil-
lets and rods, increasing the process cost [18; 21-23].
Plasma spheroidization allows the use of precursor
powders as raw materials, significantly simplifying
the technology. Under high temperatures and the influ-
ence of surface tension forces, particles of arbitrary
shape melt, acquire a spherical shape, and crystallize.
This processing method improves many powder char-
acteristics for further use in additive technologies: it
increases flowability and bulk density; reduces impu-
rity oxygen content; and helps remove internal pores
formed in the original particles [24-27].

The aim of this work was to produce spherical pow-
ders in the 10-65 pm fraction from the TNM-B1 +Y,0,
alloy based on titanium aluminide, to study the influ-
ence of particle processing parameters in thermal
plasma generated by a DC arc plasma torch on the mor-
phology, structure, and properties of the powders,

and to use these powders in selective laser melting
technology.

Materials amd methods

As the starting material, powders of a reac-
tive mixture of pure elements were used to produce
the TNM-B1 alloy modified with yttrium oxide (Y,0,)
by the SHS method in a thermal explosion mode [14].
Pressed billets of the reactive mixture were placed in
a tube furnace heated to 900 °C to initiate bulk com-
bustion. The synthesis products were sequentially
ground to a powder with particle sizes <100 um using
a jaw crusher and a planetary ball mill Activator-4M
(Russia). Narrow particle size distribution spherical
powders with grain sizes of 10-65 pm were obtained
using an air classifier Golf-3 (Russia).

The classified powders were processed in a thermal
plasma stream using a powder spheroidization unit
developed by the Baikov Institute of Metallurgy and
Materials Science (Moscow, Russia) [28]. The para-
meters for the spheroidization process of micropow-
ders in the thermal plasma stream are as follows:

Plasma torch power (Np]), kKW.. . ............ 11-25
Plasma-forming gases . . ................... Ar,Ar+H,
Plasma gas flow rate (G,),), m¥h............ 2.0-2.16
Plasma stream enthalpy (7)), kKW-h/m?......... 2.0-3.9
Precursor feed rate (Gpr), kg/h........... ... 0.6-2.4
Transport gas flow rate —Ar(G, ), m*h........ 0.5

tr.g

The plasma jet is generated by a DC arc plasma torch
with a power of 30 kW and flows into a water-cooled
plasma reactor with a diameter of 300 mm and a length
of 1000 mm. The particles of the processed material
are introduced into the plasma jet as a gas-dispersed
flow using a carrier gas. During particle heating, mel-
ting occurs, and spherical shapes form due to surface
tension forces. The particles then crystallize, deposit
on the inner surface of the plasma reactor, and partially
exit to the waste gas filtration system. A reactor wall
cleaning system collects and accumulates the product
in receiving hoppers.

During plasma processing of the precursor powder
with a wide particle size distribution, a nanosized frac-
tion may form due to the partial evaporation of small
particles and the condensation of vapors. The presence
of this fraction significantly degrades the physical
and technological properties of the final product and
increases oxygen and nitrogen impurities due to active
oxidation of nanoparticles in contact with air. The nano-
sized fraction was removed from the spheroidized
product by sedimentation in distilled water after ultra-

/1



DM v on

W3BECTUA BY30B

W3BECTUA BY30B. [TOPOLIKOBAA METAINIYPTUA U GYHKLLIMOHANBHBIE MOKPbITUA. 2024;18(4):69-82
Mapkos M., ®adees A.A. u Op. OCOBEHHOCTU CTPYKTYPbI U MEXAHUYECKME CBOWCTBA KaponpoyHoro cnaasa TNM-B1...

sonic treatment. The target product was dried under
low vacuum conditions at # = 150 °C for 180 min.

The granulometric composition of the powders
was measured by laser diffraction in a liquid medium
using an ANALYSETTE 22 MicroTec plus device
(FRITSCH, Germany) according to ASTM B822-17.
Powder flowability was assessed using a Hall funnel
(calibrated funnel diameter 2.5 mm) by the standard
ASTM-B213 2017 test method. Bulk density was
measured according to GOST 19440-94. Impurity
oxygen content was determined by reductive melting
using a TC-600 instrument (LECO, USA) according
to the standard ASTM E1019-18 test method.

The construction and optimization of selective laser
melting (SLM) modes were carried out on an SLM-260
setup (SLM Solutions, Germany) in an inert atmo-
sphere. The scanning speed and power were varied in
the ranges of 100-1000 mm/s and 50-300 W, respec-
tively. To eliminate defects such as pores and micro-
cracks, SLM samples were additionally subjected to hot
isostatic pressing (HIP), and to modify the structure
type after HIP, they were thermally treated (HIP + TT).
The HIP process was performed on a HIRP10/26-200
setup (ABRA AG, Switzerland) at a temperature
of ¢ = 1240 °C, argon pressure P, = 200 atm, and
isothermal holding time t = 120 min. Thermal treat-
ment was conducted in a Termionik-T1 vacuum fur-
nace (Russia) with a tungsten heater at r = 1380 °C and
T =120 min.

Phase composition was studied by X-ray phase
(XRD) analysis on a D2 PHASER diffractometer
(Bruker AXS GmbH, Germany) using CuK radia-
tion in the 20 angle range of 10-120° with a step size
of 0.02° and exposure of 0.6 s.

Microstructural investigations were carried out on
an S-3400 N scanning electron microscope (Hitachi,
Japan) with an energy-dispersive attachment NORAN
System 7 X-ray Microanalysis System (Thermo
Scientific, USA).

Thermomechanical tests under uniaxial com-
pression were conducted in a vacuum (~10~3 Pa) on
a Gleeble System 3800 instrument (Dynamic Systems
Inc., USA). Hot deformation diagrams of samples
under compressive stress were recorded in the tem-
perature range of 800 to 1100 °C at a strain rate
de/dt < 0.001 s7'.

Results and discussion

Precursor powder structure

The SHS powder was characterized by the presence
of irregularly shaped particles and consisted of y-TiAl
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and a,-Ti;Al phases [15]. According to the structural
studies (Fig. 1, a, b), it has a homogeneous microstruc-
ture, which is an important condition for obtaining
high-quality spheroidized powder.

As shown by laser diffraction analysis (Fig. 1, ¢),
the powders have a unimodal distribution with a peak
at ~10 um. The quantile distribution of particles sizes
D,,, Dy, and Dy, of the powders was 24, 40, and
68 um, respectively. Since separation in the air clas-
sifier is predominantly based on particle mass, some

particles larger than 70 pm were included in the tar-

40

20

0
0 10 20 30 40 50 60 70

Size, um

Fig. 1. Morphology (@), microstructure (b)
and granulometric composition (c)
of the TNM-B1 +1 % Y,0, powder after SHS

Puc. 1. Mopdonorus (a), MukpocTpykrypa (b)
U IPaHyJIOMETPUYECKHI COCTaB (c) IOopoIIKa
TNM-B1 + 1 % Y,0, nocie CBC
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get fraction due to their irregular shape. The pres-
ence of a fraction smaller than 20 um is explained
by the developed surface of the particles and their
mechanical interlocking. The physical and techno-
logical properties of the powders largely determine
the parameters of their subsequent spheroidization
in the thermal plasma stream, where a high degree
(>95 %) of sphericity is required [28]. The initial SHS
micropowders did not exhibit flowability, and their
bulk density was 1.5 g/cm?.

Plasma spheroidization

Plasma spheroidization experiments were conducted
with variations in the following parameters: plasma
stream enthalpy, plasma-forming gas composition, and
precursor powder feed rate. The main criteria for select-
ing the optimal plasma treatment mode for the powders
were the degree of spheroidization and the minimiza-
tion of the nanosized fraction in the processed powders.
One significant parameter of plasma spheroidization,
determining the energy contribution to the process
and affecting the properties of the resulting product,

is the plasma stream enthalpy value. The properties
of the spheroidized product varied depending on this
parameter within the range of 2 to 3.85 kW-h/m?, deter-
mined by the useful power level of the DC arc plasma
torch, the composition, and the flow rate of the plasma-
forming gas.

At the minimum enthalpy of the argon-hydrogen
plasma stream / = 2 kW-h/m® the spheroidization
degree of the product was ~73 %, which is low for
powders intended for use in additive manufacturing
processes (Fig. 2, a, b). Material evaporation with
the formation of the nanosized fraction was practically
absent, flowability was 57 s/50 g, and bulk density was
2.1 g/em?.

Increasing I, > 2 kW-h/m? significantly raised
the heat flow density to the surface of the processed
powder particles, positively affecting the intensifica-
tion of heating and melting particles, and consequently,
increasing their spheroidization degree. However,
a negative aspect of this process is the increased
evaporation intensity of particles due to overheat-
ing, leading to a higher concentration of condensed

Fig. 2. Morphology of powders after spheroidization at an argon-hydrogen plasma
stream enthalpy of 2 kW-h/m? (a, b), 2.9 kW-h/m’ (¢, d) and 3.85 kW-h/m’ (e, f)

Puc. 2. Mopdoorust HOpOIIKOB 110cie cheporIn3aliu Ipy 3HAYCHUH SHTAIBIIUU [I0TOKA
aproHOBOIOPOHOI asMbl 2 KB u/M? (a, b), 2,9 kBt u/M? (¢, d) u 3,85 kBr u/™m? (e, f)
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nanoparticles in the spheroidized powder. Experiments
showed that the maximum spheroidization degree
was achieved at an argon-hydrogen plasma stream
enthalpy of [ = 3.85 kW-h/m3. Changing its value
from 2 to 3.85 kW-h/m? increased the spheroidization
degree from 73 to 96 %. The nanosized fraction content
increased slightly (to 2.1 wt. %), flowability reached
38 s/50 g, and bulk density increased to 2.45 g/cm?.

Research found that processing the precursor powder
in argon plasma produced a product with a spheroidiza-
tion degree of 96 %. The presence of agglomerates and
particles with satellites was noted (Fig. 3, b). To increase
the spheroidization degree at a fixed electric arc power
value, the heat transfer conditions in the “hot gas-par-
ticle” system must be changed. One possible solution is
to increase the thermal conductivity of the gas medium
by adding hydrogen to the plasma-forming gas. Using
hydrogen-containing thermal plasma intensifies heat
and mass transfer processes, reducing the heating time
of processed particles, resulting in a spheroidization
degree of up to 99 % (Fig. 3, a). It was also found
that hydrogen-containing plasma creates conditions
for partial reduction of the precursor powder, lead-
ing to a decrease in oxygen impurity concentration in
the product.

Increasing the precursor powder feed rate requires
more thermal energy from the plasma stream to heat
the material, reducing the spheroidization degree. Thus,
increasing the precursor feed rate from 0.6 to 2.4 kg/h
decreased the spheroidization degree to 88 %, while
the nanosized fraction content decreased to 2.1 wt. %.
The maximum spheroidization degree (96 %) at a mini-

mal nanosized fraction content was achieved with
a precursor feed rate of 1.2 kg/h. As previously shown,
micropowders obtained by plasma spheroidization
(Fig. 4, a, b) contain nano- and submicron-sized par-
ticles formed by partial evaporation of the processed
material and subsequent vapor condensation during
cooling of the high-temperature gas-dispersed flow.
Particle content varied from 3 to 10 wt. %.

A suitable spheroidized powder for SLM tech-
nology was obtained with an Ar-H, plasma stream
enthalpy with 3.7 vol. % hydrogen, corresponding
tol, =338 kW-h/m3. Partial evaporation of the pre-
cursor led to the appearance of a nanosized fraction
M =7 wt. %, and the spheroidization degree reached
99 % (Fig. 4, c—e). The spherical particles exhibited
ahomogeneous globular TiAl/Ti,Al structure with Y, O,
nanoparticles at grain boundaries (Fig. 4, f). The flowa-
bility of the resulting powders was 29 s/50 g, and
bulk density increased to 2.5 g/cm®. D, , Dy, and D,
parameter values were 17, 29, and 50 um, respectively,
within a particle size range of 10 to 79 um. It should
be noted that processing the powder in argon plasma
reduces oxygen impurities from 0.8 to 0.6 wt. %,
while hydrogen-containing thermal plasma treat-
ment, along with removing the nanosized fraction,
reduces oxygen impurities to 0.3 wt. % (Fig. 5) and
halves nitrogen impurities. Hydrogen content remained
at 0.0025 wt. %.

Selective laser melting

The obtained powder was used to optimize the SLM
modes on the SLM-260 setup (SLM Solutions,

Fig. 3. Morphology of powders after spheroidization in plasma stream: Ar-H, (a, ¢), Ar (b, d)

Puc. 3. Mopdomnorus nopomuikos nocie chepouusaiuu s wiasme Ar—H, (a, ¢) u Ar (b, d)
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Fig. 4. Morphology of TNM-B1 + 1 % Y,0, alloy powder after treatment in Ar—H, plasma
before (a, b) and after (¢, d, e) ultrasonic cleaning, and cross-section of a particle (f)

Puc. 4. Mopgonorus nopomka crasa TNM-B1 + 1 % Y,0, nocne odpadorku B Ar—H,-muiasme 1o (a, b)
u nociie (¢, d, e) ynpTpa3ByKOBOW OYMCTKH U MONICPEUHBIN MU yacTUIsl (f)

Germany). The optimal ranges of the main parameters
of laser synthesis were selected, considering the mini-
mum volumetric energy density (VED) required to melt
a powder layer of a given thickness, using the follow-
ing formula:

P

vhtd

VED =

b

where P is the laser power, W; v is the scan-
ning speed, mm/s; & is the hatch spacing, mm; ¢ is
the powder layer thickness, mm; d is the laser beam
diameter, mm.

The optimization of SLM modes using the spheri-
cal TNM-B1 + Y,0, powder involved creating single
tracks and evaluating the depth of melt and the pres-
ence of defects. The results of laser processing of single
tracks revealed several patterns (Fig. 6). Low scanning
speeds (v < 200 mm/s) lead to a significant increase
in the depth of melt for single tracks (up to 500 pm)
regardless of the applied power, while high values of v
caused significant track widening. In volumetric print-

ing, this leads to multiple remelts of adjacent tracks,
and creates conditions for the formation of excessive
stress and subsequent cracking of the material.

1.0
09 r
0.8 r
0.7 -
0.6 -
0.5
04 r
03 r
02
0.1

Oxygen content, wt. %

SHS powder Ar-plasma Ar—H,-plasma

Fig. 5. Impurity oxygen content in the starting SHS powder
after treatment in Ar and Ar-H, plasma

Puc. 5. Conepixanue MIPUMECHOTO KUCIOPO/a B HCXOAHOM
CBC-nopoike, nocie 06pabotku B Ar- n Ar—H,-nnasme
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Fig. 6. SEM images of cross-section of tracks («), and their surface images obtained by optical microscopy (b)

Puc. 6. COM-n300paxeHH s TONEPEYHbIX CEYCHHUH TPEKOB (@) ¥ CHUMKH HX OBEPXHOCTH,
MOTy4YEeHHBIE METOJIOM ONITHYECKON MUKPOCKOTHH (b)

Increasing the scanning speed from 200 to 600 mm/s
reduced the number of unmelted particles on the track
surface, and the track width became more uniform,
ranging from 110 to 160 pm. Tracks obtained at higher
scanning speeds had a smooth and uniform surface
with a low number of defects. The optimal microstruc-
ture of the tracks was obtained at v = 500600 mm/s,
and simultaneously increasing the laser power required
v > 900 mm/s, corresponding to a volumetric energy
density range of VED = 40+110 J/mm?. Further varia-
tion of power and scanning speed for creating bulk
samples was conducted within the established VED
range.

Fig. 7, a shows the matrix of volumetric energy den-
sity values and a platform with bulk samples. Power
variation was conducted within 70—-115 W, and scan-

ning speeds in the range of 500-1000 mm/s. Samples
can be divided into three groups based on characteris-
tic defects. In Fig. 7, b, samples with warping during
construction are highlighted in red, those with contour
delamination in yellow, and defect-free samples in
green.

For most construction modes, especially at high laser
energy density (160 J/mm?), complete sample const-
ruction was not achieved. This was due to insufficient
heat transfer and melt overheating, leading to warping,
as well as the formation of cavities and cracks. Visual
control of the SLM process for each subsequent printed
layer required stopping printing for some modes due
to pronounced warping of the growing samples. These
modes, characterized by low laser power (70 W),
ensured the formation of a dense microstructure with

P
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Fig. 7. SLM modes and platform with constructed samples

a — mode matrix with volumetric laser energy density values; b — image of bulk samples constructed using SLM

Puc. 7. Pexxumbr CJIC u riardopma ¢ TOCTPOSHHBIMU 00pa3iaMu

@ — MaTpuIa PEKUMOB CO 3HAYCHUSIMH OOBCMHOI IIOTHOCTH SHEPIHH Jla3epa;
b — m300paxkeHne 00bEMHBIX 00Pa3LOB, MOCTPOCHHBIX ¢ TToMoIbio CJIC
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Cracks

Cracks

A

Fig. 8. Microstructures of bulk SLM samples obtained during the optimization of modes A2 (@) and A5 (b)

Puc. 8. Mukpoctpyktypbl 00beMHbIX CJIC-00pa3noB, MogyueHHbIX PH ONTUMHU3ALNE peXuMoB A2 (a) u AS (b)

a uniform distribution of alloying elements. However,
microcracks were present in the samples (Fig. 8, a),
formed due to internal stress from strong temperature
gradients.

As seen in Fig. 8, b, reducing the volumetric energy
density to 50 J/mm? and simultaneously lowering
the laser power and scanning speed prevented melt
pool overheating and suppressed the formation of most
microcracks in the sample structures. A small number
of submicron pores (<3 vol. %) were noted in these
samples’ structures, formed by argon entrapment in
the melt pool.

Post-processing
and mechanical testing

The obtained samples of the TNM-B1 + Y, 0, alloy
with optimal structure under mode A5 (Fig. 9, a) were
subjected to HIP and heat treatment. X-ray diffrac-
tion patterns were recorded after three types of treat-
ment (SLM, SLM + HIP, and SLM + HIP + HT)
and phase identification was conducted (Fig. 9, b).
The TNM-B1 + Y,O, alloy obtained by SLM pre-
dominantly contained the o,-Ti,Al phase (60 wt. %).
Its concentration was 3—4 times higher than the equi-

Intensity

o J-TiAl b
° m— 0,-Ti,Al
4 — Ti,AINb/B
Amme o CJIC + TUIT + TO

CJIC + TUIL

A mEe o

20

. B aEe 4 mHe oo . CJIC
40 60 80 100 120
26, deg

Fig. 9. Bulk samples of the TNM-B1 + Y,0; alloy obtained by SLM (a)
and X-ray diffraction patterns of this alloy after SLM, SLM + HIP, and SLM + HIP + HT (b)

Puc. 9. O6bemuble 06pasupl u3 cinapa TNM-B1 +Y,0,, onyyennsie metoziom CJIC (a),
U peHTreHorpammel storo ciuasa nocite CJIC, CJIC + TTUIT u CJIC + T'UIT + TO (b)
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_SEM + HIP +HT

»TiAl - °

Agglomerate

Cracks

=, Ti,AN

—

Fig. 10. Microstructures of the TNM-B1 + Y, 0, alloy after various types of treatment

Puc. 10. Muxpoctpyktypsl citasa TNM-B1 +Y,0, nocine pasiuuHbIX BUI0B 00paboTKu

librium [14]. Phase formation processes in alloys
similar to TNM-B1 + Y,O, are primarily controlled
by the cooling rate. High cooling rates typical of SLM
suppress the eutectoid reaction oo — a,, + v, resulting in
an excess of the o,-Ti, Al [11].

HIP treatment brought the SLM TNM-B1 + Y,0,
alloy to an equilibrium state by transforming meta-
stable a,-Ti;Al into y-TiAl. As seen from the diffrac-
tion spectra of the SLM samples (Fig. 10), the inten-
sity of the tetragonal y-TiAl phase peaks significantly
increased after HIP. The y-TiAl: a,-Ti,Al ratio in them
was 75:20. It should be noted that both the SLM and
HIP samples contained 5-7 % B-Ti phase, which was
not previously observed in this alloy obtained by HIP
technology from SHS powders [15]. The SLM method
for consolidation involves higher temperatures and
material transition to the liquid phase, with crystalliza-
tion starting with the formation of primary B-Ti crys-
tals according to the Ti—Al phase diagram. These B-Ti
phase grains remain in the alloy after SLM and HIP
(Fig. 10).

Heat treatment (HT) did not lead to signifi-
cant changes in phase composition (Fig. 9, b):
the y-TiAl: a,-Ti,Al ratio remained 75:20. At this stage,
heating above the eutectoid transformation temperature
o — a, + v was carried out. As a result of slow cool-
ing, equiaxed a-phase grains decomposed into colonies
of y-TiAl: a,-Ti;Al lamellae (Fig. 10).

Structural and phase changes in SLM samples
occurring during HIP and HT undoubtedly affect
the properties of the TNM-B1 + Y,0; alloy. Fig. 11
shows deformation diagrams in the “true stress — loga-
rithmic strain” coordinates for samples obtained under
SLM mode A5, SLM + HIP, and SLM + HIP + HT.
The porosity of the samples after HIP and HIP + HT did
not exceed 1%. It was found that the obtained proper-
ties strongly depend on the test temperature. All defor-
mation curves exhibit a pronounced maximum corre-
sponding to the compressive strength and indicating
the deformation hardening of the samples. All curves
have a second section where deformation increases as
stress decreases. This effect is explained by dynamic

1200
1000
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400
200

Stress, MPa

i i T 4 1 1100 °C I I I 1 I

= 800 °C

B 900 °C

000 °C
71100 °C

0 0.05 0.10 0.15 0.20 0.25 0.30 0.35 0

Logarithmic strain

0.05 0.10 0.15 0.20 0.25 0.30 0.35

Logarithmic strain

Fig. 11. Deformation diagrams under uniaxial compression in the coordinates
“true stress — logarithmic strain” for SLM samples of the TNM-B1 +Y,0; alloy

a—SLM + HIP; b — SLM + HIP + HT

Puc. 11. AnarpamMmsl fedopMarivi, peaarn30BaHHON 0 CXeMe OJJHOOCHOH OCaJIKH, B KOOPJHHATaX
«UCTHHHBIE HANPSKEHUS — JTorapupmudeckas negopmanusy» 1t CJIC-o06pasuos u3 crtasa TNM-B1 +Y,0,

a— CJIC +T'UIl; b — CJIC + T'HIT + TO
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Mechanical properties of TNM-B1 + Y, 0, alloy
after SLM and heat treatment (SLM mode A5)

Mexannyeckue coiicra ciiiasa TNM-B1 +Y,0,
nocje CJIC u 10n0JIHUTEIbHONH TepMHYecKkoii 00padoTku
(pexum CJIC AS)

t,°C E, GPa G,,> MPa G,, MPa
Sample after SLM + HIP
800 96.0 522 1128
900 88.0 330 622
1000 82.2 175 253
1100 73.5 94 80
Sample after SLM + HIP + HT

800 115.2 528 1148
900 68.3 308 703
1000 54.5 181 347
1100 48.2 98 149

recrystallization or dynamic recovery and relaxation
of crystal lattice defects.

Mechanical properties (elastic modulus £, yield
strength o,,, ultimate compressive strength o)
of the TNM-B1 + Y,0; alloy after HIP and HIP + HT
were determined using deformation diagrams (in
the elastoplastic transition region). The o,, values
of the obtained samples at 800 °C are comparable
to those of cast TNM-BI1 alloys (o, , = 400530 MPa),
and the o value increased by 150-200 MPa compared
to cast alloys (o, = 880+1000 MPa), due to the finer
grain structure [29; 30] (see Table).

HT of the TNM-B1 + Y,O, alloy samples after
SLM + HIP increases cu by 20-100 MPa due to the for-
mation of a lamellar microstructure. The strengthening
effect is more noticeable at high test temperatures (900
to 1100 °C).

Conclusions

1. Powders of the 10—65 um fraction with a high
degree of particle spheroidization (up to 99 %) were
obtained from SHS powders of the TNM-B1 + Y,O,
alloy. The influence of particle processing parameters
in thermal plasma generated by a DC plasma torch
was studied. It was found that this leads to signifi-
cant changes in particle morphology and the produc-
tion of a product with a high degree of spheroidiza-
tion ranging from 88 to 97 %, depending on plasma
stream enthalpy, plasma-forming gas composition, and
precursor feed rate. At the maximum spheroidization
degree, partial precursor evaporation was noted, lead-
ing to the formation of up to 7 wt. % of the nanosized
fraction.

2. It was established that using hydrogen-containing
thermal plasma increases the spheroidization degree
of the product up to 99 %. At the same time, increasing
the precursor feed rate from 0.6 to 2.4 kg/h decreases
the spheroidization degree from 97 to 88 %. When
processing powder in hydrogen-containing thermal
plasma, the impurity oxygen concentration decreases
from 0.8 to 0.13 wt. %, nitrogen impurities are halved,
and hydrogen concentration decreases by an order
of magnitude.

3. Experiments to optimize the SLM process identi-
fied regimes that allow building preforms with mini-
mal defects and residual porosity. The best samples
were obtained at a volumetric laser energy density
of 40-50 J/mm? (laser power around 60 W) and a scan-
ning speed above 900 mm/s.

4. The influence of post-processing (HIP and HT) on
the structure, phase composition, and mechanical prop-
erties of SLM samples from the TNM-B1 + Y0, alloy
was studied. After HIP, the samples had nearly zero
porosity with complete healing of structural defects,
and additional thermal treatment ensured the transfor-
mation of the alloy’s equiaxed structure into a lamellar
one.

5. Thermomechanical tests under uniaxial com-
pression in the temperature range of 800 to 1100 °C
revealed that the alloy with a lamellar structure in
the SLM + HIP + HT state has increased strength
values by 80—-100 MPa. The best samples had the fol-
lowing properties at ¢ = 800 °C: E = 115.2 GPa,
c,, = 528 MPa, o, = 1148 MPa, and at 1100 °C:
E =48.2 GPa, 5, = 98 MPa, 6 = 149 MPa.
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Surface modification of steels
used in valve manufacturing
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Abstract. Shut-off and control valves are essential components in liquid and gas transportation systems; therefore, their reliable operation
depends on the quality and properties of their surface parts. One method to enhance these properties is ion nitriding, which is actively
used in Russia, Israel, Bulgaria, Belarus, Austria, and other countries. This method is easy to manage and control, is universal for all
types of steels and alloys, is environmentally safe, ensures dimensional and surface finish accuracy, and improves the operational
properties of parts. This paper presents summarized results of studies on the formation of modified layers on steels used in valve
manufacturing. The steels of grades AISI 420, AISI 301, AISI 431, and AISI 321 were strengthened by ion nitriding. For the first time,
comparative data obtained on equipment from different manufacturers are presented. A comprehensive metallographic analysis, duro-
metric analysis, and hardness distribution assessment across the depth of the modified layer were conducted during the study. It was
found that steels with more than 12 % Cr form a clearly defined diffusion layer, which appears dark after etching with a 4 % nitric acid
solution. However, the overall depth of the layer, as assessed by the distribution of microhardness into the depth of the part, is 20—40 %
greater than revealed by the microstructure. The surface microhardness after ion-plasma nitriding increased fivefold in the AISI 301
steel. Thus, strengthening parts of shut-off and control valves using this method addresses the issue of rapid surface wear. By modifying
the surface, the operational properties of parts can be enhanced, ensuring the uninterrupted operation of the pipeline system.

Keywords: ion-plasma nitriding (IPN), steel, AIST 420, AIST 301, AISI 431, AISI 321, modified layer, nitride zone, Bulgarian equipment,
Russian equipment, shut-off and control valves
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MoaudumumpoBaHme NOBEPXHOCTHU CTanewn,
NPUMEHSIEMbIX B apMaTypPOCTPOEHUHU

. C. CoxonoBa’> 2%, A. B. O6opun?, C. E. ITopo3osa’

! TlepMcKuii HAMOHAILHBII HCCIIEI0BATEbLCKHIA OJIMTEXHUYECKHIT YHUBEPCHTET
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2000 «HoHHbIE TEXHOJIOTHH»
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AHHOTayMs. 3a1I0pHO-pEryIUpYOLIas anmaparypa sBiIseTcsl BOKHON YaCThIO CHCTEMbl TPAHCIIOPTUPOBKHU JKHAKOCTH U Ta30B, MOTOMY
ee OecriepeOoiiHast paboTa 3aBUCHT OT KaueCcTBa M CBOMCTB MOBEPXHOCTH AeTaneid. OUH U3 CToco0OB YITyUIlIeHHUs €€ CBOWCTB — 9TO
HMOHHOE a30THPOBaHME, KOTOPOE aKTUBHO mpuMeHseTcs B Poccun, M3panne, bonrapun, benapycu, ABcTpun u Ipyrux cTpaHax.
DTOT METOA MPOCT B YIPABICHUH M KOHTPOJIE, YHUBEPCAJIEH UL BCEX BHIOB CTAJICH M CIIABOB, SKOJIOTMYECKU Oe3omaceH, obec-
MEYUBACT Pa3MEPHYIO U YHCTOBYIO TOYHOCTD, TOBBIIIACT AKCIUTyaTallHOHHbIE CBOMCTBA JleTaliell. B HacTosiuei paboTe npuBeneHs!
0000I1IIeHHbIC PE3yNIbTaThl UCCleNoBaHUi (GOpMHUPOBaHUS MOAMGHUIMPOBAHHBIX CJIOEB HAa CTAIAX, NPUMEHAEMBIX B apMaTypo-
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crpoenuu. Cranu mapok 20X13, 07X16H6, 14X17H2, 12X18H10T ynpounsuin METOZOM HOHHOIO a30TUpoBaHus. Briepsele npen-
CTaBJICHBI CPABHHUTEIIBHBIC JaHHEIE, TI0JIydacMble Ha 000pyIOBaHUHU PAa3HBIX IPOU3BOIUTEINICH. B X01e paboThI IPpOBEICHEI KOMITIIEKC
MeTautorpagUIecKuxX UCCISTOBaHUHN, JIOPOMETPUIESCKUH aHAIIN3, a TAKXKEe PACCMOTPEHO pacHpeelIeHHe TBEPAOCTH M0 IIyOHHe
MOZU(UITIPOBAHHOTO CJIOsI. YCTAHOBIICHO, YTO Ha CTAJLIX ¢ cojepskanueM 6oxee 12 % Cr oOpasyercst 4eTko BhIpaskeHHBIH 1uddy-
3MOHHBIN CJIOH, KOTOPBIH BBISBIISICTCSI TEMHBIM I[BETOM I10CIIE TpaBiIeHUS 4 %-HBIM PacTBOPOM a30THOH KucioThl. OmHaKo odmas
DTyOHHA €105, KOTOpast OLICHUBACTCS 0 pacHpe/IeNICHUI0 MUKPOTBEPAOCTH B NTyOb nertain, Oombiie Ha 20—40 %, 4eM BBIIBISCTCS
10 MUKPOCTPYKTYpe. MUKPOTBEpIOCTh IOBEPXHOCTHU I0OCJIEC HOHHO-IIIa3MEHHOIO a30THPOBAaHMs yBEIMYWIACh B 5 pa3 Ha CTalu
07X16H6. Takum 00pa3zom, yIpodyHEHHE C MCHOJIB30BAaHUEM ITOrO METOJA JIETAJICH 3alOpHO-PErYIHPYyIONeil apMaTyphl PelIuT
po6eMy OBICTPOro H3HOCA IIOBEPXHOCTH. 32 CUET €€ MOAN(HIIPOBAHNS MOXKHO ITOBEICUTE IKCILTyaTaIlMOHHbBIE CBOHCTBA IeTaIeil
n obecrieunts Oecriepedoiinyio paboTy TPyOOIIPOBOJHOM CHCTEMEL.

Knrouessie cnoBa: nonno-masmenHoe azoruposanne (UITA), crans, 20X13, 07X16H6, 14X17H2, 12X18H10T, moauduimpoBaHHbIii
CIION, HUTPUAHAS 30HA, OoIrapcKoe 000pyI0BaHUE, POCCHICKOE 000pyI0BaHUE, 3alIOPHO-perymupyomas anmnaparypa (3PA)

Ansa umtuposarHus: Coxonosa 1.C., O6opun A.B., [Topososa C.E. MoauduippoBasue moBepXHOCTH CTAJCH, IPUMECHSIECMbIX B apMaTy-
poctpoenun. Mzsecmus 6y306. [lopowkosas memannypeust u yHkyuonanvhvle nokpvimust. 2024;18(4):83-90.
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Introduction

In many industrial sectors, the quality of pipes and
especially shut-off and control valves (SCV) is critical
not only for the uninterrupted transportation of liquids
and gases but also for the overall accident-free opera-
tion of production facilities [1-4]. Protective coatings
on the surface of metal and alloy products, obtained
through ion chemical-thermal treatment (ICTT)
methods, significantly improve their performance
characteristics. One of the most promising variants
of ICTT is ion nitriding [5-9]. The literature refers
to this process by several names: ion-vacuum, ion-
plasma, and ion nitriding [10—13]. This universal me-
thod of surface modification in a glow discharge plasma
in a vacuum [ 14-16] is relatively simple to apply, allows
for the strengthening of all types of steels and alloys,
and is considered a “white metallurgy” process [17].

Engineers from the Israeli company “HABONIM”
were among the first to apply low-temperature ion-
plasma nitriding (IPN) to enhance the wear resis-
tance of valve components [18]. Today, the technol-
ogy of low-temperature plasma carbonitriding for
ball valves is specified in all catalogs of the Israeli
manufacturer [19].

Currently, the Austrians are recognized leaders in
the field of ion nitriding. They have developed and
patented technologies such as PLASNIT, PLASOX,
and PLAPOL, which are also used to strengthen valve
components [20].

Although research on the ICTT process has been con-
ducted in Russia since the 1970s, the active use of ion
nitriding in industry began relatively recently [21-24].
The production of equipment in Russia also started
much later than in other countries, but today there are
domestic IPN units available. Automated software
based on technological know-how, the use of micro-
processor and high-precision equipment, as well as
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technologies for high-speed transmission of large
amounts of information and modular robotic systems,
allows them to compete with foreign counterparts [21].

As of 2020, the share of imports in the consumption
structure of industrial SCV in Russia was 53 % [3]. In
2023, it is still necessary to import the missing pro-
duct positions [25], so domestic enterprises are inde-
pendently mastering new types of products and seek-
ing new technologies to improve the reliability and
quality of valve products. In this regard, comparing
results obtained on units from different manufacturers,
as well as conducting research and summarizing data
on the strengthening of steels by ICTT, are currently
pressing tasks.

The aim of this work is to study the modified layers
obtained by ion-plasma nitriding on steels used in
valve construction and to compare the data obtained
on Bulgarian and Russian production units.

Research methodology

The ion-plasma nitriding (IPN) process was con-
ducted using equipment from IONITECH (Bulgaria)
and Ion Technologies LLC (Russia). The IPN tem-
peratures ranged from 550 to 580 °C, the pressure
was 4 mbar, and the gas mixture consisted of 25 % N,
and 75 % H,. The isothermal holding time (5-12 h)
was determined based on the four different steel
grades selected for the study. The holding duration was
the same for identical samples on both setups. Fig. 1
shows images of parts during the nitriding process.

The study was conducted on steels of grades
AISI 431, AISI 420, AISI 301 and AISI 321, which
are used for manufacturing SCV parts such as gates,
seats, stems, separators, pistons, spindles, wedges, etc.
The general characteristics of the steels are provided in
Table 1. For destructive testing, witness samples were
placed in the working chamber along with the parts.


https://powder.misis.ru/index.php/jour/search/?subject=ионно-плазменное азотирование (ИПА)
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Fig. 1. View of parts “gate” (a) and “stem” (b) in plasma during the strengthening process

Puc. 1. Bun neraneit «umbep» (@) 1 «mrtok» (b) B ruia3me Bo BpeMsi Ipoliecca yIpouHeHHs

After IPN, the entire surface of the samples was
visually inspected for external defects. The nitrided
surface was checked for color uniformity, and
the absence of peeling and chipping, especially
along sharp edges, at a magnification of 15-30 times.
The brittleness of the nitrided layer was controlled by
examining the diamond pyramid indentation according
to the VIAM brittleness scale (STo INTI S.70.2-2022).

One of the key indicators of strengthening is surface
hardness. This value represents the hardness of the thin

modified layer, so it is important to select a load that
ensures the indenter does not penetrate through the sur-
face layer (STo INTI S.70.2-2022). Preparation for
measuring this indicator involved smoothing the sur-
face with P2500 grinding paper, after which the surface
hardness of the layer was determined using the Vickers
method according to GOST 2999-75 under a load
of 49.03 N. Surface microhardness [26] was assessed
under a load of 0.98 N according to GOST 9450-76
using a PMT-3 device (Russia).

Table 1. General characteristics of the investigated steels!

Ta6nmya 1. O0uIMe XapaKTePUCTHKH HCCIEI0BAHHBIX CTaIeii!

Steel grade Composition, % Structure SCV application
0.16-0.25 C
12-14 Cr . In atmospheric corrosion conditions
AIST 420 Up to 0.6 Ni Martensitic and mildly aggressive environments
Balance — Fe
0.05-0.09 C
AIST 301 15.5—17.§ Cr Austenitic-Martensitic In atmospheric condltlons:, salln.e environments,
5-8 Ni and for cryogenic equipment
Balance — Fe
0.11-0.17 C
16-18 Cr In mildl ressive environments requirin,
AISI 431 1.5-2.5 Ni Martensitic-Ferritic Y ABETESSIVE CIVITOTTCTES TEquiTing
02 Ti increased strength and hardness
Balance — Fe
Upto0.12C
17-19 Cr . L
AIST 321 9-11 Ni Austenitic For welded Valv'e assembhes operating in
04-10Ti aggressive environments
Balance — Fe
'GOST 33260-2015, GOST 5632-14
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Samples for microstructural analysis were embedded
in Bakelite powder and prepared into slides according
to the standard methodology (STo INTI S.70.2-2022).
Microstructural examination was carried out using
a BiOptic microscope (Russia) with a univer-
sal etchant (4 % nitric acid) to reveal the nitrided

of the layer (4,) is determined by measuring micro-
hardness from the surface in a direction perpendicu-
lar to it until the microhardness matches the core
microhardness value. The layer depth was controlled
by the durometric method on a PMT-3 microhardness
tester under a load of 0.98 N with a hold time of 10 s

layer. According to standards, the total depth (STo INTI S.70.2-2022).
Steel grade IONITECH (Bulgaria) Ion Technologies LLC (Russia)
1200 — - -
B =& AIST 420 = 3
>o' 1000 ¢ 7% £ E 800
= 800 : 4
Z e S 600 o
AISI420 £ 600 N\ = s ;
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S 400 g Base ) | : oo _ |
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Fig. 2. Microstructures and microhardness distribution graphs by depth of nitrided layer on steels of different compositions

h,— depth of layers by microstructure, %, — by microhardness distribution

Puc. 2. MukpocTpyKTypsl 1 rpadMKi pacrpeieseHHsi MUKPOTBEPAOCTH 110 TIIyOMHE a30THPOBAHHOTO CJIOS Ha CTAJISIX PA3JIMYHOTIO COCTaBa

h, — riyOuHa CJI0€B 10 MUKPOCTPYKTYPE, /i — MO pacrpe/ieIeHU0 MUKPOTBEPIOCTH
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Table 2. Surface hardness and microhardness of nitride layers on the investigated steels

Tabaunya 2. IloBepXHOCTHBIE TBEPAOCTh H MUKPOTBEPA0CTh A30THPOBAHHBIX CJI0€B HCCJIeyeMbIX cTajIei

IONITECH (Bulgaria) Ion Technologies LLC (Russia)

Steel grade Inltlafllt\lla:)f;iness HV, HV, Imtlal}1I ilf:;iness HV, HY,
AISI 420 260-280 840-930 | 980-1005 280-300 1000-1050 | 1080-1100
AISI 301 260-290 1070-1145 | 1145-1200 250-280 1080-1130 | 1165-1235
AISI 431 320-340 900-1050 | 1085-1105 250-300 970-1030 | 1010-1060
AISI 321 340-380 840-930 | 990-1150 380-400 950-1000 | 1100-1145

Results and discussion

The results of the study on nitrided layers on steels
of different compositions (see Table 1), obtained using
ion-plasma equipment from Bulgarian and domestic
manufacturers, are presented in Fig. 2.

Ion-plasma nitriding (IPN) resulted in a uniformly
developed, non-brittle nitrided layer on the parts.
Visual inspection showed that the parts and samples
had a uniform matte gray color without any surface
defects. Studies of steel sections with more than 12 %
Cr content revealed a modified zone that is easily
etched, with clear boundaries. The depth of the nitrided
layers, as determined by microstructure, reaches
h,=0.08+0.22 mm (Fig. 3), while the depth determined
by microhardness distribution is 2, = 0.10+0.25 mm.
In all cases, the depth 4, of the nitrided layer obtained
on the domestic equipment is greater.

0.30

0.25

0.20

0.15

0.10

0.05

Depth of nitrided layer, mm

AISI 420

AISI 301 AIST 431 AISI 321

Steel grade

Fig. 3. Histogram of the depth distribution of nitride layers
by microstructure (A_) and microhardness (%, )

[l and |l results obtained on equipment
from IONITECH (Bulgaria);
[l and Wl — results obtained on equipment
from Ion Technologies LLC (Russia)

Puc. 3. Tucrorpamma pacrpezeneHns ryOHHbI a30THPOBAHHBIX
CJIOEB 110 MUKPOCTPYKTYpe (4, ) 1 Mukpotsepnoct (4, ,)
[ 1 [l — pe3ynbTarhl, 0TyYeHHbIE HA YCTAHOBKE
npoussozcTa IONITECH (Bonrapus);
[ v [l - OO0 «HMownnsie Texnonorun» (Poccus)

For steels with martensitic and martensitic-ferritic
structures (see Table 1), there are minimal differences
in the depth of the nitrided layer between the micro-
structure and microhardness for layers obtained in
both cases (Fig. 3), although the results using domes-
tic equipment are higher. For austenitic-martensitic
and austenitic steels (see Table 1), the differences in
the depth of the nitrided layers are significant (Fig. 3),
indicating that part of the nitrided layer (the transition
zone) is not revealed by etching with the reagents used.
Based on the obtained data, it can be concluded that
the method of determining the depth of the nitrided
layer by microhardness is more informative and
accurate.

Table 2 presents the results of measuring the sur-
face hardness and microhardness of the nitrided layers,
which are the main criteria for the wear resistance
of shut-off and control valves.

Modifying the metal surface led to an increase
in the surface hardness of all the investigated steels.
During the process of diffusion saturation of the sur-
face with nitrogen, the formation of iron nitrides and
alloying elements occurred, resulting in the increased
hardness of the nitrided layer. The maximum result was
observed in AISI 301 steel: its surface microhardness
increased fivefold from ~260 HV, to ~1200 HV .
The minimum increase in microhardness (2.8 times)
was noted in AISI 321 steel.

Thus, the surface hardening technology allowed for
the preservation of the dimensional and surface finish
accuracy of the parts [27]. Three of the largest Russian
SCV manufacturers [3] are already using ion nitriding
to improve the quality of their products and are incor-
porating it into their production cycles [28].

Conclusions

The commonly used steels in valve construction,
AIST 420, AISI 301, AISI 431 and AISI 321, show an
increase in surface hardness by 2.8 to 5 times after ion-
plasma nitriding under the conditions of the conducted
studies.
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The method of assessing the depth of the nitrided

layer by microhardness is more accurate than deter-
mining it by microstructure. This is because, during
the nitriding of austenitic-martensitic and austenitic
steels (see Table 1, Fig. 3), part of this layer (the transi-
tion zone) is not revealed by etching.

A comparative analysis of the microhardness

of the modified layers established that the Russian
equipment produced by lon Technologies LLC performs
on par with foreign equipment under identical operating
conditions. It demonstrates comparable surface harden-
ing results for parts to those achieved with well-known
global market equipment from IONITECH (Bulgaria).
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